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a b s t r a c t

We have used operando X-ray diffraction computed tomography (XRD-CT) analysed by rigorous crystal-
lographic methods to reveal the behaviour of a zeolite/alumina based catalyst extrudate in the methanol-
to-hydrocarbon reaction under working conditions (Treaction = 440 �C; ambient total pressure; WHSV = 12
gMeOH gextrudate

�1 h�1). By doing so, we demonstrate that it is possible to precisely monitor how the cylin-
drical extrudate is deactivated during the process by gradual filling with coke from the outer surface
towards the core. The operando data thus collected are simulated by a model taking both the reaction
kinetics and the diffusion within the extrudate into account, and this analysis provides the tools required
for future optimization of the degree of utilization of the catalyst. Both the operando experiment and post
mortem XRD-CT of fully deactivated extrudates from a test reactor show clearly that the core of the cat-
alyst body, around 1/3 of its volume, remains completely untouched by the reaction, even when the reac-
tor output indicates zero activity.

� 2021 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Industrial catalysis is a critical enabling technology that is used
to produce ca. 85–90% of all chemical products including trans-
portation fuels, bulk and fine chemicals, as well as for pollution
abatement [1]. When solid catalysts are employed in an industrial
process, they are typically mixed with additives and binders (e.g.
alumina) before being shaped into macroscopic objects such as
extrudates, spheres, or pellets. The size of such shaped objects var-
ies in the millimeter to centimeter range, depending on the
mechanical strength, heat transfer characteristics, and other
requirements of a specific process or reactor technology. In con-
trast, the vast majority of advanced investigations of the funda-
mental properties of catalysts, beyond straightforward
measurements of activity, selectivity, and catalyst lifetime, are car-
ried out using much simpler catalysts, i.e. powdered samples of the
active component alone. While studies of the pure active compo-
nents can help us to understand their intrinsic properties, the ulti-
mate performance of catalysts in an industrial process can be
strongly affected by the composition, morphology, and size of the
composite macroscopic catalyst objects [2,3].

To gain a better understanding of the behaviour of a shaped cat-
alyst extrudate in the methanol-to-hydrocarbons process, we have
carried out a 5-dimensional time and space resolved operando X-
ray diffraction computed tomography (XRD-CT) study. Space
resolved studies of catalyst objects are rare in the literature, and
mainly concern catalysts based on metallic or dense oxide catalysts
which are strong scatterers of X-rays. Beale, Weckhuysen, and co-
workers have applied XRD-CT to a range of metal/oxide catalyst
systems [4,5], including operando studies [6–8] and have also
developed pair distribution function analysis for this kind of data
(PDF-CT) [9]. Other spatially resolved techniques which have been
applied to catalyst bodies and particles include micro and nanoto-
mography [10–14], fluorescence CT [15], scanning transmission X-
ray microscopy [16–18] and nanobeam X-ray adsorption spec-
troscopy [19].

We have used operando XRD-CT to create an XRD-CT movie (see
Supplementary Material) of the deactivation of a zeolite/alumina
methanol to hydrocarbon (MTH) catalyst extrudate under working
conditions with high time resolution (ca. 3.5 min per XRD-CT slice).
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The image series reveals the buildup of coke in both space and time
using parameters from fully refined crystal structures with atomic
resolution. We find that even when the extrudate is no longer cat-
alytically active, a significant volume remains entirely free of coke,
and we observe steep radial and axial gradients in coke content.
Furthermore, we illustrate the power of operando XRD-CT to move
beyond simple, strongly scattering metal and dense oxide
materials.

MTH is an important process for the conversion of natural gas,
coal, biogas, and even CO2 into light alkenes that are used to pro-
duce polymers and transportation fuels [20]. We have previously
demonstrated that it is possible to monitor the deactivation of
the ZSM-5 zeolite by XRD [21,22]. Changes in certain parameters
of the crystal structure of the ZSM-5 catalyst (the difference in
length of the a- and b- unit cell vectors) are directly correlated to
classic deactivation phenomena such as total coke content (from
thermogravimetry), loss of acidity (from pyridine IR spectroscopy),
reduction of surface area (from N2 adsorption), as well as catalyst
activity [21,22]. DFT has proved that bulky, non-reactive hydrocar-
bons are required to distort the unit cell in the manner observed
[21]. Further, the residual electron as inferred from difference
Fourier maps provides a second, independent measure of the con-
centration of coke compounds within the zeolite pores [21,22].
Here we use these well-established descriptors to study the coking
in 5 dimensions (as defined by Beale et al. [23]: time, 3D space and
chemical information).
2. Results

2.1. Operando XRD-CT

The bottom panel of Fig. 1 shows the mass spectrometry (MS)
trace monitoring the MTH reaction using a single ZSM-5/alumina
Fig. 1. Mapping the coke formation within a zeolite catalyst extrudate in space and tim
catalyst extrudate (1.6 � 6 mm) were scanned at different height/distance from reactor
(orange-black scale) and the degree of coking derived from the residual electron dens
spectrometry traces showing the catalyst activity and deactivation with increasing rea
blue = higher alkenes (C3 and above), m/z = 41. The first 5.5 h of data have been retrosp
experiment, and are consistent with similar experiments carried out in our catalyst tes
interpretation of the references to color in this figure legend, the reader is referred to th
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extrudate (cylinder, ca 1.6 � 6 mm) as the catalyst. Experimental
detail is provided in the Supplementary Material. Clearly, there is
stable and significant conversion for several hours before a gradual
loss of activity occurs, as seen from the increase in the methanol
and dimethyl ether intensities and corresponding decrease seen
for the alkene products. These data confirm that the single extru-
date acted as a highly active catalyst, and that a gradual reduction
in the conversion occurred during the duration of the experiment
(17 h on stream). This deactivation behavior is very similar to that
observed in the home laboratory (see Supplementary Material).

The top panels of Fig. 1 show the evolution of the a-b parameter
with increasing reaction time for three different slices of the extru-
date. Note the upwards flow direction. We limited the investiga-
tion to three slices at the top middle and bottom of the
extrudate to compromise between fast enough time resolution
for a meaningful operando study and good enough spatial resolu-
tion within the slices to show the radial changes in detail. Quanti-
tative Rietveld analysis of extrudates at different degrees of
deactivation reveal that alumina and zeolite are evenly distributed
within the extrudates (see Figure S.8 and Section 5 of the Supple-
mentary Material). Thus, as the extrudate is quite homogeneous
in composition and the entire object is exposed to the same reac-
tant gas flow, we think it is reasonable to assume that the same
axial trends seen in the 3 slices would be observed if more slices
had been acquired. We will first focus first on radial gradients in
the a-b descriptor (orange-black scale) keeping in mind the previ-
ously established link to key deactivation parameters such as coke
content and loss of surface area and acidity [21,22]. It is evident
from Fig. 1 that the change in the a-b parameter and thus the deac-
tivation is initiated at or very near the outside of the extrudate fol-
lowed by a slow, radial progress towards the center. The white-
black circles of Fig. 1 shows the evolution of the degree of coking,
as determined based on the residual electron density in the chan-
e by operando computed X-ray diffraction tomography. Three horizontal slices of
inlet (bottom left). Top: Tomograms showing the evolution in the a-b parameter
ity (white-black scale) with increasing reaction time, respectively. Bottom: Mass
ction time. Black = methanol, m/z 31; red = DME, m/z 45, green = ethene, m/z 28;
ectively extrapolated due to technical challenges with the MS during synchrotron
t lab. The reaction conditions were WHSV = 12 gMeOH gextrudate�1 h�1 and 440 �C. (For
e web version of this article.)
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nels. The electron densities were quantified using a dummy atom
method as described by Wragg et al. [24] (see Supplementary
Material for further details). Both data analysis methods reveal
the same radial evolution of the coking, again confirming the valid-
ity of the a-b parameter as a descriptor for catalyst deactivation. A
similar core–shell type of coking was observed by Weckhuysen
and co-workers in ex-situ experiments using fluorescent nanop-
robes [25]. Turning finally to axial features, detailed analysis of
the date behind Fig. 1 suggest that the coking does appear to be
more profound near the reactor outlet (top). We attribute this to
the fact that the MTH reaction is autocatalytic. Consequently, the
hydrocarbon formation is initiated across a portion of the catalyst
(bed or extrudate) at the inlet of the flow reactor. As coke forma-
tion necessarily occurs after the hydrocarbon formation, the coking
is usually less severe at the reactor inlet [22,26–28].
2.2. Ex-situ/post morten XRD-CT

The time-resolved operando dataset from Fig. 1 does not cover
the entire duration of catalyst deactivation, as is evident from
the residual non-zero alkene production in the MS data (Fig. 1, bot-
tom panel). Slow deactivation is one of the industrial advantages of
ZSM-5 catalysts, but problematic for synchrotron experiments
with a limited timeframe. To establish the final coke distribution,
we collected ex situ XRD-CT on a completely deactivated catalyst
extrudate. The sample was prepared in a fixed bed reactor in the
home laboratory (see Supplementary Material). Fig. 2 shows the
a-b parameter and the total coke occupancy for this fully-
deactivated extrudate. These data were recorded with higher spa-
tial resolution than the operando experiment, on an extrudate that
was mounted horizontally. As there are no angular gradients
(Fig. 1), this allows us to map the entire extrudate with a single
XRD-CT scan. The maps confirm that at these conditions, a consid-
erable interior portion of the extrudate (roughly 1/3 of the volume)
remains coke-free when fully deactivated, i.e. the catalyst available
is not fully utilized.
2.3. Analysis and simulations

We have demonstrated that the deactivation progresses radially
from the outside towards the center of the extrudate. Therefore,
the 4D (Cartesian space and time) dataset can be averaged around
the central angle of each circular slice to reduce data dimensional-
ity and increase the signal-to-noise ratio. Angle-averaged, 2D (ra-
dial coordinate and time) data for the top-most extrudate slice
are presented in Fig. 3. The radial positions (r) are normalized
against the radius of the pellet (R). The entire operando dataset
for this slice is shown on the top left as a heat map in which the
color intensity corresponds to the relative coke content (hcoke). This
is defined as the difference in the a-b parameter at a given time (t)
Fig. 2. XRD-CT slices through a horizontally mounted extrudate. Left: The a-b parame
residual electron density (arbitrary units). ZSM-5/alumina extrudates were deactivated
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and radial position (r) normalized to the maximum difference
found for the fully deactivated extrudate:
hcoke ¼
a� bð Þfresh � a� bð Þt;r
a� bð Þfresh � a� bð Þdeact

These radial coking profiles, after filtering and normalization
(see Supplementary Material), are shown in Fig. 3 (top right) at dif-
ferent time points during the experiment along with the radial pro-
file of the completely (ex-situ) deactivated extrudate.

Data reduction and filtering reveals several new features not
readily discerned in the individual 3D tomograms (Fig. 1). First, a
continued build-up of coke occurs at the outer zone of the extru-
date during the entire observation time, as evidenced by the rais-
ing plateau near the outer surface (vertical yellow arrow in top
right panel). Second, the comparison of the operando dataset (col-
ored) with the coke profile of the fully deactivated sample (shown
in the same panel in black) reveals the extent of (incomplete) deac-
tivation that we were able to capture within the limited time-
frame of the operando experiment (17 h). Finally, the spatio-
temporal kinetics of coking exhibit an initiation period of relatively
slow growth (yellow arrow in top left panel), followed by a rapid
acceleration and an eventual slow-down towards an asymptotic
value.

These features are emphasized in three panels at the bottom of
Fig. 3, which depict the time evolution of three metrics constructed
from the dataset. The bottom left panel shows the normalized coke
content in the plateau region near the outer surface; the bottom
middle panel shows the radial position of the coking front, as
defined by the radial position at which the normalized coke con-
tent exceeds 0.05 (5%), and the bottom right panel shows the frac-
tion of the catalyst extrudate that remains free of coke, defined as
one minus the area under each normalized coke profile in the top
right panel of Fig. 3 (1-fcoke). This behavior is reminiscent of a well-
known auto-catalytic character of the MTH reaction [20], which
was also observed for the axial progression of coke deposition
along a packed bed of pelletized (non-extruded) zeolite [22,28].
Unlike these previous studies, in which no intra-particle coke gra-
dients were resolved, our data reveal autocatalytic coking at the
meso-scale within a single catalyst extrudate.

We constructed a simple transient 1D reaction/diffusion model
to capture the initiation period and the eventual asymptotic slow-
ing of coke deposition (see details of the model in Supplementary
Material). Simulated spatio-temporal coke profiles are depicted in
Fig. 4. With manually adjusted parameters, the model adequately
reproduces the general features of the experimental dataset such
as a delay in coke formation during the initiation period, the
time-scale of the coking front propagation, and the eventual
asymptotic saturation of the catalyst with coke. It should be noted
that the simulated coking front appears sharper in both, space and
time in comparison with the experimental data in Fig. 4, since our
ter (Å) for a severely deactivated extrudate. Right: The degree of coking from the
ex situ at WHSV = 12 gMeOH gextrudate�1 h�1 and 400 �C prior to XRD-CT analysis.



Fig. 3. Evolution of angle-averaged radial coke profiles from XRD-CT. Data are shown for the topmost slice of the catalyst extrudate. Top left: An overview of the angle-
averaged coke content as a function of normalized radial coordinate (x-axis, r/R) and time (y-axis, t). The color map is scaled from the lowest coke content (orange) to the
highest (green), with the yellow arrow indicating the delay in coke formation. The inset depicts the definition of the angle-averaged radial coordinate (r = 0 at the extrudate
center). Top right: Radial coke profiles at selected time points (indicated as black dashed lines on the left) along with the profile for a fully coked extrudate (black). Yellow
arrows are shown to guide the eye in the directions of coke growth, while the pink arrow points to the highly non-linear features of the coking profile (slope change). Bottom
panels: Temporal evolution of coke content in the catalytic extrudate. Bottom left: Relative coke content within the outermost extrudate shell (see vertical arrow in the top
right panel). Bottommiddle: Relative radial position of the coking front (see horizontal arrow in the top right panel). Bottom right: Relative coke-free fractional volume of the
catalyst extrudate. All data are normalized to the maximal amount of coke in the fully deactivated extrudate. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Fig. 4. Simulated radial coke profiles qualitatively recreating the salient features of the experimental data presented in Fig. 3. Left: An overview of the angle-averaged coke
content as a function of normalized radial coordinate (x-axis, r/R) and time (y-axis, t). The color map is scaled from the lowest coke content (orange) to the highest (green),
with the yellow arrow indicating the delay in coke formation. Right: Radial coke profiles at selected time points (indicated as black dashed lines on the left panel). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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model did not contain high-frequency noise. Importantly, although
not in full quantitative agreement with experimental data (e.g.
shorter delay in coke formation), the model correctly predicts that
the inner core of the extrudate remains free of coke due to mass-
transfer limited methanol conversion.
4

3. Discussion

The reported findings have major implications for the catalytic
technology in terms of optimizing the efficiency of catalyst utiliza-
tion. It is evident from Fig. 2 that even for a severely deactivated
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extrudate, the deactivation occurs only within its outer shell.
Importantly, XRD-CT reconstructions using the weight percentage
of the two components of the extrudate show that the zeolite
catalyst and the alumina binder are evenly distributed
(Supplementary Material, Figure S.8). Our analysis reveals that,
for the extrudate in Fig. 2, around 1/3 of the catalyst volume has
not been exposed to methanol. It should be emphasized that a high
space velocity and reaction temperature (WHSV = 12 gMeOH

gextrudate�1 h�1 and 440 �C) was employed to shorten the experiment
time to make it suitable for synchrotron studies. We anticipate that
the fraction of the catalyst extrudate exposed to methanol will be
greater at lower feed rates. Further, the size and porosity of the
shaped catalyst object requires attention. Weckhuysen and co-
workers have observed quite similar core–shell features in the cok-
ing of several MTH catalyst extrudates of different size using stain-
ing and confocal microscopy [25]. This was attributed to a stepwise
narrowing of the porosity of the extrudates from surface to center.
However, for sufficiently small extrudates, no transport limitations
were detected and consequently a full utilization of the extrudate
was found [25]. The same team studied the effects of the type of
binder using and UV–Vis spectroscopy for aromatics transalkyla-
tion and again observed core–shell deactivation behavior. Further,
a profound effect of the choice of binder material on the properties
of the catalyst extrudate was found, as a much greater accessibility
for bulky probe molecules was seen when alumina was used rather
than silica [29,30]. Invariably, it becomes clear that the shaping,
which is an absolute requirement for industrial use of a zeolite cat-
alyst, might lead to an inefficient use of the catalyst. Indeed, an
analysis presented by Rao and Coppens suggests that optimization
of the porosity of a shaped hydrodemetallation catalyst can lead to
a 21% reduction of the amount of catalyst material required [31].
Clearly, efforts to balance the effects of both reaction conditions
and the catalyst properties on the efficiency of the catalyst utiliza-
tion is a topic for further studies.

The primary strength in our approach, however, lies in the pos-
sibility of being able to monitor the coking continuously with res-
olution in time and space (operando), which enables quantitative
comparison of experimental observations with numerical simula-
tions, eventually using real kinetic and spatial models based on
chemically meaningful parameters. These possibilities motivate
further developments of the XRD-CT methodology with the aim
of maximizing the signal-to-noise ratio, while maintaining excel-
lent time resolution. Acquiring such data in real time (i.e. oper-
ando) with spatio-temporal resolution and chemical specificity is
likely to provide valuable input to the parametrization of multi-
scale chemical reaction engineering models [32] of MTH processes
[33]. We foresee that as the barrier to performing the experiments
and carrying out detailed crystallographic analysis of every voxel
falls lower, XRD-CT will find many new users. New instruments
and methods are opening up possibilities for studying tiny parti-
cles with high spatial resolution [34] and larger objects [35], which
would previously have been impossible to reconstruct without
blurring. Clearly, XRD-CT is a powerful operando technique to
obtain time and space resolved information that, especially when
coupled with ex-situ characterization and modeling, can provide
new fundamental insights into complex chemical phenomena.
4. Conclusion

In conclusion, we have employed operando computed X-ray
diffraction tomography to monitor the deactivation of shaped zeo-
lite catalyst extrudates, comprising both the active zeolite compo-
nent and alumina binder, in time (time on stream) and space (the
volume of the extrudate; 6 mm long by 1.6 mm diameter). We
demonstrate that during the conversion of methanol to hydrocar-
5

bons, the deactivation starts at the external part of the extrudate
and progresses radially inwards. By carrying out operando XRD-
CT, we are able to track the deactivation in time and space and
to couple these observations to a simple, yet chemically meaning-
ful kinetic model. These simulations uncovered hitherto unde-
scribed non-linear features of the coking kinetics. Clearly,
operando observation coupled with modelling will pave the way
for improved catalyst and process design. Indeed, by extending
the study to include ex situ characterization of severely deacti-
vated extrudates, we show, in line with previous reports, that only
a certain fraction of the catalyst is exposed to feedstock and
employed in the catalytic process. Our observations might thus
lead to substantial process intensification and savings in terms of
more efficient catalyst utilization and/or smaller chemical reactors
by optimization of reaction conditions and the extrudate proper-
ties. Finally, our work is the first demonstration of operando
XRD-CT for low-scattering, non-transition metal containing cata-
lysts. In contrast to most previous work, we have carried out a full
parametric Rietveld refinement for the datasets in every voxel and
evaluated the data against a kinetic reaction–diffusion model. The
methodological breakthroughs presented herein will lead to signif-
icant improvements of our understanding of zeolite catalysts and
deactivation phenomena with great technological impact.

5. Methods

Operando XRD-CT was collected at the ID15A beamline at the
European Synchrotron (ESRF). The catalyst, a single alumina/
ZSM-5 extrudate of size 1.6 � 6 mm, was placed in a vertical quartz
tube (2 mm ID) held in a custom built furnace with an opening for
the X-ray beam. The reaction conditions were WHSV = 12 gMeOH

gextrudate�1 h�1 and 440 �C and the total duration of the experiment
was � 17 h. Full experimental details are provided in the Supple-
mentary Material.
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