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Introduction

Studies of propene conversion over H-ZSM-5
demonstrate the importance of propene as an
intermediate in methanol-to-hydrocarbons
chemistry

Alexander P. Hawkins, ©2° Andrea Zachariou, @2° Stewart F. Parker, @ °°
Paul Collier,® Russell F. Howe @©¢ and David Lennon @ *2°

To investigate its role as an intermediate in methanol-to-hydrocarbons (MTH) chemistry, the reaction of
propene over H-ZSM-5 zeolite at temperatures of 473, 573 and 673 K is studied over a period of 6 hours
and the post-reaction catalysts examined by inelastic neutron scattering and ancillary analytical techniques.
Low temperatures favour production of gasoline-range alkanes and alkenes, whilst the product distribution
shifts to a primarily aromatic product stream as reaction temperature increases, with cyclopentadienyl
intermediates from the aromatic formation process being detected spectroscopically in the reacted
catalysts. The 473 K reaction deactivates the zeolite due to pore blockage from the growth of large,
branched oligomer chains but coke build-up at higher temperatures is minimal and primarily consists of
pure carbon. No evidence of immobilised poly-methylated aromatic species is observed at any
temperature. A scheme for the full propene reaction series is proposed that involves a dual-cycle
hydrocarbon pool mechanism like that found in MTH chemistry and supporting propene's role as an
intermediate in that process. Minor differences in the product distribution of the propene-only reactions
compared to classical MTH chemistry are identified due to the lack of a significant methylation reaction
pathway that results in a more restricted range of substituted products.

reaction, an important reaction for upgrading alternative fuel
sources into commercially valuable hydrocarbons.*> Extensive

The reactions of propene over zeolite catalysts play a role in
several important processes in the industrial production of
hydrocarbons. When exposed to such solid acids, alkenes
such as propene undergo protonation to form alkoxide
cations which are active in oligomerization and isomerisation
reactions. While these reactions are of interest in themselves
as a source of synthetic fuels and platform chemicals,'™
further interest in these reactions arises from the possibility
that they play a role in the methanol-to-hydrocarbons (MTH)
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studies of the MTH reaction over the 40 years since it was
first commercialised have established that it proceeds via a
‘hydrocarbon pool mechanism’ where an internal population
of alkenes and aromatics act as co-catalysts, undergoing a
continuous cycle of addition, isomerisation and cracking
reactions to give the final products, which are primarily light
olefins and methylated aromatics.”® However, the means by
which this hydrocarbon pool is formed from the methanol
feedstock, particularly the product of the first C-C bond
formation reactions in the zeolite, has been a matter of
further debate. Studies have suggested that the initial C-C
bonded species produced are propene and other light
olefins.”® It is the reactions of these olefin products which
form the starting population of the hydrocarbon pool, the
establishment of which completes the conditioning of the
MTH catalyst.'* ™

Howe and co-workers have recently shown that operando
spectroscopic methods can observe the formation of these
transient olefin intermediates within H-ZSM-5 zeolites dosed
with methanol at typical MTH reaction temperatures.’* The
study also followed the subsequent consumption of olefins

This journal is © The Royal Society of Chemistry 2021
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to form higher oligomers and cyclopentadienyl (CPD)
cations, both of which are known to form as part of the
hydrocarbon pool cycle in MTH reactions,"” with the
cyclopentadienyl ions representing a key intermediate in the
formation of aromatic product and hydrocarbon pool
species.'® It follows that the products of the propene/zeolite
reaction system at temperatures typical of MTH reactions
(450-700 K)'” should therefore closely correspond to MTH
product mixtures in similar conditions, which are
determined by the pore structure of the specific zeolite
employed. In this study we have sought to test this
hypothesis and to extend the reaction timeframe studied by
an investigation of the reactivity of propene from 473-673 K
over H-ZSM-5 zeolite, chosen because of its wide use in
MTH catalysis seeking to produce gasoline range products."’
Both on-line and ex situ analysis has been used to quantify
the products of these reactions enabling determination of
the specific reactions occurring within the zeolite at each
temperature and their subsequent comparison with the
reactions of methanol in similar zeolites, on which there is
an extensive literature.

In addition, the used catalysts have also been investigated
to characterise the species which remain trapped within the
zeolite pore structure, since these species can function as
active catalytic centres in the hydrocarbon pool mechanism
and contribute to eventual catalyst deactivation through pore
blocking. To this end, the technique of inelastic neutron
scattering (INS) spectroscopy is employed, which has
advantages in the study of zeolite-characterised systems due
to the low scattering cross sections of the zeolite nuclei
allowing observation of the hydrocarbon vibrational modes
below 2000 cm™ without interference from framework
bands.’® Combined with the penetrating nature of neutrons
as a probe, this allows characterisation of the retained coke
species, including those in the interior of the H-ZSM-5
crystallites. The zeolite catalyst remains unchanged and
available for further analysis or additional reactions, an
improvement over methods such as Guisnet analysis, which
requires the removal of the zeolite framework by treatment
with hydrofluoric acid in order to extract trapped species for
testing."® Thus, the article provides a holistic view on the
pivotal role of propene as an intermediate in MTH chemistry
over ZSM-5; providing insight as to product forming
pathways and deactivation channels. Intrinsically, the work
additionally connects to aspects of methanol-to-olefin (MTO)
chemistry.®'1°

The paper is constructed as follows. On the basis of
experimental observations and subsequent analysis within
the Results section, Schemes 1 and 2 are presented in the
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Discussion section to account for how propene features in,
respectively, the alkene and arene cycles of the hydrocarbon
pool mechanism. Scheme 3 brings these contributing
concepts together in to a single scheme that indicates how,
depending on reaction conditions, the reaction of propene
over ZSM-5 leads to a varied product slate. These deductions
include identification of a deactivation pathway.

Experimental

Reaction testing

The ZSM-5 used was a powder form commercial material
grade H-ZSM-5 zeolite supplied by Johnson Matthey and
calcined in air for 12 hours at 773 K to remove the residual
synthesis template. Pre-reaction characterisation of the
zeolite showed it to possess a framework Si:Al ratio of 30:1
as assessed by SS-NMR. Scanning electron microscopy
revealed crystal sizes in the 0.2-1.0 um range; typical
crystallite size dimensions being 0.1 x 0.1 x 0.5 pm (ref. 20)
The calcined catalyst was sieved to provide consistent
crystallite agglomeration sizes in the 200-500 pm range.

The propene conversion reactions were carried out at the
ISIS Facility's sample preparation laboratory using a gas
handling reaction system designed for the testing of catalyst
systems; the layout and development of this system is
described by Warringham, et al>' Three cylindrical steel
sample cells equipped with gas handling fittings were loaded
with ~17 g of zeolite in order to prepare sufficient material
for both INS and ex situ analysis. This resulted in cylindrical
fixed bed reactor with the bed having a diameter of 35 mm
and a length of 45 mm, this geometry being chosen in order to
minimise bed length effects and maximise the homogeneity of
the reacted catalyst samples. The reaction temperatures for
each sample were 473 K, 573 K and 673 K: full details of the
conditions of each reaction are given in Table 1.

Each charged reactor was mounted on the reaction rig,
heated to 573 K under flowing helium (100 cm® min™, BOC,
>99.999%) at a rate of 5 K min~" using the tube furnace
incorporated into the rig and maintained at this temperature
for 3 hours in order to remove adsorbed water from the
system and zeolite. Following drying, the reactor temperature
was changed to the desired reaction value and the reaction
initiated by altering the gas flow to a 50:50 mixture of
propene (CK Gas, 99.5%) in helium at a flow rate sufficient
to give a weight-hourly space velocity (WHSV) of 1 h™". Inlet
and outlet pressures were recorded and remained at 1 barg
for the entirety of the reaction period in all cases. A catch pot
located downstream of the reactor vessel and maintained at
293 K was used to collect the condensable reaction products.

Table 1 Sample details and reaction conditions for each propene conversion reaction performed in the ISIS catalyst preparation rig

Propene flow (cm® min™) Helium flow (cm® min™")

Sample Reaction temperature (K) Mass zeolite (g)
ZSM5_Prop_473K 473 K 16.49
ZSM5_Prop_573K 573 K 17.02
ZSM5_Prop_673K 673 K 17.47

This journal is © The Royal Society of Chemistry 2021
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Table 2 Analysis columns and column temperatures in the GC used for on-line analysis of the propene conversion reactions

Column T (°C) Make-up gas Details

1 50 He 5 A molecular sieve, 20 m column with backflush (0,, N,, CO, CO,)

2 55 He PoraPLOT Q, 10 m column (CO,, water, light alkyl hydrocarbons)

3 65 He CP-wax 52CB, 10 m column (heavy alkyl hydrocarbons, aromatics, alcohols)
4 50 N, 5 A molecular sieve, 20 m column with backflush (He, H,)

The composition of the remaining gas stream was analysed
by a Hiden Analytical HPR-20 mass spectrometer and an
Agilent 490 micro-GC, with both instruments drawing from
the outlet of the reaction rig via differentially pumped
capillaries heated to 423 K. The micro-GC was equipped with
four parallel analysis columns, as detailed in Table 2, each
analysed by a thermal conductivity detector with an injection
volume of 5 cm® per analysis. Five minutes was found to be
sufficient for the elution of all detectable products from the
GC columns, meaning that GC sampling took place
approximately every 7 minutes with minor variations due to
the need for the instrument to equilibrate prior to injection.
Sampling was performed at maximum rate for the first hour
to maximise data collection during the initial catalyst run-in
period but was then interrupted for 45 minutes every 8 cycles
in order to recondition the columns at higher temperature.
Zero percent conversion data for the on-line analysis was
collected by bypassing the reactor for the first ten minutes of
propene flow prior to starting the reaction. Each catalyst
sample was maintained under propene flow for a total of 6
hours on-stream, following which the propene was stopped
and the cell purged using helium alone for 10 minutes in
order to remove volatile products and residual propene from
the reactor. Helium flow and on-line analysis was then
stopped, the reactor sealed and cooled to room temperature
and the reactor transferred to an argon glove box (MBraun
UniLab MB-20-G, [H,O] < 1 ppm, [O,] < 1 ppm) to allow
storage and handling of the reacted catalysts without
contamination.

Inelastic neutron scattering

To investigate the vibrational spectra of the retained coke
species within the zeolite pores, spectra were collected on the
TOSCA indirect geometry neutron spectrometer at the ISIS
Facility, which offers its optimum resolution at energies
corresponding to the deformational region of the
hydrocarbon spectrum (0-2000 cm™*).>* 14 g samples of each
reacted catalyst were loaded into 10 mm path length
aluminium sample cells sealed with indium wire gaskets
inside the glovebox, transferred to the TOSCA sample
environment and cooled to the <15 K temperatures necessary
for INS data collection using the integral closed-cycle
refrigerator. A spectrum of the dried pre-reaction ZSM-5
catalyst was also collected to provide a baseline for
comparison. The Mantid software package was used to
reduce the resulting raw neutron time-of-flight data from all
experiments to the energy transfer spectra presented below.?’

2926 | Catal. Sci. Technol., 2021, 11, 2924-2938

Infrared spectroscopy

Some material from each sample was retained for additional
characterisation of the reacted catalysts. Infrared spectra were
collected by diffuse-reflectance infrared Fourier transform
spectroscopy (DRIFTS) using an Agilent Carey 680 FTIR
spectrometer equipped with a Harrick praying mantis beam
accessory and heated sample cell with gas flow capability. The
cell was purged with dry N, and the samples heated to 373 K
to remove any water adsorbed onto the catalyst during cell
loading prior to spectrum collection: monitoring of the
sample spectrum during the process of heating to the drying
temperature showed that it was not high enough to affect the
composition of the hydrocarbon content of the sample.
Spectra were collected from 4000-700 cm™' using a liquid
nitrogen cooled MCT detector with a resolution of 4 cm™ and
averaged over 64 scans per spectrum. This data is
complementary to the INS spectra, as it provides higher
resolution in the 2000-4000 ¢cm™" region containing the C-H
and O-H stretching modes than is available on TOSCA.

Additional characterisation

The degree of pore blockage in the samples was assessed by
comparing the N, adsorption isotherms of the reacted
samples with those of the clean zeolite. Surface areas were
calculated using the method of Brunauer, Emmett and Teller,
** micropore volumes by the ¢-plot method of de Boer.”
Analysis was performed using a Quantachrome Quadrasorb
EVO/SI gas adsorption instrument with gas adsorption and
desorption isotherms collected across a relative pressure (P/
P,) range from 5 x 10 *-0.99 using liquid nitrogen as the
coolant. Samples were degassed to 20 mTorr prior to testing
to ensure that only pore blocking effects from fully immobile
coke were considered. The balance between the zeolite and
hydrocarbon components of the samples was assessed by
thermogravimetric analysis (TGA) performed from 373-1000
K in a 10% O, gas flow using a TA Instruments TGA Q50.

The condensable product fraction collected in the reactor
catch-pot were analysed to determine composition by
attenuated total reflectance infrared spectroscopy (Nicolet
iS10 with Smart iTR accessory), ultraviolet-visible
spectroscopy (Shimadzu UV-1800) and GC-MS analysis
(Agilent 7890A GC, 5975 MSD, 60 m DB-1MS capillary).

Results

As noted above, the products of olefin conversion reactions
over ZSM-5 are known to vary significantly depending on the

This journal is © The Royal Society of Chemistry 2021
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reaction temperature employed. Temperatures below 500 K
are known to favour the production of paraffins and olefins
with linear or partially branched structures,®>” while higher
temperatures result in aromatic compounds becoming more
significant contributors to the product mixture with
temperatures of up to 700 K used in the olefins to gasoline
distillate process.' This study therefore considers three
samples, reacted at 473 K, 573 K and 673 K while keeping
other reaction conditions as consistent as possible, in order
to investigate the differences in hydrocarbon production and
retained species over the catalyst at these different reaction
regimes.

Reaction products analysis

The different reactivity of the three samples is readily
apparent from the on-line analysis of the products, with
marked differences even in the percentage conversion of the
reactant. As shown in Fig. 1 the catalyst is initially highly
active at all three temperatures, attaining conversions of
greater than 95% of the propene feed as assessed by GC
analysis. However, while the 573 K and 673 K samples
maintain this high conversion value for the duration of the
test, at 473 K the catalyst rapidly undergoes a progressive
deactivation that results in conversion dropping to around
40% after 6 hours.

The on-line analysis of the products of the reaction which
remain in the gas phase confirm that the catalyst is operating
in a different reaction regime at each temperature studied.
Fig. 2 shows the reaction products measured by mass
spectrometry; only the most significant or illustrative ions
monitored are reproduced here for clarity, with the full set of
MS traces obtained being reproduced in the supplementary
information as Fig. S1-S3.f Fig. 3 shows the concentrations
of benzene and the various methylated benzenes observed in
the product mix by GC analysis, allowing the contributions of
each substituted aromatic to the 91 atomic mass units (amu)
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Fig. 1 Percentage conversion versus time for the reaction of propene
over ZSM-5 at 473 K (o), 573 K (o) and 673 K (¢). Values calculated
from the concentration of propene in the reactor effluent as
determined by gas chromatography relative to that when the reactor is
bypassed.
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signal in the MS data to be evaluated. Fig. S41 shows the GC
traces recorded at each temperature after 6 hours reaction
time in order to illustrate the peak assignments.

Vapour phase products - 473 K. At 473 K the products are
dominated by small olefinic fragments. The major MS signal
at all points is the 41 amu signal associated with propene
and propyl fragments although the fact that this signal is
high throughout the run, even in the initial stages where
propene conversion as measured by gas chromatography
remains high, indicates that the majority of contributions to

s P T e e e ey e e e e

U

10-3 T T | e e i e e
00:00 01:00 02:00 03:00 04:00 05:00 06:00
100: | FEEUI T3 SXE PR LERT S0 R T R R O SR KRR
41 ]
E 28 ]
© 91
o
m1o'—3
>
> ]
2
g
= 3
1073
kS
[0}
(02
10-3 1 LI L | E R T % % ¥ J ¢
00:00 01:00 02:00 03:00 04:00 0500 06:00
100: FEPATELEEE ECE T Tl P T S O S S A (L RS EE o e R U
1 | i) 28 ]
91 ]
41

-
o
1
Iy
(o]
iaaal

1 -2—. ///7 -
0 ] 953

10° +4=
00:00

UL L
02:00 03:00 04:00 0500 06:00

Time on-stream (hh:mm)

———t
01:00

Fig. 2 Selected ions from the analysis of the reactor effluent by mass
spectrometry during operation at 473 K (i), 573 K (ii) and 673 K (iii) over
the 6 hour duration of sample preparation. Numbers on the plots
indicate the atomic mass numbers of each trace and represent the
major fragment associated with the presence of: ethene (28), propene
(41), propane (44), butene (55), pentene (70), benzene (78), dimethyl
cyclopentadiene (79), and methyl benzenes (91). All alkene signals also
include contributions from fragmentation of larger molecules in the
mass spectrometer. Intensities are normalised against the signal for 4
amu (He) to allow comparison between samples.
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Fig. 3 Concentration of methylated benzenes in the reactor eluent
gas stream versus time measured by gas chromatography at 473 K (i),
573 K (i) and 673 K (iii). Measured components are benzene (O),
toluene (o), o-xylene (o), m-xylene (A) and p-xylene (V).
Concentrations below 3 x 107 mmol cmy. > are not consistently

resolvable from the GC baseline.

3

this signal come from the fragmentation of larger molecules.
The second most significant product in the early stages of
the reaction is ethene (28 amu), while production of aromatic
products remains negligible throughout. On initial propene
contact with the catalyst, MS analysis shows an initial jump
in the production of propane (44 amu) (Fig. 2(i)), which is
mirrored at lower values by the signals associated with other
alkane molecules (Fig. S1t). However, this alkane production
is short-lived and begins a drop-off to negligible levels after
20 minutes time-on-stream, simultaneous with the
commencement of the decay in propene conversion observed
in the GC data (Fig. 1). At the same time there is a significant

2928 | Catal Sci. Technol, 2021, 11, 2924-2938
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increase in the production of gasoline-range alkenes, with
production of butene and pentene being particularly
significant. Taken together, with the also-significant
production of hexene, this suggests that the catalyst is
operating in a regime where C4 and Cy species form the
major products, with fragmentation of nonene occurring in
the mass spectrometer to give the C4 and C5 signals
observed. The switchover to this regime is complete by ¢ +30
minutes and the catalyst remains in this regime for the
remainder of the reaction, with the levels of non-propyl
products falling over time in line with the reduced propene
conversion. The ethene (28 amu) signal exhibits an
anomalous rise in intensity between 3 and 6 hours on-stream
which is not observed for any other products; the source of
this behaviour is unknown, although leak testing of the
sample environment confirmed that it was not due to the
ingress of outside air into the reactor. Although aromatic
production is minimal, the GC concentration data shows that
the predominant substituted benzene products still vary over
time. On initial contact, the major aromatic product is
toluene with some production of m-xylene. After the same
time period observed for the switch to C¢ and Cy production
in the major alkene products the level of toluene is observed
to decrease and benzene production begins to increase which
makes it the major aromatic product by +90 min. Xylene
production also drops steadily from this point until the end
of the reaction run.

Vapour phase products - 573 K. The reaction profile at
573 K is markedly different. The activation time after
propene contact is reduced to approximately 10 minutes
and does not feature the production of saturated alkyl
groups observed initially at 473 K. The zeolite achieves its
steady-state distribution of products by 15 minutes on
stream and maximum production by +30 min. The 41 amu
signal remains the largest, although it is approximately one
third as intense as at 473 K and the lack of any significant
propene peak in the GC data means that propene
conversion remains high and this MS signal must be due to
propyl fragments from larger products. The signal at 44
amu is also considerably stronger, suggesting that some
degree of propene hydrogenation may be occurring. Ethene
remains a major product, and aromatic production is now
significant with large signals for both the tropylium ion (91

amu) and the benzene ion itself (78 amu); as well as a
noticeable  population of dimethyl cyclopentadiene
(measured by means of the major fragment at 79 amu

formed by methyl radical loss), which forms an intermediate
in the alkene cyclisation process that form aromatic species
within zeolites."* The concentration of aromatics in the GC
feed is two orders of magnitude higher than at 473 K, with
the major constituent being toluene and unsubstituted
benzenes being produced at a similar rate to the xylenes.
There is also a shift in product levels which occurs
throughout the reaction: minor decreases in aromatic
production levels are accompanied by an increase in the
butyl and pentyl signals, suggesting that, while the catalyst

This journal is © The Royal Society of Chemistry 2021
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does not deactivate significantly over a 6 hour timeframe, it
does indeed undergo a change in reaction scheme toward
one more similar to that observed at 473 K.

Vapour phase products - 673 K. The 673 K reaction
reveals yet another product profile. Catalyst conditioning is
now a single step process with the product signals rising
immediately to their steady-state values. Levels of propyl
fragments are significantly decreased and the major
products are now aromatics and ethene, while propane
levels are increased only slightly relative to 573 K. Similarly,
xylene production remains at the same level as at 573 K with
the increased aromatic levels being due to increased
amounts of toluene and benzene. Levels of larger alkyl
fragments are negligible indicating that simple propene
oligomers are not major released products. Product levels
remain constant throughout the run with no signs of
catalyst deactivation or a shift in reaction scheme occurring
at this temperature.

Condensable products. Analysis of the condensable
product fraction collected in the reactor catch-pot confirms
the deductions made from the in situ monitoring. The
infrared spectrum of the condensable product, shown in
Fig. 4, is remarkably simple at 473 K. No distinct peaks are
observed above 3000 c¢cm™', indicating that the product
mixture is primarily alkanes with the four visible peaks in the
C-H stretch region being the symmetric and antisymmetric
stretches of CH; (2871, 2956 cm™') and CH, (2857, 2924
em™).>® The methylene scissors mode is present at 1458
em™ and the antisymmetric methyl bending mode at 1437
ecm™". The fact that the symmetric methyl bending is present
both as the isolated mode from R-CH; groups at 1377 em™*
and as the characteristic doublet formed by coupling between
adjacent groups in R-CH(CHj3), at 1365 cm™* and 1383 cm™
(as a shoulder to the R-CH; peak) indicates that the products
consist of both straight chain and branched species. Other
modes in the spectrum are extremely weak, indicating that
no primary alkenes are present in the product mixture,
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Fig. 4 Infrared spectra of the condensable product fraction from the

reaction at 473 K (a), 573 K (b) and 673 K (c) collected by ATR-IR.
Spectra offset in y-axis for clarity. Inset shows the methyl bending
modes of the 473 K products in greater detail.
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although the presence of a peak at 968 cm ' and very weak
absorbances in the 1640-1690 cm™ range indicates that there
may be small amounts of dialkyl alkenes. Vinyl groups of this
stereochemistry have quite weak peak intensities in infrared
spectra and the associated vC-H modes fall in the 2990-3020
em™ range, so could be concealed by the tail of the alkyl
stretching peak.”® This would be consistent with the
condensable products at 473 K consisting of saturated
alkanes and quite large alkenes, resulting in a low level of
sp? character.

The products at 573 and 673 K exhibit all of the alkyl
modes present in the 473 K spectrum, but also add
additional features due to the presence of aromatic species.
This is most clearly demonstrated by the presence of
additional vC-H modes at 3050 and 3017 cm™' which are
stronger in the 673 K spectrum due to the greater production
of aromatics at this temperature. The rich nature of the
aromatic spectra, particularly in the 600-800 cm™ region,
confirms that multiple substituted aromatics are present,
due to the presence of modes at frequencies associated with
mono-, di-, and trisubstituted benzenes, as well as other
modes which indicate the presence of multiple isomers or
larger species. GCMS analysis (Fig. S5f) confirms the
presence of tri-methyl benzenes, naphthalenes and tetralins
in significant quantities, although tetra-, penta- and hexa-
methyl benzenes are notably absent. UV-visible spectroscopic
analysis of the liquids indicates the presence of trace
quantities of polyaromatics as large as tricyclic species,
evidenced by the presence of peaks up to 380 nm (Fig. S67),
despite the fact that durene is generally regarded as the
largest species capable of diffusing out of the zeolite pore in
ZSM-5.® Due to their low concentrations, these polyaromatics
products may represent propene conversion on exterior acid
sites where steric considerations are not relevant. The
disappearance of the mode at 968 cm™ and lack of any
additional modes in the 1650-1700 cm™ or 3075-4000 cm ™"
regions in Fig. 4 indicates that linear or branched alkenes are
less significant contributors to the condensable
products at these higher reaction temperatures than was the
case at 473 K.

even

Catalyst post-reaction analysis

Ex situ analysis of the zeolite catalysts following completion
of the reaction allows examination of both the state of the
catalytic acid sites and any retained species which remain
inside the zeolite pores. Due to the fact that the reactor was
purged with inert gas at the end of the 6 h reaction run the
non-zeolite species which are observed in these
measurements are those which are immobilised within the
pore network and which therefore contribute to catalyst
deactivation through pore blocking. For brevity these species
will be referred to by the generic designation of ‘coke’ for the
remainder of this section.

Infrared analysis allows examination of the vC-H and vO-
H regions of the vibrational spectrum of the catalysts, as
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Fig. 5 C-H and O-H stretching region of the infrared spectra of ZSM-
5 catalysts after reaction at 473 K (a), 573 K (b) and 673 K (c) compared
with the spectrum of the clean, dried zeolite (d). Spectra collected
using DRIFTS and intensities normalised on the zeolite framework
combination mode at 1870 cm™ to allow direct comparison between
the samples. Traces offset in y-axis for easier interpretation.

shown in Fig. 5. However, as previously noted, interference
from the zeolite framework modes means that the
deformation modes of the coke are not available for analysis
as demonstrated by the presentation of the full range of the
collected DRIFTS spectra in Fig. S7.f This holds true even if
difference spectra are used (Fig. S87) since the darkening of
the samples due to hydrocarbon build-up results in increased
absorbance across the full frequency range and incomplete
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Fig. 6 INS spectra of ZSM-5 catalysts after reaction at 473 K (a), 573 K
(b) and 673 K (c) compared with the spectrum of the clean, dried

zeolite (d). Spectra collected on TOSCA and normalised to correct for
differences in sample mass.
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cancellation of the zeolite modes. The INS spectra collected
on TOSCA, presented as Fig. 6, do not share this limitation
and in combination with the infrared data provide access to
the full vibrational spectrum of the coke species.

Reacted catalyst - 473 K. As shown by the values in
Table 3, at 473 K the ZSM-5 retains a considerable quantity of
coke, constituting 9.5% of the sample mass as determined by
thermogravimetric analysis (TGA). This high coke content
leads to a correspondingly high degree of pore blockage, with
over 80% of the BET surface area of the fresh zeolite being
rendered inaccessible in the reacted sample. The intensity of
the spectrum observed in the INS data at this temperature
(Fig. 6) also makes it clear that the coke is highly
hydrogenated. Examination of the rate of coke oxidation with
temperature confirms this (Fig. S10t), with approximately
two thirds of the total mass of coke in the sample being
oxidised between 500 and 600 K, indicating that it is type I
coke with a high hydrogen content.> The lack of any
potential sources of oxygen in the reaction inputs means that
oxygenates cannot form a component of this type I coke and
it must consist primarily of saturated hydrocarbons. From
the vibrational data it is evident that these species are similar
in form to the mix of saturated alkanes observed in the
condensable products, with the v(C-H) region showing strong
bands from CH; and CH, groups but no modes associated
with the presence of substituted benzenes. The exception is a
single broad alkene mode centred at 3125 cm™, which is
considered below. The INS spectrum is considerably richer
than the corresponding region of the IR spectrum in Fig. 4(a)
due to the lack of selection rules in INS meaning that more
modes are present, confirming that the coke species are
primarily alkyl. As shown in Fig. 7 the spectrum is very
similar to that of atactic polypropene, suggesting a highly
branched saturated structure, however, the presence of
additional peaks at 1304, 730 and 368 cm™ indicates that
chains of adjacent methylene groups are also present, these
corresponding to the in-phase twist, in-phase rock and in-
phase longitudinal acoustic mode of -(CH,),~ groups
respectively.*® It can therefore be deduced that the coke
species in this sample are not purely polypropene-like but
contain regions where the oligomerization of the introduced
propene has proceeded via a linear end-to-end mechanism.

The previously mentioned alkene mode at 3125 cm™*
visible in addition to these alkyl species in Fig. 5 has been
taken in previous studies of hydrocarbon conversion over
zeolite catalysts to be indicative of the presence of cyclopenta-
dienyl (CPD) cations which form a key intermediate species

Table 3 Properties of fresh ZSM-5 and reacted catalysts determined by TGA, BET surface area assessment and V-t micropore volume calculations. N,

isotherms are available as Fig. S9f

Sample Coke content (wt%) BET surface area (m’g™") V-t micropore volume (cm® g™")
Fresh ZSM-5 — 370 + 11 9.7 (£0.3) x 1072
Reacted 473 K 9.53 66 +1 1.1 (+0.1) x 1072
Reacted 573 K 5.31 284 + 6 6.7 (+0.1) x 1072
Reacted 673 K 2.32 364 +8 8.6 (+0.2) x 1072
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Fig. 7 INS spectrum of ZSM-5 catalyst after reaction at 473 K (a)

compared with reference spectra of solid atactic polypropene (b)*°

and hexane (c).3* Modes indicating the presence of adjacent methylene
groups (*) and the asymmetric allyl stretch of cyclopentadiene (}) in
the experimental spectrum are highlighted. All spectra collected on
TOSCA and offset in y-axis for clarity. Reference spectra obtained from
the ISIS INS database.>?

in the conversion of linear oligomers to alkenes and aromatic
species in the hydrocarbon pool mechanism,"**® and which
are known to be stable in ZSM-5 type zeolites.”* The
associated very strong allyl asymmetric stretching mode at
1510 cm™* and the weaker symmetric counterpart at 1465
em™ are also visible in the extended infrared spectrum,
being strong enough to be clearly distinguishable from the
zeolite contributions below 2000 cm™ (Fig. 8)."° The
asymmetric stretching mode is also visible in the INS
spectrum, although considerably weaker due to the overall
population of the CPD cation being low and the associated
hydrogen motions small, but the symmetric mode overlaps
with, and is indistinguishable from, the CH; asymmetric
bending from the more populous alkyl species. Fig. 8 also

*
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Fig. 8 Detail of the DRIFTS infrared spectra of ZSM-5 catalysts after
reaction at 473 K (a), 573 K (b) and 673 K (c) compared with the
spectrum of the clean, dried zeolite (d) showing zeolite framework
modes and the allyl stretching modes of adsorbed cyclopentadienyl
cations (*). Intensities normalised to the value of the zeolite framework

mode at 1870 cm™.
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shows an additional mode at 1611 cm™, which is assigned to
an aromatic C-C stretching mode (the ring quadrant stretch)
from adsorbed toluene or xylenes.*® The population of these
aromatics is quite low, as indicated by the low levels of their
production in the on-line analysis and their minimal
contributions to the INS data, explaining why their presence
cannot be discerned from Fig. 5 as the associated C-H
stretch modes are weak. This therefore indicates that trace
aromatic products and reactive intermediates from the
reactions which formed them remain trapped within the
zeolite by the high degree of pore blockage, which in the case
of the intermediates also prevents them from accessing a
catalytic site and being converted to one of the final product
species. The TGA data also shows the presence of a
population of coke with combustion temperatures from 700-
950 K, as visible in Fig. S10.f While the trapped aromatics
represent some of this material, the relatively high weight of
this coke relative to the low levels of aromatics visible
spectroscopically argues for the presence of a quantity of fully
carbonaceous material which is not easily detectable by
infrared or INS.

Reacted catalyst - 673 K. In contrast to the data at 473 K,
the infrared data at 673 K shows no evidence of C-H
stretching modes from coke species. Therefore, the 2.3 wt%
coke composition of the sample must take the form of
primarily carbonaceous material, which is borne out by the
extremely low intensity of the INS spectrum indicating very
low levels of hydrogen in this sample and the fact that all
weight loss due to coke oxidation takes place from 750-950
K. Since INS spectra are quantitative, the zeolite
contributions can be simply subtracted to give the spectrum
of the coke species only. Doing this (Fig. 9) shows that the
coke does not have distinct bands but does exhibit broad
regions of increased intensity in the ranges 700-900 cm™
and 1050-1300 cm™, which correspond to features found in
the spectra of pure carbon in its various forms. The coke

M
Mw
W

(d)

400 600 800 1000 , 1200 1400 1600
Wavenumber (cm™)

S(Q,») (Arb. units)

200

Fig. 9 Subtracted INS spectrum of coke species in ZSM-5 after
reaction at 673 K (a) compared with reference spectra of glassy carbon
(b),** graphite (c)*®> and diamond (d).>> All spectra collected on TOSCA
and offset in y-axis for clarity. Reference spectra obtained from the ISIS
INS database.*?
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produced at this temperature 1is therefore highly
carbonaceous, with a composition closer to amorphous coke
than graphitic coke, evidenced by the lack of intensity in the
600-700 cm™" region of the experimental spectrum. This clear
view of the spectrum of the carbonaceous coke also allows
the identification of the previously noted high temperature
coke material in the 473 K sample, which could not be
identified earlier due to blending into the higher level of
background intensity from the hydrogenated coke. Since the
difference in surface area between the fresh and 673 K
reacted samples is below the margin of error in the BET
measurements, this coke content does not block the zeolite
pores to any appreciable degree. The lack of any CPD in the
spectrum indicates that conversion of the intermediate to
alkene and aromatic products occurs too rapidly for any
significant population of this moiety to accumulate at this
temperature. Some evidence of retained toluene and benzene
products is found in the 1565-1620 cm™ region of the
infrared spectrum (Fig. 8), although the aromatic CC
stretching peaks are difficult to separate from the overall
increased baseline level of absorbance caused by darkening
of the catalyst sample.

Reacted catalyst - 573 K. The properties of the sample
reacted at 573 K are intermediate between the extremes
represented by the 473 and 673 K samples in all respects.
The coke content at 573 K is almost exactly halfway between
the other two samples and results in a lower but still
noticeable degree of pore blockage. The IR data shows the
same C-H stretching modes as observed at 473 K and the
presence of trapped CPD ions but considerably weaker in
both cases. In contrast the signals of aromatic products in
Fig. 8 are stronger than at 473 K, with a weaker lower-
frequency ring stretch also being visible at 1567 cm™*®
which is consistent with the higher level of aromatic
production observed at this temperature. The TGA
temperature graph similarly shows a small but detectable
level of type I coke, a high level of the carbonaceous coke
observed at the other two reaction temperatures and elevated
levels of aromatics, evidenced by the loss of mass from 700-
800 K. The INS data is somewhat different in that the overall
scattering intensity is much closer to the low-hydrogen
spectrum observed at 673 K with very little evidence of the
CH groups observed by infrared representing a significant
proportion of the coke. This suggests that the CH containing
species are concentrated at or near the surface of the zeolite
crystallites and are therefore over-represented in the DRIFTS
spectra compared to the bulk measurement provided by INS.
What INS intensity there is takes the form of a broad region
from 600-1200 cm ™' which lacks assignable features,
suggesting it is formed from a mixture of different coke
types. A possible hypothesis is that coke build-up in the
catalyst is initially similar to that observed at 673 K, but with
the progressive shift towards more alkyl products observed in
the on-line reaction monitoring a population of immobile
alkanes begins to build up near the catalyst surface towards
the end of the reaction period and is detectable by DRIFTS,
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with pore blocking from these immobile alkanes leading to
higher levels of trapped aromatics.

Acid site effects. Examination of the 3400-3800 cm™*
region of the infrared spectrum (Fig. 5) shows the effect of
the coke build-up throughout the zeolite on the acid sites in
each catalyst. The spectrum of the fresh zeolite shows a
strong peak at 3595 cm™', corresponding to the Brgnsted Al-
O(H)-Si catalytic sites, and a weaker peak at 3735 cm™" from
the presence of silanol groups at the zeolite surface and in
silanol nest defects.***” A third mode, visible as an extremely
weak shoulder to the Bronsted site peak at 3651 cm ™, is due
to the presence of extra-framework AIOH species in the
zeolite pores.*® The corresponding region in the 673 K
sample shows minor differences. The intensity of the
Brgnsted OH peak is slightly reduced, indicating a reduction
in the number of acid sites, which is explained by the
increase in the intensity of the AIOH site peak, indicating
that the reaction conditions at this temperature have led to
some de-alumination of the zeolite framework. The intensity
of the silanol groups is also decreased and this can be
attributed to the presence of a new shoulder at 3696 cm™"
which is caused by the shift of the silanol peak in cases
where a hydrocarbon is physisorbed onto the Si-OH group.®®
This indicates that at least some of the coke formation is
occurring at sites associated with silanol groups. The 573 K
spectrum shows similar behaviour, except that the reduction
in the Brensted peak is greater without a correspondingly
greater level of AIOH formation, indicating that some of the
loss of acid sites is due to the non-regeneration of the
catalytic acid groups rather than framework de-alumination
in this case. The 473 K spectrum shows yet further loss in
Brgnsted sites, and notably does not exhibit any increase in
AIOH population, indicating that this temperature is
insufficient to cause framework de-alumination. In this case
some of the loss in acid sites is due to the formation of
physisorbed hydrocarbon - Brgnsted site complexes which
can be seen as a broad peak centred at 3500 cm™* in a similar
fashion to the behaviour observed for the silanol peak.*

Discussion

The reaction data indicates the presence of a wide variety of
different product and coke species with quite different
profiles at each reaction temperature investigated. However,
the presence of all these species can be explained in terms of
the zeolite catalysing a hydrocarbon pool series of reactions,
similar to that studied for methanol-to-olefins chemistry."
Two distinct reaction cycles occur within the zeolite, with the
predominant cycle varying depending on temperature.

Cycle 1 - alkyl production

On initial propene contact at all temperatures the reaction
occurs according to Scheme 1(i) with propene at the active
site forming a H-bonded intermediate, which immediately
protonates to form a bonded alkoxide.**™** This alkoxide can
alternatively be thought of as a carbocation replacing the

This journal is © The Royal Society of Chemistry 2021
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Scheme 1 Alkoxide intermediate reactions of propene over H-ZSM-5:
(i) alkene protonation and initial oligomerization; (ii) alkene product
release and acid site regeneration or further oligomerization; (iii)
B-scission of bonded alkoxide; (iv) partial acid site regeneration
involving immobile hydrocarbon molecule. Reaction mechanisms
derived from ref. 27 and 40-42.

proton. The alkoxide then reacts with additional gas-phase
propene to form branched oligomers. After any given alkene
addition, the branched product may optionally undergo
rearrangement via the method described by Chen and
Bridger*® to give the linear oligomer sections whose modes
are observed in the INS data (Fig. 7). While the linear product
is known to predominate at low temperatures,* the relative
intensity of the branched and unbranched modes in the 473
K INS indicates that the branched form predominates at this
temperature due to the faster oligomerization reaction rate
resulting in decreased time for rearrangements between
alkene addition steps. Once formed the alkoxide chains may
either be released and diffuse away from the active site,
yielding the alkene products observed in the product analysis
and regenerating the Bronsted acid group or, alternatively,
undergo further chain propagation to give larger products
(Scheme 1(ii)). Due to the positioning of the carbocation

This journal is © The Royal Society of Chemistry 2021
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charge in the adsorbed alkoxide, the primary alkene products
will be secondary alkenes, matching the conclusions drawn
from the product infrared spectra (Fig. 4). Sufficiently long
oligomers may undergo p-scission cracking reactions
(Scheme 1(iii)), producing the ethene detected in the non-
condensable products and explaining the presence of chains
which are not an integer multiple of propene units. However,
an  alkoxide  which  undergoes many
oligomerizations without cracking will grow large enough
that it is unable to diffuse away from the Brgnsted site if it
breaks away (Scheme 1(iv)). This results in the formation of
the physisorbed Brensted-hydrocarbon species observed in
the infrared spectrum of the 473 K reacted catalyst (Fig. 5).
The blockage of the zeolite pore network at that location then
prevents the associated Brensted site from participating in
further reactions, contributing to catalyst deactivation and
the observed reduction in propene conversion at 473 K.

successive

Cycle 2 - aromatic production

The reactions shown in Scheme 1 are able to explain the
linear species which form the majority of the products at 473
K, but not the aromatic fraction which is a minor
contribution at this temperature and the major products at
573 and 673 K. The production of aromatic products requires
a second cycle of reactions which are detailed in Scheme 2.
The presence of cyclopentadienyl ions in both the MS and IR
data indicates that the aromatic species are formed via a
route involving 5-membered rings. Bonded alkoxides in the
Ce—C, size range formed by the reactions in Scheme 1 may
cyclise to form substituted cyclopropanes in a process which
also regenerates the Bronsted site (Scheme 2(i))."* Removal of
four hydrogens and the subsequent re-protonation of the
resulting diene results in the formation of the cyclopenta-
dienyl cations, which Fig. 5 shows are observed
spectroscopically (Scheme 2(ii)). The hydrogen abstraction
reaction is driven by their transfer to alkene species also
within the zeolite, explaining the presence of propane in the
gaseous products.'™*® This also accounts for the high
proportion of saturated alkyl molecules in the condensable
products: molecules heavy enough to condense in the catch-
pot will diffuse through the zeolite slower than the non-
condensable alkenes, resulting in a higher probability of
their participation in a hydrogen transfer reaction before they
escape the zeolite pore. The protonated cyclopentadienyl
cation is observed in the coke infrared spectra (Fig. 5)
because it is more stable in H-ZSM-5 than the corresponding
diene, even though steric constraints mean that it does not
form a framework-bound alkoxide as the linear carbocations
do.*® Once formed, these cyclopentadienyl cations can
interconvert to the corresponding benzene or methylated
benzene through a rearrangement that involves the removal
of four more hydrogens (Scheme 2(iii)), generating further
alkane products through hydrogen transfer to alkenes.
Multiple cyclopentadienyl ions may also react in concert
through a disproportionation mechanism, with some of
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Scheme 2 Cyclic and aromatic ring based reactions over H-ZSM-5: (i)
alkoxide cyclisation; (i) hydrogen transfer and cyclopentadienyl
formation; (iii) conversion to aromatic products; (iv) toluene
disproportionation to yield benzene and xylenes; (v) elimination of light
olefins from substituted cyclopentadienyl cation. Mechanisms derived
from ref. 11, 33, and 43-45.

them fragmenting to adsorb the excess hydrogen and
forming propene in addition to the aromatic product.**
Alternatively, xylene products may be formed by the
disproportionation of toluene produced by the Scheme 2(iii)
rearrangement mechanism (Scheme 2(iv)).*>*® Cyclopenta-
dienyl cations with ethyl or longer side chains may release
light olefins through an internal rearrangement followed by
elimination, as demonstrated for ethene in Scheme 2(v).**

Overall reaction scheme

These two groups of reactions can therefore account for all
the observed products (as outlined in the Results section)
and all species which are detected within the reacted catalyst
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(IR and INS) and form a linked pair of reaction cycles.
Scheme 3 summarises the trends observed and, crucially,
links the two contributing cycles. As commented on by Ilias
and Bhan, it is the relative rates of these two cycles that
defines the MTH selectivity.” While the alkyl reaction cycle is
active at all temperatures, it is evident that formation of
aromatic species from the cyclopentadienyl cations have a
sufficiently high activation energy that the aromatic cycle
does not contribute significantly at 473 K. The presence of
detectable levels of cyclopentadienyl C-H and C-C vibrations
in the infrared (Fig. 5 and 8) and the fact that di-methyl
cyclopentadiene is more prevalent in the exit gas stream than
aromatic species at this temperature (Fig. 2(i)) indicates that
it is the aromatic ring formation step which is rate limiting
in the transfer between cycles. At higher temperatures it is
proposed that this energy barrier is overcome, permitting the
aromatic cycle to fully contribute to product formation. The
availability of this additional reaction branch, together with
the increased rate of -scission at higher temperatures, also
means that bonded alkoxides are less likely to undergo
multiple successive oligomerization steps and the formation
of immobile branched pore blocking oligomers is not
significant at temperatures higher than 473 K, preventing
premature deactivation of the catalyst. Instead, what coke
species do form at this temperature are graphitic and
amorphous carbon agglomerations, which form at the
surface of the zeolite crystallites.*”*®

Desorbed precursors to the formation of these coke
species are the likely source of the signals of polyaromatics
observed in the products by UV-vis spectroscopy (Fig. S67).
Full operation of the aromatic production cycle also increases
the number of hydrogen transfer reactions which occur,
converting more of the alkene population to alkanes and
explaining why levels of condensable alkenes are even lower
at 573 K and 673 K than they are at 473 K. However, while
the aromatic cycle remains fully operational for the lifetime
of the reaction at 673 K, the 573 K reaction seems to
progressively shift toward the alkyl cycle becoming more
dominant, indicating that there may be a step in the
regeneration of the catalytic sites following aromatic
production that is not totally efficient at this temperature.
This process is likely to be the major factor in determining
the catalyst lifetime at 573 K. Once the contribution of the
aromatic cycle is sufficiently reduced the catalyst will be
operating in a similar regime to that observed at 473 K and
full deactivation will be subsequently rapid, as observed in
the data for the lower temperature reaction. The 573 K
sample does not appear to have reached this stage in the
course of the 6 hours on-stream investigated here, as
evidenced by the rate of change in product concentrations
being constant once the catalyst enters steady-state
operation. It is therefore not possible to say at what point the
deactivation process will commence based on this data.

The hydrogen transfer reactions which form the linking
steps between the two cycles are well established in the MTH
literature,""**4**° and the ability of H-ZSM-5 to catalyse

This journal is © The Royal Society of Chemistry 2021
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these reactions is proposed as one of the key differentiating
factors between aromatic-producing MTH reactions over H-
ZSM-5 and the more constrained methanol-to-olefins reaction
which occurs over silicoaluminophosphates such as H-SAPO-
34." The rate of hydrogen transfer reactions is strongly
influenced by the strength and population of the acid sites
within the catalyst framework, as shown by comparative
studies of zeolite and SAPO catalysts with identical
framework structures.’”>" It therefore follows that the high
aromatic productivity observed at 573 and 673 K is a function
of the high acidity of the fresh catalyst used in this study,
and that aromatic production is likely to decrease over time
as the zeolite acid sites are removed through framework de-
alumination and the production of CPD intermediates is
reduced. The decrease in aromatic production observed at
573 K is not believed to be due to this process, since the rate
of acid site loss in zeolites is temperature-dependant and no
comparable loss in production is observed at 673 K; the
losses at the lower temperature are therefore best explained
by incomplete catalytic site regeneration, with permanent
acid site losses not being significant on the timescales
investigated here. A study by Arora and Bhan®” also shows a
link between the methanol partial pressure and hydrogen
transfer reaction rate in MTH chemistry, which, by analogy,

This journal is © The Royal Society of Chemistry 2021

suggests that the high WHSV of propene used in this study
may also play a role in the high aromatic production observed.

The reactions in Scheme 2 also explain the distribution of
the aromatic products which are observed at each
temperature. The identity of the aromatic species initially
formed is determined by the length of the alkoxide chain
which undergoes cyclisation, which in turn is dictated by the
alkenes present in the zeolite to undergo oligomerization. At
473 K these chains are thought to be primarily C¢ species
formed by propene dimerization; hence, the increasing
dominance of benzene as an aromatic product as the initial
pool of other oligomers generated during -catalyst
conditioning is consumed or converted to pore blocking
oligomers (Fig. 3). At higher temperatures the quantity of
ethene in the zeolite is greatly increased due to both
increased B-scission and the full participation of the alkene
elimination reactions in Scheme 2(iv). This results in a more
even distribution of oligomer lengths and means that the
higher stability of 1,3-dimethyl cyclopentadienyl cations
relative to other CPD species becomes relevant, resulting in
toluene becoming the major aromatic product. In a similar
fashion, the increased production of benzene at 673 K
relative to 573 K can be explained by ethene elimination from
CPD species which would otherwise yield xylenes. The
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majority of the xylene production is likely due to the
disproportionation of toluene, which is known to occur over
ZSM-5.*® This reaction yields the thermodynamic equilibrium
mixture of xylenes, with m-xylene as the major and p-xylene
as the minor product with o-xylene levels closer to those of p-
xylene, which matches the observations in Fig. 3.

In addition to benzene, toluene and xylenes, oligomer
cyclisation can occur with chains of up to Co length, directly
generating the trimethyl benzenes and ethyl toluenes
observed by GCMS. However, alkylation of these first stage
aromatics to produce heavier products can only occur
through the addition of ethyl and propyl groups since the
reaction systems lacks a source of methyl cations. These
additions will directly yield naphthalenes, by-passing the
production of tetra-, penta- and hexa-substituted benzenes
that form a major component of the products in MTH
reactions but which are not observed in the products here.
Thus Scheme 3 represents a means of depicting the various
inter-relationships that contribute to the MTH reaction over
ZSM-5. The complementarity between the IR and INS
measurements is at the forefront of developing this enhanced
understanding.

Conclusions

The reactions of a propene feed over H-ZSM-5 catalyst at
temperatures from 473-673 K have been studied. At these
temperatures, propene undergoes acid protonation and
subsequent oligomerization to form a pool of oligomers and
cyclised oligomers, which subsequently react via the
established 2-cycle hydrocarbon pool mechanism to give a
mixture of aromatic and aliphatic products. This dual-cycle
mechanism requires temperatures at the higher end of the
studied range in order to operate efficiently. First, low
temperatures prevent full conversion of oligomeric species to
aromatics through the cyclopentadienyl intermediate
mechanism and therefore inhibit operation of the aromatic
production cycle, resulting in early deactivation of the
catalyst through pore blocking. Second, while temperatures
of 573 K allow operation of the aromatic cycle, the
regeneration of zeolite acid sites is not 100% efficient at this
temperature, resulting in a progressive shift toward single-
cycle operation as reaction time increases; although this
process is only partial on the timeframe studied. When fully
active at 673 K the hydrocarbon pool operates with almost no
loss of catalytic activity over the period studied with minimal
zeolite coking observed. Collectively these actions produce a
mixture of products consisting mainly of mono- and bi-cyclic
aromatics and C4-C;, aliphatic hydrocarbons. It is noted that
this product mixture is similar to that generated by
methanol-to-hydrocarbons reactions over similar zeolite
catalysts, supporting the conclusions drawn in previous
studies of the MTH reaction that light olefins such as
propene represent the products of the first C-C bond
formation reactions in MTH catalyst conditioning."* These
light olefins then form the MTH hydrocarbon pool in the
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same manner as observed here. One exception to this close
agreement is the lack of significant production of tetra-,
penta- and hexa-methyl benzenes and higher-substituted
naphthalenes, which are important aromatic-cycle reaction
centres and pore blocking species in MTH chemistry: the
absence of these species in this ‘propene-to-hydrocarbons’
reaction is attributed to the fact that methylation reactions
cannot play a significant role due to the absence of a
significant source of methyl cations, resulting in a more
restricted population of aromatic products. The greater
energy required to alkylate aromatics using ethyl or propyl
cations relative to the energy barrier of methylation explains
why this reaction requires higher temperatures than
comparable MTH processes. The use of inelastic neutron
scattering spectroscopy has allowed the non-destructive
analysis of species trapped within the zeolite pore structure,
showing that catalyst deactivation at low temperatures is due
to an overproduction of large branched oligomers due to an
imbalanced hydrocarbon pool cycle.
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