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Graphical abstract

Highlights

e We report the first analysis by INS of zeolite catalysts used for conversion of DME to hydrocarbons

¢ INS coupled with NMR and other characterisation methods shows that deactivation in DME
conversion differs from that in methanol conversion
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e The ability of INS to probe lower frequency vibrational modes in used catalysts offers new
opportunities for studying catalyst deactivation

Abstract

We report the characterisation of zeolite ZSM-5 catalysts used in the conversion of dimethylether
hydrocarbons. Inelastic neutron scattering spectroscopy, supported by solid state NMR, shows that the n
rapid deactivation occurring with dimethylether compared with methanol is associated with the formation
less methylated aromatic coke species and attributed to the lower levels of water present during dimethyle
conversion. The ability of inelastic neutron scattering to probe a working catalyst with no sample preparati
is demonstrated.

This paper is dedicated to Chuck Peden on the occasion of'hisréfay.

Key Words: ZSM-5, inelastic neutron scattering, dimethylether, coke formation

1.0 Introduction

Methanol to hydrocarbons (MTH), is a catalytic reaction which uses an acidic zeolid@vertc
methanol into light olefins (MTO) or gasoline range hydrocarbons (MTG).[1,2]. ZSM-5 is a commonly
used catalyst for the reaction due to its shape selectivity and Brgnsted [&&l]it{Even though the
reaction has already been industrialised, the mechanism is still heavily debated. The most wide
accepted mechanism is the ‘Hydrocarbon Pool Mechanism’, where the hydrocarbons formed within

the catalyst act both as the activating and deactivating species [1,7-9]. The chalidag#fying the
mechanism stems from the complex nature of the reaction. Changes in the nature of the catalyst s
as the Si/Al ratio, or the reaction conditions can lead to changes in product distribution, feedsto

conversion and catalyst deactivation [4,7,10-12].

There is an extensive literature on the MTH reaction [3,7-9,13,14]. In certain variations of the proce
utilising a fixed bed reactor, the feedstock is an equilibrated mixture of methanol, dimethylethe
(DME) and water [15,16]. Recent work has suggested that the mechanistic steps of methanol anc
DME used as feedstock may not be the same. [12,15-17]. Kinetic studies have indicated that DN

converts faster and at lower temperatures to olefins than methanol [12,18]. Deactivation studies he
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also shown that the catalyst deactivates at a faster rate with dimethylether[12,16]. The fast deactivat
has been attributed to the lower water concentration and the faster kinetics of the reaction when DI

is used [12].

The mechanism of the MTH reaction is elusive due to the constant changing nature of the hydrocark
pool which makes it difficult to characterise fully. Different analytical techniques have been ednploye
in the past in order to study the hydrocarbons retained within the zeolite. Conventional optic:
spectroscopies such as infrared and Raman as well as NMR have been used to characterise
hydrocarbon pool [7]. The importance of identifying the active hydrocarbons retained in the zeolite |
undisputed and deactivated samples are of the same importance when it comes to an incres
understanding of the MTH chemistry. Therefore, coke identification is just as significant and just a
difficult as the active species characterisation. Temperature Programmed Oxidatiocgmp@yide
information about the quantity of carbon present within a catalyst sample [7,19]. The Guisnet methc
is the only method to date that can identify the specific hydrocarbons present in the zeolite and quant
them [20]. It involves dissolving the zeolite in 40% HF and extracting the hydrocarbons retained withi
the zeolite pores [20]. The extracted hydrocarb@mgleen be analysed and quantified by GC-MS or
any other suitable technique. However, the Guisnet method destroys the zeolite completely, whi

could sometimes be problematic.

Recently, inelastic neutron scattering (INS) has been used to study the ZSM-5 catalyst\iEEd
reactions [8,21,22]. INS is a spectroscopic technique which offers a new perspective in the studyi
of catalytic reactions [23,24]. It can access the full vibrational spectrum of the hydrocarb@@- pool
4000 cm?t) with no obstruction from the zeolite framework, as well as no restriction from the catalyst

deactivation via coke deposition [8].

This work focuses on using a combination of INS, TPO and NMR in order to study the changes in tt
nature of the hydrocarbon pool when using DME as feedstock, ZSM-5 as the catalyst and followir
the reaction through to deactivation. We have previously undertaken a similar analysthanol

reactions [8,21]. An industrial grade ZSM-5 catalyst was reacted at a constant temperatu?€ of 35C
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with varying DME feed rates and times-on-stream. The reaction was monitored by in-line mas
spectrometric analysis of the gaseous products and off line GC-MS analysis of the liquid products. T
combination of INS spectroscopyth the TPO and NMR analyses provides a platform to understand

the retained hydrocarbons in the deactivated catalysts.

20  Experimental

2.1 Catalyst Preparation and Reaction Testing

The catalyst used is a commercial ZSM-5 zeolite powder provided by Johnson Matthey. The catal
characterisation has been reported in a previous publicatipth§8Fi:Al ratio is 30 and the surface
area 371 rhg™. The as received catalyst was calcined in air at60@ order to remove any residual
template. The reaction of dimethylether was conducted in the Glasgow/ISIS gas manifold and reac
system located in the ISIS Neutron and Muon Experimental Facility (Rutherford Appleton Laboratory
which is described in detail elsewhere [25]. The reactor allows for 10-20 g of samples to bedprepa
(Large sample sizes are a prerequisite for INS measurements.) A fixed bed reactor witmah inte
diameter of 35 mm and length 60 mm was used in all reactions. The reactor is chardet gmith
calcined catalyst which is then dried under He (150 mim@K Gas >99%) at 356C. After the
drying process is complete, DME (Sigma Aldrich, >99.9%) is introduced into the reactor at varying

flow rates and times-on-stream (see table 1). The reactor was kept°at ff5@he time specified for
each reaction. After the reaction was complete, the DME flow and heating was stopped and the san

was left to cool under 150 ml mirHelium.

2.2  Product Analysis

Gaseous products are analysed by in-line mass spectrometry (Hiden Analytical, HPR-20) connecte
the exit line of the reactor via a differentially-pumped heated quartz capillary. A catch-pot place

downstream of the catalyst collects liquid products which are analysed by &S (Shimadzu
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QP2010SE, DBMS capillary 1: 60m, d: 0.25 mm, t: 0.25 pm) at an initial oven temperature of 20

for 2 min, increased at € min? to 150°C held for 3 minutes.
2.3  Catalyst Analysis

All sample handling was conducted in an argon filled glovebox (MBraun UmMB420-G, [HO] <

1 ppm, [Q] < 1 ppm). The reacted catalyst was removed from the reactor with most of the sample bei
transferred into aluminium INS flat cells sealed with indium wire. INS spectra were obtained with tf
MERLIN and TOSCA instruments located at the ISIS Facility. MER[2H] is a direct geometry
inelastic spectrometer, and the spectra were acquired by using the A-chopper pacheigient
energies of 4809 cthand 2004 cm. MERLIN spectra are integrated over the momentum transfer
range of 0 < Q < 12A1, MERLIN has only modest resolution across the the entird@O0 cm' range,

but crucially provides access to the C-H andHGtretch region. TOSCR7] is an indirect geometry
inelastic spectrometer with a spectral range from4@00 cm' that is optimal belov2000cm™. The
advantages of each type of instrument and their complementarity are explored els@8here
Reference spectra of o-xylene (Sigma Aldrich, 99.9%), durene (Sigma Aldrich, 98.7%gtrahol

(Sigma Aldrich, 99.9%were also recorded by the MERLIN instrument.

The remainder of the reacted samples were kept for ex situ analysis using TPO, NMRogth nit
sorption. TPO experiments were conducted on post-reaction catalyst samples using a Micromet
Chemisorb 2720 instrument equipped with a thermal conductivity detector. The TPO samples wi
kept under argon atmosphere for approximately 4 weeks before the TPO measurements were condt
and for each measurement 5 mg of sample was used. Samples were purged with helium 2% ml m
before being heated in 5%/@le (25 ml mint) at a rate of 16C min* until 800°C was reached. The
final temperature was maintained for 30 minutes to ensure the complete combustion of a

carbonaceous species.
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For NMR analysis, used catalyst samples were loaded in air into 7.5 mm MAS rotors and spec
recorded on a Varian Infinity Plus 400 MHz spectrometer. Sample rotors were spun in dry air
typically 3-4 kHz.3C spectra were recorded at 100.54 MHz using a variable amplitude cros
polarisation pulse sequence and a contact time of 7 ms. Chemical shifts were externally reference
tetramethylsilane (TMS) via a hexamethylbenzene standard, and typically 60000 acquisitions avera
with a 5 s pulse delay’Al spectra were recorded at 104.2 MHz using a one pulse Bloch decay with
0.5 ps pulse width ( /20) and a 5 s pulse delay. All samples were measured with the same number of

500 acquisitions to allow comparison of signal to noise, and chemical shifts externally referenced t
kaolin standard (-2.5 ppm relative to AiB)s>*). 2°Si spectra were recorded at 79.4 MHz using a one
pulse Bloch decay with proton decoupling, a /2 pulse width of 6 us and a 5 s pulse delay, typically

1000 acquisitions®Si spectra were externally referenced to TMS via a kaolin standard (-91.2 ppm).

Surface area analysis was performed using a Quantachrome Quadrasorb EVO/SI gas adsory
instrument. 0.15 g samples of the material for analysis were added to 9 mm quartz sample tubes
weighed. These were degassed to < 20 mTorr at 473 K using a vacuum degassinghagraad on

the Quadrasorb instrument. Liquid nitrogen was used as the coolant asdie adsorbant gas. Gas
adsorption and desorption isotherms were collected across a relative pressyirarigéfrom 5 x 10

4 _ 0.99. Isotherm analysis to generate the sample parameters reported was carried out using

QuadraWin analysis software supplied with the instrument.
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Table 1. Details of samples prepared

Sample Sample Treatment DME He Duration WHSV
Flow Flow hours h-t

ml/min ml/min

clean ZSM-5 ZSM-5 + He - 150 3
DME-1D ZSM-5 + DME 50 106 24 0.5
DME-2D ZSM-5 + DME 80 106 36 0.8
DME-3D ZSM-5 + DME 30 106 72 0.3

3.0 Resultsand Discussion

3.1 Reaction monitoring (Mass Spectrometer and GC-MS)

The mass spectrometric analyses of effluent gases during the two and three day runs are
presented in Figure 1. Both show similar trends. After an initial break-in period of ~ 2 hours
there is a steady evolution of alkene and methylaromatic products. This continues for 15-20
hours on stream, after which DME conversion begins to fall, as does the yield of alkene and
aromatic products. The catalyst still retains some activity and does not become completely
deactivated. For the one day run, the DME conversion and yields of products remained
approximately constant over the 20 hour span of the experiment. Off-line GCMS analysis of
the catchpot samples from each run showed similar reaction products in each case:
trimethylbenzenes (30-40%) and tetramethylbenzenes (20-30%) being the major products,
followed by lesser amounts of xylenes (typically < 15%) and small amounts of

methylnaphthalenes and unidentified alkanes.

Figure 1 here

3.2 TPO analysis
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TPO analysis was used to characterise the coke percentage present ict¢lecetalyst and

to confirm the observations of deactivation from the reaction profiles. TPO of the used catalysts
after reaction indicate a weight loss between °2880CFC indicative of CO and CO
generation. Table 2 shows the coke contents of the three used catalysts determined by TPO

along with the nitrogen sorption data.

Table 2: Coke content and Nitrogen Sorption Data for Used Catalysts

Catalyst Coke content/ wt % | Surface area / fg | Vmicropord Mg
Fresh catalyst 0 387 0.148
DME-1D 8.8 176 0.047
DME-2D 18.7 43.7 0.013
DME-3D 14.6 31.5 0.008

The coke content and surface area/micropore data are broadly similar to values reported in the
literature for ZSM-5 catalysts used in methanol conversion. In particular, Bibby et al. reported
that complete deactivation of methanol conversion occurred at coke levels between about 14
and 18 wt %, depending on the particular zeolite U284 .The loss of surface area/micropore
volume in the used catalysts is also similar to that reporf@®jnThere are nevertheless some
differences between the DME-2D and DME-3D catalysts. The DME-2D and DME-3D samples
were exposed to dimethylether for different times and at different flow rates (Table 1). The
DME-2D catalyst deactivates more quickly than the DME-3D catalyst, which may be due to
the higher DME flow rate, and contains a higher level of coke. There is also a significant
difference in the TPO profile for the DME-3D catalyst compared with the two exposed to DME
for shorter times (Figure 2). The TPO profiles of DME-1D and DME-2D shown in Figure 2,

are quite symmetrical wite maximum CO/CQ desorption at- 600°C. The TPO profile of
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DME-3D showsa higher maximum temperature of ~ 685 Both types of profile fall into the
category of Type Il coke assigned by Muller et al to aromatic hydrocarbon sfueoies in

the conversion of methanol to olefins over ZSM-5 at 450 C. [30] The type | coke with a TPO
maximum below 400 C and attributed by these authors to oxygenated molecules was not seen
in our measurementS€houdhary et al. distinguished between “soft” (TPO maximum < 600 C)

and “hard” (TPO maximum ~ 650 C) coke formed in the aromatisation of propane over
gallosilicate MFI catalysts, and suggested that the “hard” coke is more graphitic in nature with

a lower H:C ratio. [31]
Figure 2 here

3.3 3C-NMR Analysis

To further probe the molecular identity of coke species present in the used catalysts we
undertook*C CPMAS NMR measurements on the used catalysts. Figure 3 compares the
spectra obtained with that of the same zeolite catalyst used to convert methanol at 350 C for
three days (described in reference [8].

Figure 3 here

There are three regions of interest. Signals around 20 ppm are due to aliphatic carbon, most
probably methyl groups. [32] A sharp signal at 60 ppm in the catalyst reacted for only 1 day
is due to unreacted (weakly bound) dimethylet[&8].The remaining features are due to
aromatic carbons. These give intense spinning side band features separated by the spinning
speed employed (between 3 and 4 kHz in the spectra shown here), due to the large chemical
shift anisotropy of the aromattéC. The spinning side bands are identified by observing their
shifts on changing the spinning speed. The unshifted peaks are the isotropic chemical shifts
of the species concerned. The spectrum shown in Figure 3(d) of a catalyst reacted with
methanol for three days at 350 C (and still active for hydrocarbon formation [8]) shows a
single aromatic carbon signal at ~ 131 ppm with its associated spinning side bands, which
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resembles but does not match exactly the spectrum of hexamethylbenzene shown in Figure
3(e). The same signal also dominates the spectrum of the catalyst reacted with dimethylether
for 1 day (and still active) shown in Figure 3(a). The two partially deactivated catalysts
(Figure 3(b) and (c)) show broadening of the 130 ppm signal and the appearance of a definite
new component at ~124 ppm. Note that the resolution of this second aromatic component
becomes more clear in the spinning side bands. The largest contribution from this component
is found in the DME-2D sample which has the highest coke content and the greatest extent of

deactivation.

Although there have been extenst¥& NMR studies reported in the literature of the initial
stages of methanol conversion over ZSM-5 [7] there is little prior information available on
deactivated catalysts. Meinhold and BiljB§] reported NMR evidence for the presence of
methylaromatic species in coked ZSM-5 catalysts. In particular, a signal at ~20 ppm was
assigned to methyl groups in tetramethylbenzene isomers, significantly shifted from the 17.2
ppm signal of methyl groups in hexamethylbenzene. This difference is also evident in the
spectra shown in Figure 3. A signal around 130 ppm with strong spinning sidebands was
assigned to aromatic carbons, although it was not possible to identify particular species. 20
ppm and 130 ppm signals from coked ZSM-5 have also been reported more recently by
Barbera et al. [32], although both show higher and lower field shoulders suggestive of
multiple methyl aromatic species.

For the samples analysed here, we can conclude that the DME-1D sample, like the sample
exposed to methanol for three days at 350 C, contains mostly tetramethylbenzene species. In
the more deactivated samples (DME-2D and DME-3D) there is a growing contribution from
other species which may include pentamethylbenzenes and methylated naphthalenes.

Particularly in the DME-2D sample there is a much larger ratio of aromatic to aliphatic
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carbon, although this cannot be quantified without knowing cross-polarisation efficiencies.
We note also the cautionary remarks of Meinhold and Bibby [35] that not all of the carbon
present in coked catalysts may be NMR visible, due to relaxation effects resulting from the

formation of conductive graphitic coke species.

3.4  ?7Al and ?Si NMR Analysis

Figures 4 and 5 here

Figure 4 show$’Al spectra of the fresh catalyst and the three used DME catalysts. The
dominant signal in the fresh catalyst at 51 ppm is due to tetrahedral aluminium in the zeolite
framework[35], while the small signal at ~ -3 ppm is attributed to octahedral Al species not
in the framework. There is a dramatic decrease in the amount of NMR visible aluminium in
the coked zeolites, and the remaining tetrahedral signal is shifted to higher field (by 2-4
ppm). These effects have been seen before in coked ZSM-5 catalysts, and attributed to
interaction of coke species with the Al@amework sites, causing broadening of the signal
from quadrupolaf’Al beyond detection in a one pulse measurement. [29] Note that the
octahedral Al signal is also completely removed. There is no evidence in Figure 4 for
formation of 5 coordinate extra-framework aluminium. Howe%&gi NMR spectra in

Figure 5 show that during reaction some loss of latticesAl@minium occurs. The major

29Si NMR signal at -113 ppm is due tos §i(OSi) units in the framework, while the

shoulder at -107 ppm is due tg@ QI(OSip(OAl) units. It is clear that even after 1 day of
reaction with DME there has been some framework dealumination, causing a decrease in the
-107 ppm signal. It does not appear to decrease further with longer reaction times, although
the overall line-width of thé”Si signal is increased as the coke level rises. This framework
dealumination is attributed to the steam produced in the initial stages of the reaction, as

reported elsewherg36].
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3.5 Indastic Neutron Scattering Spectroscopy
Figure 6 here

Figure 6 shows INS spectra recorded from the three used catalysts in the low to mid frequency
region using the TOSCA spectrometer. The intensities of the spectra have been normalised to
account for the differing masses of each sample during the spectral acquisition. Intensity in
INS spectra is directly related to the number of inelastic scatterers in the sample. When
comparing the spectra from the three different reacted samples (Figuve 8¢ that the
deactivated samples (DME-2D and DME-3D) contain more hydrocarbon content than the still
working catalyst (DME-1D). We note that the differences in the spectra from the working
catalyst to the deactivated catalyst are minimal, which suggests that the hydrocarbons present
during the steady state stage of the catalyst are similar to the hydrocarbons present when the

catalyst is in its deactivating phase.

The corresponding high frequency spectra measured with the MERLIN instrument are shown in Fig

7.
Figure 7 here

The intensities in the CH stretching region should scale with the coke content determined by
TPO analysis if the coke content is solely hydrocarbon. In fact, the DME-2D and DME-3D
samples have identical INS spectra, suggesting that the higher coke content of the DME-2D
sample may be due to a graphitic component not contributing directly to the INS. This
suggestion is also consistent with the additional broadening observedig tN®IR spectra

for the DME-2D sample.
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To try and understand better the INS spectra of the coked catalysts we also recorded INS spectra
of durene and o-xylene. Both of these are products detected in MTH steady state and it has
been suggested that they may also contribute to deactivation [19,31,37]. Figure 8 compares the
high frequency spectra of these two model compounds with that of the DME-3D sample. The
v(CH) region for durene contains predominantly contributions from sp3 CHs stretching
vibrations, since there are 12§H bonds compared with 2 aromatic CH bonds, which vibrate

at higher frequency. In o-xylene, the ratio of §H bonds to aromatic CH bonds is 6 to 4.
Since INS intensities depend directly on the number of hydrogen atoms involved, the profile
of the v(CH) vibrations shifts to higher wavenumber for o-xylene compared with durene. For

the DME-3D catalyst, the profile shifts further to higher frequency, suggesting that the ratio of
sp’ CH to aromatic CH is even lower than that in o-xylene. In our previous study of used
methanol conversion catalysts we found th&®H to aromatic CH ratio to be ~ 1:1. In the

case of the DME catalysts, the ratio is clearly less than unity.

Figure 8 here

The spectra of the same three samples measured in the low-medium energy region with the
TOSCA instrument are much more complex and are not yet fully assigned. (Figure 9). There
are nevertheless many features in common between the model compounds and the used
catalyst, at least in the region above 800 ciRor example, the pair of bands at 1370 and 1450
cmit are due to symmetric and asymmetrics@dnding modes, while GHocking modes and
aromatic CH out of plane bending modes occur between 860 and 105Utwene is arguably

a closer alignment between the spectra of the used catalysts and that of o-xylene in this region
than with that of durene, which is consistent with the suggestion that the aromatic species in
the used catalysts are not highly methylated. The lack of agreement between the spectra of the

used catalysts and the model compounds below @09 is understandable. The model
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compounds were run as solids at < 30K, and the low frequency spectra of the solids will contain
many librational modes which will not be found in individual molecules trapped in zeolite

pores.

Figure 9 here

Polymethylated aromatics are considered to form in sequential methylation steps which heavily
depend on the Brgnsted acid sites of the zeolite and the presence of methanol and/or
DME[38,39]. One major difference between using DME as reactant rather than methanol is
the reduced amount of water formed. As seen in this work, the catalysts deactivate more quickly
when DME is the reactant, presumably because regeneration of the Bronsted acid sites needed

to catalyse methylation reactions is inhibited at the lower water levels found.

4.0 Conclusions

This study has shown that INS can significantly augment the information obtained from other
more conventional characterisation techniques for examining the coke deposits in working
catalysts for hydrocarbon production from dimethylether. We have found that dimethylether
conversion is deactivated more quickly than methanol conversion over the same catalyst at
the same temperature, and that the deactivation is enhanced at higher space velocity. In
comparison with methanol conversion, the aromatic to aliphatic ratio in the coke deposits is
considerably higher; which together with the reduced catalyst lifetime is attributed to the
lower levels of water present in DME conversion, reducing the regeneration of acid sites

needed for methylation of aromatic species in the zeolite.

The advantages of INS over other vibrational spectroscopies for characterisation of used
catalysts are well demonstrated here. The method lacks the spectroscopic resolution of
infrared spectroscopy in the CH stretching region, but access to the full vibrational range is a

strong feature of the method. More work is needed to assign fully and explain all of the
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lower frequency bands detected in the coked zeolites, but the ability of INS to interrogate
industrial catalyst samples taken directly from a reactor with no sample preparation required

should be more widely exploited.
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Figure captions

Figure 1. Mass spectral analysis of evolved gaseous products during DME conversion at 350
°C. (a), 2 day run; (b), 3 day run. DME measured as m/e = 45, propene m/e = 41, butene m/e

= 55, aromatics as tropylium ion, m/e = 91. (colour)
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Figure 2: TPO Profiles of DME-1D, DME-2D and DME-3D (colour)
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Figure 3.3C CPMAS spectra of: (a), DME 1D, 2.6 kHz; (b), DME 2D, 3.5 kHz; (c), DME

3D, 3.5 kHz; (d) Zeolite reacted with methanol at 523 K for 3 days, 3.0 kHz [8], (e)
hexamethylbenzene, 4.0 kHz. * denote spinning side bands resulting from the spinning speed
indicated.
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Figure 4.2’Al NMR spectra of (a) fresh ZSM-5 catalyst; (b) DME-1D sample; (c) DME-2D
sample; (d) DME-3D sample. All spectra have been normalised to the same S/N to allow an
approximate comparison of intensities.
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Figure 5.2° Si NMR spectra of (a) fresh catalyst; (b) DME-1D; (c) DME-2D; (d) DME 3D.

Page 24 of 29



107

-90 -100 -110 -120 -130
ppm
Figure 6. INS spectra measured with the TOSCA instrument from (a) DME-1D; (b) DME-

2D; (c) DME-3D. Spectra have been normalised for the amount of catalyst measured and
displaced vertically by a fixed increment to for ease of viewing.
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Figure 7. INS spectra measured with the MERLIN instrument. (colour) Spectra have been

normalised for the amount of catalyst measured and displaced vertically by a fixed increment
for ease of viewing.
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Figure 8. INS spectra measured with the Merlin instrument in(ttg) region of two model
compounds and the DME-3D used catalyst. (colour)
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Figure 9. INS spectra measured with the Merlin and Tosca instruments of o-xylene (top),
durene (middle) and the DME-3D used catalyst (bottom). Spectra displaced vertically by a

fixed increment for ease of viewing.  (colour)
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