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Using synchrotron X-ray powder diffraction-mass spectrometry in combination with theoretical calcula-
tions, we probed the structural changes of adsorbed methanol species in H-ZSM-5 for the first time dur-
ing catalytic conversion of methanol. Preliminary experimental and computational findings suggested
that associative mechanism was the dominant reaction pathway in the early stage of the reaction at
200 �C. Also, we observed a minor contribution from dissociative mechanism of the adsorbed methoxy
intermediate species, CH3-Oz (where Oz is a framework oxygen atom), at Brønsted acid sites. It led to
methoxy accumulation during the late stage of the reaction, which was postulated to be the initial step
that produced ‘hydrocarbon pool’ and ‘coke’ through the formation of CAC bonds.

� 2018 Elsevier Inc. All rights reserved.
1. Introduction

Methanol becomes increasingly important as the building block
for chemicals and energy carrier in ‘methanol economy’ by George
A. Olah, the Nobel laureate in Chemistry in 1994. It ultimately
helps to replace traditional fossil fuels by utilizing renewable bio-
mass sources [1]. Although methanol is currently produced from
fossil fuels via the syn-gas route, it can also be produced from var-
ious biomass sources or CO2 reduction in carbon recycling [1].
Despite methanol can be directly combusted as a fuel, the general
routes to convert methanol to hydrocarbons (MTH) have also
recently been attracting more attention as an alternative pathway
to crude-oil-derived hydrocarbons, such as commodity chemicals
(olefins, MTO), aromatics (MTA) and gasoline (MTG), etc. [2,3].
The successful practice of these processes is dependent on the cat-
alyst nature and conditions used. However, one of the most impor-
tant technical problems is catalyst deactivation by ‘carbon’
deposition (or so-called ‘coke’) during methanol conversions [4].
The catalytic conversions of methanol have been extensively
investigated over various acidic catalysts, including zeolites and
alumina [5–7]. However, the prevailing mechanism of how
methanol is first activated and the fates of intermediates are still
not fully understood. At low temperature of below 270 �C and high
flow rate conditions, methanol dehydration to dimethyl ether
(DME) is known to take place favourably [8]. In fact, the catalytic
production of DME is equally important in industry. DME is
regarded as a building block for the production of many useful
chemicals, including dimethyl sulphate ((CH3)2SO4) and trimethy-
loxonium tetrafluoroborate ((CH3)3OBF4), two common methylat-
ing agents, alongside other physical applications, such as freezer
spray [9–12]. Although the reaction route that forms DME from
methanol is still debatable, some researchers believe that the
organic intermediates as alleged ‘hydrocarbon pool’ (HCP) in zeo-
lites must be derived from DME or similarly related species
[13,14]. Briefly, there are two proposed mechanisms [15–18]:
(i) The dissociative route; methanol is first protonated at a
Brønsted acid site (BAS), followed by dehydration which generates
a surface methoxy species (SMS). It finally reacts with another
incoming methanol. (ii) The associative route; methanol again is
first protonated at a BAS. This ‘activated’ protonated species then
combines with another methanol molecule, forming a dimer-like
species. Subsequently, the dimer dehydrates to form DME. Recent
theoretical modelling efforts by Moses and Nørskov [18]
(in H-ZSM-22), and Grabow et al. [19] (in H-ZSM-5) have suggested
that the associative mechanism dominates at low temperature,
whereas the dissociative mechanism prevails at high temperature.
Based on comprehensive calculations, Grabow et al. have reported
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that the ‘crossover’ temperature between these two mechanisms is
zeolite framework and acidity dependent, where the ‘crossover’
temperature in H-ZSM-5 is around 427 �C [19]. Jones and Iglesia
further combined theoretical, infra-red spectroscopic and kinetic
assessments to show the prevalence of the dissociative mechanism
at high reaction temperature [20]. In fact, the methoxy species
(CH3-Oz, where Oz is a framework O atom adjacent to the Al site)
has been previously identified by ex-situ spectroscopic techniques
such as 13C solid-state NMR [21–23] and FTIR [6,24,25], which is
indicative of the dissociative mechanism. In terms of diffraction
techniques, previous works notably by Mentzen, Fitch and van
Koningsveld have determined the molecular adsorbate structures
in various zeolites [26–30]. Wragg et al. have investigated the
SAPO-34 catalyst in the MTO reaction using high-energy operando
synchrotron X-ray powder diffraction (SXRD). The SAPO-34 cata-
lyst expands remarkably and asymmetrically due to the formation
of the HCP [31–33]. Deka et al. have combined SXRD with X-ray
absorption fine structure (XAFS) to analyse the NH3-selective cat-
alytic reduction over the structural chemistry of the active Cu site
and NH3 in Cu-SSZ-13 zeolite [34]. But there is a general lack of
structural studies to verify one mechanism from the other during
methanol conversion at specific experimental conditions from
the structural perspective. It is also possible for the two reactions
to take place concurrently, should their activation barriers are both
overcome.

We have recently elucidated the structures of organic adsor-
bates (such as pyridine, ammonia and methanol) even at low cov-
erage in zeolites using SXRD and Rietveld refinement, where
zeolites are a class of crystalline but porous template materials
[35–37]. The organic adsorbates reside uniformly over the BAS in
our H-ZSM-5 sample. As an alternative to spectroscopic tech-
niques, the bond distances and angles of these organic moieties
based on diffraction evidence particularly on the rigid surface
BAS of H-ZSM-5 can be measured within experimental errors.
Encouraged by these works, we have recently built a high-
pressure, low-dead-volume catalytic capillary gas-cell using on-
line mass spectrometer with an optimized high-brightness X-ray
beam at Beamline I11 in Diamond, UK, to monitor the structure-
activity relationship. In this paper, we combined high-resolution
SXRD-MS, structural refinement with theoretical calculations to
Fig. 1. On-line synchrotron X-ray powder diffraction (SXRD) and mass spectrometry, wi
spectra showing the relative DME and methanol concentrations; noticeable concentration
the MTG progress, and (b) SXRD patterns.
study the catalytic conversion of methanol over H-ZSM-5. The
changes of the molecular structure of the adsorbed methanol spe-
cies on the BAS of fresh H-ZSM-5 during the early stage of the reac-
tion at 200 �C was probed, where a high activity for DME was
prevalent. As the reaction progressed, only small residual activity
for DME formation was observed in the late stage (over 10 h), lar-
gely due to catalyst deactivation. Our structural refinements
showed that the methoxy species via the dissociative mechanism
is associated with the poly-aromatic ‘carbon’ in the straight chan-
nel of H-ZSM-5, which can be detected at increasing quantity.

2. Results and discussion

The H-ZSM-5 sample (H4.48Al4.48Si91.52O192) was extensively
characterized by NMR spectroscopy, SEM, TEM, and BET (see
Figs. S1 and S2 in the SI). In this specific H-ZSM-5 sample, the Al
substituted site has been determined specifically at the framework
T6 site, whereas the strongest Brønsted acid site at O18 in our pre-
vious work (via loading zeolites with base probe molecules; the
zeolite samples were measured with high-resolution SXRD for 1
h using high-precision multi-analyzer crystal detectors) [35]. It
has about one Al per asymmetric unit with the space group of
Pnma. The temperature programmed SXRD measurements were
first collected, with a ramping rate of 10 �C min�1 in the capillary
reactor under an N2 flow rate of 1 mL min�1 at 1 atmosphere using
a methanol saturator (kept at RT). The on-line mass spectra (MS) of
methanol and DME as the major products (with trace amounts of
CO, HCHO and CH4) were simultaneously monitored. As seen in
Fig. 1(a), the slight increase in the methanol concentration from
25 to 150 �C is due to the increase in methanol vapour pressure
from the saturator near the hot-air blower. Fig. 1(a) also shows
the initial dehydration process with an increasing DME concentra-
tion from 150 �C and a corresponding fall in methanol. Also, the
corresponding intensity changes of the Bragg peaks at low 2h
angles can be seen in Fig. 1(b). It is attributed to the corresponding
decrease in the population of the adsorbed methanol and increase
in thermal vibrations at higher temperatures (see Fig. S3 for kinetic
analysis). In general, the lattice of H-ZSM-5 expands slightly at
higher temperatures (see Supporting Information Tables S1 for
the corresponding crystallographic parameters).
th a flowing stream of methanol vapor over H-ZSM-5 (25–250 �C). (a) On-line mass
of hydrocarbon products have been detected from 200 �C, showing the initiation of
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Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.jcat.2018.06.027.

Fig. 2 shows the selected Rietveld refinement profiles of the on-
line SXRD measurements at 25 and 150 �C and their corresponding
derived crystal structures in an asymmetric unit of a unit cell (the
data at other temperatures are summarized in Tables S2). In gen-
eral, all the SXRD data have been refined well with low R-factors
and excellent data fittings. In all the Rietveld derived structures,
three MeOH species are observed in the H-ZSM-5 per asymmetric
unit. The position of the MeOH sites remained basically unchanged
upon an average of 10 refinement attempts in manually placing the
initial input position at a further distance from the framework,
with the derived Oz-OMeOH1 interatomic distances of ±0.02 Å
(which lie within the estimated error values); with the correspond-
ing Rwp of ±0.001. The verification of the accuracy of the Rietveld
refinement processes is summarized in Tables S1–S2 in the SI.
Due to the continuous excess feed of methanol into the sample
during the online SXRD-MS measurements, the comparatively
low concentrations of CO, CH4, HCHO and even DME cannot be
detected on the BAS. As the concentrations for the formation of
DME and any further products are several magnitudes lower than
that of methanol adsorption, the majority coverage on the BAS is
thus methanol. We acknowledge the increase in thermal motion
of the adsorbed species at higher temperatures, therefore the iso-
tropic displacement factors (Beq) have been arbitrarily fixed during
the refinement (and manually adjusted based on the temperature,
Fig. 2. SXRD patterns and Rietveld refinement of the H-ZSM-5 sample with a flowing str
refinement profile (At 25 �C: Rwp = 6.917%, v2 = 2.840; at 150 �C: Rwp = 6.090%, v2 = 2.5
asymmetric unit of a unit cell. The crystallographic and atomic parameters of the
corresponding Fourier contrast maps summarized in Fig. S4. The Rietveld refinement pr
Notice that the adsorbed molecules are described using rigid-body Z-matrices, with the
Supporting Information SI/methods for details). Ball-and-stick model: white = Si, green =
see Supporting Information SI/Methods for details). Therefore, sim-
ilar to our previous work that studies pyridine and ammonia in H-
ZSM-5 [35,36], the rigid framework O atoms (O5 and O18, adjacent
to the only Al site (T6), previously identified as the BAS [35]) are
chosen as the crystallographic pointers in measuring their inter-
atomic distances with the O atom of the most strongly bound
MeOH species. Note that as H atoms cannot be directly located
by this technique, the Beq (isotropic displacement factor) values
of the O/C atoms in methanol are arbitrarily fixed. Clustering of
MeOH species within the framework is observed, which agrees
with the early work by Forester and Howe [24]. The closest
framework-adsorbate distances between BAS in the sinusoidal-
straight cross-channel region and adsorbed methanol is found
between MeOH1 and O18 and O5, which gives O18-OMeOH1 =
3.80(4) Å and O5-OMeOH1 = 3.85(4) Å and forms a nearly bidentate
mode with O18 and O5. Also, other adsorbed species can be iden-
tified and resolved by SXRD under reaction conditions. The uneven
negative charge distribution on O5 (smaller) and O18 (greater)
adjacent to Al is due to the steric characteristics of H-ZSM-5 that
slightly distorts the bidentate morphology [38]. Comparing to
our previous study under a static ex-situ condition, these O18-
OMeOH1 and O5-OMeOH1 distances are slightly longer [35]. This is
presumably due to the dynamic measurement in excess flowing
methanol in the present study. We also observe two other MeOH
sites, where their derived interatomic distances are substantially
longer than those of MeOH1. The interatomic distances between
eam of methanol vapour measured at (a, b) 25 and (c, d) 150 �C. (a, c) The Rietveld
87), and (b, d) their corresponding Rietveld derived crystal structures showing an
complete SXRD measurements are summarized in Tables S3–S4 in SI, with the
ofile of H-ZSM-5 without flowing methanol is summarized in Fig. S5 and Table S5.
Beq (isotropic displacement parameter) of the guest molecules arbitrarily fixed (see
Al, red = O, black = C. No hydrogens are plotted for clarity.
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MeOH1 with MeOH2 and MeOH3 fall in the regime of H-bonding
(between 3.5 and 3.8 Å). Thus, a strongly bound protonated metha-
nol (MeOH1) and two weakly bound methanol molecules (MeOH2
and MeOH3) inside the H-ZSM-5 cavity are clearly resolved by
SXRD under the flowing methanol condition. Despite the increase
in thermal vibration (greater errors in measurements), a notable
decrease in the site occupancy factor (SOF, the measure of statisti-
cal chance of the site occupation) of MeOH1 from 150 to 250 �C at a
similar rate to the DME formation is observed. The fall in SOF
matches with the increasing DME formation (see Table 1). Mean-
while, similar to our previous ammonia desorption study using
SXRD [36], upon temperature elevation from 25 to 250 �C, the
SOF values of MeOH2 and MeOH3 also decrease (see Table S4)
which reflects a lesser degree of adsorption at higher measurement
temperatures even at a continuous feed of methanol. From this
study, we only wanted to point out the adsorbed MeOH detected
by SXRD (through the SOF) are likely to be the species consumed
and correlated with the formation of DME but with no implication
that its disappearance rate equates to the rate of conversion to
DME (desorption of MeOH accounts for the rest). In fact, from
the long time-scale of SXRD, we do not think we could reflect the
nature of elementary steps taken place on the surface species
let alone the differentiation of the rate determining step by this
experiment. Besides, the coverage (SOF) must be inversely depen-
dent on the applied temperature which can affect Kads (adsorption
equilibrium) for this adsorbed species. To substantiate this point,
we compared the decrease in MeOH SOF with our previous work
that studied H-ZSM-5 adsorbed with pyridine [35]. It can be seen
that even without a continuous flow of substrate vapour, the stron-
gest adsorption site in H-ZSM-5 still displays a similar drop in the
SOF at high temperature without chemical reaction. As a result, the
temperature effect plays an important role in determining the SOF
of adsorbed MeOH in the H-ZSM-5 sample.

From our SXRDmeasurements (see Table 1), we have found that
the protonated methanol species (CH3-OH2

+) is the most probable
species on the zeolite surface observed at or below 100 �C (also
at other reaction temperatures). Such protonated methanol is com-
mon in both associative and dissociative pathways so its detection
do not allow us to differentiate the nature of mechanism. However,
from starting from 150 �C where a significant quantity of DME is
produced, O18-OMeOH1 and O5-OMeOH1 of this protonated CH3OH1
species show a clear shortening beyond the experimental errors
(see Table 1), whereas they remain relatively constant below
100 �C. This observation is in stark contrast to the expected exten-
sion of the interatomic distances arisen from thermal expansion at
higher temperatures. Most importantly, this unique observation
clearly depicts a strengthened adsorbate-framework interaction
about the rigid zeolite framework. The shortened O18-OMeOH1

and O5-OMeOH1 imply a lesser degree of rC-O orbital overlap with
increasing covalency of the protonated terminal AO(H2) moiety.
This may imply the CAO bond of the protonated methanol species
is activated at high reaction temperatures. The CMeOH1AOMeOH1
Table 1
Derived interatomic distances in comparison from Rietveld refinements and obtained from
located in the sinusoidal-straight cross-channel region and the framework O18 and O5 at

Temperature (�C) Interatomic distances from Rietveld
refinements (Å)

O18-OMeOH1 O5-OMeOH1

25 3.71(3) 3.74(3)
50 3.72(3) 3.83(3)
100 3.63(3) 3.76(3)
150 3.41(4) 3.68(4)
200 3.40(4) 3.43(4)
250 3.39(4) 3.45(4)
bond distance has not been compared due to a higher degree of
thermal motion and the additional interactions with other metha-
nol molecules during bombardment under a dynamic condition. As
a result, this activated protonated methanol as [‘CH3’. . .OH2]+ can
become more reactive and receptive to another incoming metha-
nol to form DME in the concerted associative mechanism. The
associative mechanism has a lower overall apparent Gibbs free
energy of activation than that of the dissociative mechanism
(115 versus 163 kJ mol�1). Eventually, via a simple proton transfer,
the formed DME and H2O will first desorb; then a BAS will be
regenerated on the negatively charged framework O atom.

Apart from the direct observation of this reaction ‘intermediate’
at 150 �C, it is worthy to note that at such low temperature, we
failed to fit the crystallographic data with any CH3-Oz species
(i.e. the surface methoxy intermediate species from the dissocia-
tive mechanism). Our Rietveld refinement attempts in placing a
‘C’ atom adjacent to any framework O atoms have resulted in the
SOF approaching zero. Also, no noticeable carbon deposition was
observed.

Similar results were obtained in a separate methanol flowing
experiment where the temperature was kept isothermally at
200 �C. A notable formation of DME was observed in the first hour.
From the observed activation of [‘CH3’. . .OH2]+ intermediate
species, they seemed to associate with the DME formation under
the dynamic condition during the early stage of the reaction. Our
DFT prediction of the dominance of the associative mechanism at
low temperature, which agrees with previous theoretical assess-
ments [18,19], can be therefore confirmed (see Section 2.5 in the
Supplementary Materials). It should be noted that such molecular
changes of the adsorbed methanol species and their interactions
with neighbouring MeOH molecules at the BAS on the internal
zeolite surface resolved in a 3-D atomic arrangement cannot be
easily obtained by other in-situ spectroscopic techniques.

As the reaction proceeded at 200 �C, we noted a rapid catalyst
deactivation after 10 h, as generally reported until <5% residue
activity for DME production. The SXRD pattern after 24 h of reac-
tion is displayed in Fig. 3(a), the corresponding crystal structure
is shown in Fig. 3(b). Interestingly, among all the carbon atoms,
we observed an isolated ‘C’, presumably the CH3-Oz species at an
interatomic distance of ca. 1.6 Å with O5 (adjacent to the T6 Al
site). This location of this ‘C’ site has been confirmed by repeatedly
manually placing it away from the framework for refinement. The
population of CH3-Oz increased progressively with longer reaction
time; the SOF increased from 0.43(1) (10 h) < 0.46(1) (18 h) < 0.51
(2) (24 h). This suggests the CH3-Oz became relatively stable once
they were formed at significant quantity at the late stage of the
reaction. From the diffraction point of view, the ‘isolated C’ species
detected indicates that this C does not link to another additional O
or C scatters from the walls of ZSM-5. It is consistent with the sur-
face methoxy species (SMS) as H attached to ‘C’ would not be
detected by the X-rays and the O is part of BAS of ZSM-5. Thus,
the possibility of the detected ‘isolated C’ to link with a surface
ab initio molecular dynamics (AIMD) simulations, between the protonated methanol
oms. The numbers in the brackets are the estimated standard deviations.

Site occupancy of MeOH1 Interatomic distances from AIMD
simulations (Å)

SOF of MeOH1 O18-OMeOH1 O5-OMeOH1

0.665(4) 3.85 3.75
0.693(4) 3.95 3.95
0.581(4) 3.95 4.05
0.583(4) 3.45 3.55
0.505(4) 3.45 3.55
0.457(5) 3.35 3.55



Fig. 3. SXRD and Rietveld refinement of the H-ZSM-5 sample with a flowing stream of methanol vapour for 24 h at the reaction temperature of 200 �C. (a) Rietveld refinement
profile (Rwp = 7.044%, v2 = 1.665), and (b) its corresponding Rietveld derived crystal structure showing one asymmetric unit of a unit cell. The atomic and crystallographic
parameters are summarized in Tables S6–S7. Atoms are represented in ball/sticks: white = Si, green = Al, red = O, black = C. No hydrogen or carbon species deep in the
channels are plotted for clarity.
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alkoxy group or bulkier hydrocarbons directly is eliminated. In
other words, the acid sites are only gradually poisoned by meth-
oxy, leaving a considerable concentration of acid sites still active
for the dissociative mechanism to operate. Even after 24 h, only
about half of the sites are covered with methoxy. The detection
of CH3-Oz indicates the participation of the dissociation mecha-
nism at this temperature, which is also reported by previous DFT
[19,39] and spectroscopic studies [6,22,23]. This may imply that
some protonated [‘CH3’. . .OH2]+ intermediate species did not
totally proceed to form DME via the associative mechanism. But
they instead underwent via the dissociative dehydration route
and formed CH3-Oz on the zeolite framework. As a result, it is evi-
dent that the two surface intermediates, namely [‘CH3’. . .OH2]+ and
CH3-Oz, co-exist at 200 �C, with the former dominantly covers the
BAS at the early stage. It is therefore envisaged that at higher tem-
peratures, the dissociative mechanism with higher apparent Gibbs
free energy of activation becomes a competing or even the domi-
nant mechanism for the methanol conversion reaction. However,
at temperature �200 �C, the slow but gradual replacement of H+

on the BAS by the kinetically sluggish CH3-Oz from the dissociative
mechanism will circumvent the associative mechanism and accu-
mulate. This consequently deactivates the zeolite catalyst, as pre-
sently observed.

Our theoretical results derived from the ab initio molecular
dynamics (AIMD) simulations of methanol molecules in H-ZSM-5
zeolite at different temperatures indeed support the above exper-
imental observations (see Fig. S7 for the H-ZSM-5 structure used).
The atomic interactions between the protonated methanol with
the framework O atoms in terms of the OMeOH1-O18/O5 inter-
atomic distances at different temperatures are calculated and sum-
marized in Table 1. The average OMeOH1-O18/O5 distances derived
from the radial distribution functions, g(r), between OMeOH1 with
O18 and O5 are in excellent agreement with the Rietveld derived
analogues (see Fig. S8). The distances display the same increasing
trend at low temperatures, then decrease at high temperatures
(up to 250 �C). A snapshot of all the three methanol molecules
around the T6 Al site in the AIMD simulation at 100 �C is displayed
in Fig. S8. We note the slight inconsistency between the experi-
ment and simulation at 150 �C, which might be due to a minor dis-
crepancy over the true sample temperature during the reaction.
Again, as previously discussed, this indicates the non-cleaved but
activated protonated methanol on the BAS.

At low temperature (below 200 �C), by combining the SXRD and
AIMD studies, we showed that associative mechanism is the
dominant reaction pathway. Particularly, according to our DFT
study (as well as previous reports) that the activation energy is
lower for the associative pathway at this reaction temperature.
However, from the kinetic consideration, there is still a minor
extent for the reaction to proceed via the dissociative pathway
(which has higher activation energy). As a result, at the early stage
of methanol reaction and low temperature of 150–200 �C, the acti-
vated protonated methanol species as [‘CH3’. . .OH2]+ with short-
ened CAO O18-OMeOH1 and O5-OMeOH1 distances on the BAS of H-
ZSM-5 are for the first time identified by our SXRD. Their decrease
in coverage at increasing reaction temperatures (see Table 1) is
also appeared to match with the rate for the DME formation, which
indicates they are receptive to react with another methanol reac-
tion to lead to DME in the associative mechanism. As the reaction
proceeds, the formation of DME gradually decreases and the sam-
ple becomes notably darker. The dominant surface coverage of the
catalyst begins to switch to methoxy, CH3-Oz (detected as isolated
‘C’) which progressively increases along with further reaction time.
The theoretical calculations support the observation that the
methanol reaction over H-ZSM-5 proceeds mainly as associative
mechanism over this temperature regime with a minor contribu-
tion from the dissociative mechanism. On the other hand, the
higher temperature can render the dissociative pathway more
favorable.

In fact, the industrial processes of MTA (H-ZSM-5 based cata-
lysts [40]) and MTO (SAPO based catalysts [3,41]) in conjunction
with ‘high hydrocarbons’ and ‘carbon’ deposition (i.e. ‘coking’)
commonly take place at 400–500 �C. This high-temperature regime
can overcome the energy barriers for cleaving CMeOH1-OMeOH1 and
CH3-Oz bonds in the dissociative route to produce methoxy from
methanol (see Section 2.5 in the Supplementary Materials). In this
short communication note, we have not yet obtained the direct
link between the elementary steps that produces ‘HCP’ with any
crystalline species for the in-situ SXRD technique since a much
higher reaction temperature (�400 �C) and more complex reac-
tions profiles with a range of competitive intermediate are encoun-
tered. It should be noted that the formation of ‘HCP’ depends on
the stereo-specific channel geometry of zeolites [42]. Further study
by this technique to identify the key intermediate from methanol
reactions over microporous catalysts may contribute further
understanding of the reactions at the higher temperature regime.

Interestingly, the dense electron clouds by ‘carbon’ deposition
in the Fourier contrast map derived from our SXRD (see Fig. S12)
can be clearly identified in the sinusoidal channel and particularly
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in the straight channel of the H-ZSM-5 sample, after a flowing
stream of methanol vapor treatment for 24 h at 200 �C. In fact,
we observe a good correlation of the progressive build-up of the
‘carbon’ deposits (TGA analysis, see Table S8 in SI) with an increas-
ing surface coverage of methoxy from dissociative mechanism
even at this low temperature at late stage of the reaction whereas
almost no significant DME formation is prevalence. Some of these
‘carbon’ species can be dissolved in cyclohexane to give a yellowish
solution. The UV/vis spectrum shows the presence of conjugated
aromatic systems (see Fig. S13). From the analysis of gas
chromatography-mass spectroscopy (GC–MS, see Fig. S14),
although the product distribution is rather heterogeneous, most
identified products are poly-aromatics, and approaching to a gra-
phitic structure in nature. Notice that the H-ZSM-5 cavity is well-
known for the ‘HCP’ to undergo aromatization (MTA catalyst
[43]). The GC–MS analysis can provide extra evidence into the
competition between the associative and dissociative mechanisms.
The incorporation of CAO moieties in these poly-aromatic frag-
ments can be occasionally observed. However, the low O/C ratios
(much lower than 1:2) in both light products/heavy carbon depos-
its imply that the build-up of ‘carbon’ from protonated methanol or
DME is quite unlikely, while the only alternative is via the surface
methoxy species by the dissociative mechanism. The relatively low
reactivity of the methoxy species has raised doubts in the past
about the direct route to the ‘HCP’ and eventually to ‘carbon’.
Lercher et al. have recently suggested that carbonylation (with
CO) of the methoxy species on the BAS with a low energy barrier
of 80 kJ mol�1 initiates the first CAC build up to lead to the ‘HCP’
[44]. This has also been independently verified by Weckhuysen
et al. [45] Indeed, we observed the exit-gas contains CO which is
likely obtained from the decomposition of methanol. Thus, the
poly-aromatic ‘carbon’ build-up is related to the methoxy species
via alternative pathways, such as carbonylation with low activa-
tion barriers. However, the more favorable formations of ‘HCP’,
aromatics, and graphitic carbon deposit from methanol in zeolites
at >400 �C are particularly noted [44].
3. Conclusion

In summary, during the catalytic conversion of methanol over
H-ZSM-5, the changes of the molecular structure of adsorbed
methanol have been probed by SXRD in combination with AIMD
simulations and periodic DFT calculations. It is demonstrated by
the preliminary results with confidence in support of literature
that the concerted associative mechanism is responsible for the
DME production from methanol over H-ZSM-5 in the early stage
of the reaction below 200 �C. On the contrary, there is only a minor
contribution of the dissociative mechanism for the formation of
DME. Although the formation mechanism of the CAC bond cannot
be evidently revealed by this technique at present, the conclusion
has drawn towards a much clearer understanding of how DME is
converted from methanol.

While we accept the limitations to perform SXRD-Rietveld
refinement on catalytic materials under operando conditions, we
believe that the analysis of the SXRD-Rietveld derived interatomic
distances and coverage (SOF) can contribute new insights in line
with our DFT calculations. The direct observation of activated ‘in-
termediate’ with shortened C-O5/O18 distances of the protonated
methanol species is consistent with the associative reaction path-
way. Especially, we have then verified this change in interatomic
distances of the activated ‘intermediate’ with the AIMD modelling
calculation. Consistent with previous literature works, the associa-
tive reaction pathway predominates at low temperatures.

Further, at longer time-on-stream at 200 �C or at a higher tem-
perature, we have observed the formation of an ‘isolated C’ attach-
ing to the O5 as surface methoxy species (SMS). We discount this
species from adsorbed alkoxy or higher hydrocarbons due to the
absence of additional O or C scatters linked with this isolated ‘C’.
Interestingly, the dense electron clouds obtained from the Fourier
contrast map fitted by macroscopic ‘carbon’ deposition can also be
seen in the sinusoidal channel and particularly in the straight
channel of the H-ZSM-5 sample at the same time. In fact, we
observed that there is a good correlation between the progressive
build-up of the ‘carbon’ deposits and the carbon numbers per unit
cell derived from the SXRD-Rietveld refinement analyses. Thus, the
appearance of this SMS species is thought to associate with the
macroscopic carbon deposition and catalyst deactivation. This
high-temperature DME production route via SMS is consistent
with the prediction from the DFT calculations.

As a result, we show that the SXRD-MS technique/refinement for
zeolite catalyst characterization is at present state may not allow
solid conclusions on its own contribution but the combinations of
experimental specific conditions, other spectroscopic evidence,
computational simulation techniques and background literature
works could demonstrate the impact of the SXRD methodology
for looking at molecular adsorbate interactions and possible inter-
mediates in a catalytic process. This conclusion and the toolsets,
although presently demonstrated for methanol reactions over H-
ZSM-5 under online SXRD-MS, would be expected to be transfer-
able to monitor other catalytic reactions over zeolites, leading to
further understanding of structure-activity relationships.
4. Methods

4.1. Synchrotron X-ray powder diffraction (SXRD) high-pressure
capillary gas-cell with mass spectrometer

A capillary reactor cell was specifically designed for the metha-
nol dehydration reaction in the H-ZSM-5 sample under SXRD in a
controllable manner (see Fig. 4). The stainless-steel capillary cell
support holder was strong and rigid enough to ensure the align-
ment of the capillary for low and high-temperature experiments.
A both-way open-ended borosilicate capillary (diameter of 0.7
mm) was mounted by two brass capillary holders and was glued
using Araldite; over the reaction temperature and pressure (up to
10 bar), no gas leakage was detected. Within the both-way open-
ended capillary, the H-ZSM-5 sample was sandwiched between
two pieces of quartz wool in the capillary to prevent sample dislo-
cation. One end of the capillary was connected to a gas inlet end
that received anhydrous methanol vapour from a liquid saturator
kept at room temperature with helium carrier gas that has a flow
rate of 2 mL min�1. The vapour pressure of methanol and the flow
of helium carrier gas were carefully calibrated to ensure a reason-
able amount of methanol vapour reaching the sample. The other
end was connected to a quadrupole mass spectrometer (MS) that
analyzed the gas composition on-line with simultaneous SXRD
data collection. Also, the dead volume between the MS and the
reactor cell was kept minimal under a slow flow rate of He within
30 s time delay. For the heating of the sample, a hot-air blower was
mounted at 5 mm from the capillary. The temperature of the hot-
air blower had been calibrated against a high-quality standard Pt
powder sample. A separate fan was mounted 150 mm from the
hot-air blower to reduce the heat conducted to the detectors. Fast
sample spinning is commonly applied to the capillary XRD tube to
reduce the constant X-ray beam exposure to any preferred orienta-
tions of the individual grains in the powder sample during the XRD
measurement. However, it was technically extremely difficult to
achieve spinning with the current set-up. Therefore, a constant
capillary rocking generated by the sample stage holder was
employed to reduce the loss in data quality.



Fig. 4. On-line SXRD-MS set-up at beamline I11 at Diamond. (a, b) 5 arms (�9) multiple-analyzer crystals (MAC) detectors of SXRD diffractometer (DIFF) with a carousal auto-
sampler and a capillary sample stage at beamline I11, Diamond Light Source, for high-resolution SXRD measurements [46,47]. (c) a high-pressure gas cell with one end of the
both-way open-ended capillary (diameter of 0.7 mm) is connected to inlet methanol vapour, with the other end connected to the mass spectrometer for on-line gas analysis.
A hot-air blower (RT – 1000 �C) is also in place. (d) The high-pressure gas-cell with stainless-steel support and air-tight brass holders that ensures good capillary alignment
and no gas leakage.
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