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We have studied the behaviour of the zeotype silicoaluminophosphate SAPO-34 catalyst in the methanol-
to-olefin (MTO) process under real working conditions using simultaneous synchrotron powder X-ray
diffraction (PXRD) and Raman spectroscopy with online analysis of products by mass spectrometry.
Anisotropic changes in the unit-cell dimensions are shown to be related to the build-up of intermediate
species in the cages of the SAPO-34 framework and also to the deactivation of the catalyst (observed from
the products in the mass spectra). We have quantified the amount of intermediate material in the cages
from the PXRD using Fourier mapping techniques and our measurements are comparable with tapered
element-oscillating microbalance measurements of coke build-up. Raman spectra indicate that the nat-
ure of the coke becomes increasingly graphitic with time. Our results also show that the catalyst recovers
its original structural parameters when regenerated in air at 500–550 �C.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

The methanol-to-olefin (MTO) process allows the production
of some of the most valuable chemical building blocks from bio-
mass, natural gas or coal [1]. The process is catalyzed by acidic zeo-
type frameworks such as ZSM-5 and the silicoaluminophosphate
SAPO-34. The latter offers a combination of favourable properties
(especially high selectivity for light olefins) leading to commercial
exploitation by UOP and INEOS (formerly Norsk Hydro) [2]. There
right has been much research into the mechanism of the MTO
conversion and the carbon pool mechanism first proposed by Dahl
and Kolboe [3–5] is now widely accepted while recent work from
Hereijgers et al. has shown that product rather than intermediate
shape selectivity controls the reaction [6]. The deactivation of the
catalyst is also of great interest (SAPO-34 requires regeneration
after a few hours on stream) with increasing time on stream seeing
higher levels of large aromatic compounds [7–9]. Recent work sug-
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gests that many of these may be formed after the deactivation of
the catalyst when product diffusion out of the crystals is limited
by coke [6,10].

Methods for the in situ study of chemical reactions using X-ray
diffraction and scattering techniques that have been developed
over the past few years have allowed observation of several types
of reaction [11–15]. Synchrotron radiation is commonly used for
this purpose as the high X-ray intensity available allows extremely
rapid collection of good quality diffraction data, and it is becoming
increasingly common to apply other techniques at the same time
as collecting X-ray data with Raman spectroscopy being especially
useful [16–18]. In this study we have utilized the combined time-
resolved powder X-ray diffraction (PXRD), Raman and mass spec-
trometry setup available at station BM01A of the Swiss-Norwegian
beamline (SNBL) of the European Synchrotron Radiation Facility
(ESRF) [19]. We have observed significant changes in the unit-cell
dimensions of SAPO-34 during the coking phase of the MTO pro-
cess which appear to be linked to the build-up of intermediates
in the large cages of the framework. This is supported by in situ
analysis of the coke by Raman, which reveals increasing levels of
graphitic material. Further analysis of the peak line width in the
powder XRD data indicates that strain develops in the framework
during the build up of intermediates but is released when
they are removed by oxidative regeneration of the catalyst. An
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Fig. 2. Variation of the a- and c-axes of SAPO-34 during the MTO process at 450 �C.
Time = zero corresponds to the first addition of methanol in this and all following
graphs charting reaction progress against time. The estimated standard deviation
error bars for the dimensions are smaller than the symbols used in the plots.
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experiment using discrete pulses of methanol rather than a contin-
uous feed shows that active intermediates are used up quickly
after each pulse leaving coke-like intermediates which grow in size
over the sequence of pulses. These must be replenished with meth-
anol in order to continue the production of alkenes.

2. Experimental methods

2.1. Combined in situ PXRD and Raman studies on the MTO process

The reactions were carried out in a flow cell based on a standard
0.7 mm quartz glass capillary containing approximately 2 mm3 of
SAPO-34 (8% silicon content, calcined in air at 550 �C for 24 h) syn-
thesized by the method of Dahl et al. [20] packed between two
plugs of quartz wool. A flow of 20 ml/min of helium saturated in
methanol at 25 �C through a bubbler was used as the reactant feed,
with a pure helium flow at the same rate used during preheating of
the catalyst to the chosen reaction temperature. 20 ml/min of 10%
oxygen in helium was used during the regeneration stages. The
flow out of the reactor was measured at 3.5–5 ml/min. Synchrotron
PXRD data were collected at wavelengths of 0.69402 and
0.69981 Å on a MAR 345 image plate detector with a time resolu-
tion of �107 s and converted into conventional 1D powder pat-
terns with FIT2D [21]. Raman data were collected simultaneously
on a Renishaw system using a 532 nm green laser source (one
spectrum from 100 to 3200 cm�1 was acquired every 55 s) and
the product stream was analyzed with a Pfeiffer GSD-301-O1
Omnistar mass spectrometer scanning an M/e range of 4–70 with
an acquisition time of 37 s.

PXRD patterns were analyzed using the Rietveld method with
the program GSAS [22] and the EXPGUI interface [23]. Unit cells
were refined in batch mode by a model-biased fit using the
ALPO-34 framework [24] as a starting model. Fourier analysis
was carried out on Rietveld refinements against the same starting
model. The models were exported to the PLATON suite [25] in
SHELX [26] format for calculation of the void electron count using
the SQUEEZE algorithm. PXRD peak width, area and position anal-
ysis was carried out using the program Fityk [27] with O’Brien’s
script creating software [28]. Fityk was also used for fitting of the
Raman peaks.

2.2. Tapered element oscillating microbalance (TEOM) measurements

Coking levels were monitored in situ in separate experiments
using a TEOM. A SAPO-34 sample was placed in the reactor be-
tween quartz wool plugs and heated to reaction temperature in
flowing He. Methanol was fed as saturated He, and nitrogen was
added to the mixture to give a methanol partial pressure of
0.06 bar. The temperature was 450 �C and weight hourly space
Fig. 1. (left) Three-dimensional stack plot of SAPO-34 PXRD patterns (2h range 3–15�) co
(1 0 1) peak (2h = 4.5�). (right) Film plot of the same data (2h range 10–20�) showing peak
increases with set number.
velocity (WHSV) was 70 g h�1. An Agilent 3000 micro-GC was con-
nected to the effluent for analysis of the effluent gas.
3. Results and discussion

3.1. PXRD of SAPO-34 during the MTO process

When the MTO process is run at 440 �C changes in both the
intensity and position of the PXRD peaks are observed (Fig. 1).

Model-biased refinement of the unit cell and peak shape param-
eters of the rhombohedral SAPO-34 unit cell reveal that the change
in the a-axis is small (ca. 0.1% contraction) while a significant
change is observed in the c-axis (ca. 2%). When the reaction is car-
ried out at 500 �C slightly larger changes are observed in both axes
(3% change in c). When plotted against reaction time we speculate
that the c-axis length reflects the progress of the reaction (Fig. 2)
and the build-up of coke. The percentage changes in the axes are
significantly greater than those found in the numerous studies of
aromatic adsorption in ZSM-5 at room temperature [29–34]. The
largest of these is a 0.5% increase in the c-axis when p-xylene is ad-
sorbed [31] (we note that the structures reported by Mentzen and
Gelin for the same loading of this adsorbate show a much lower le-
vel of expansion [30,33]). This suggests firstly that the framework
of SAPO-34 is more flexible than that of ZSM-5 and secondly that
the reaction causes greater strain in the cages than adsorbed aro-
matics. Further evidence of this is presented in Sections 3.3 and
3.4 below.
llected during the MTO process at 440 �C, intensity changes are clearest in the initial
position shifts which indicate anisotropic changes in the unit-cell dimensions. Time



Fig. 4. Ratio of the peaks at 1585 cm�1 (G – graphitic) and 1612 cm�1 (A –
aromatic) plotted against reaction time for the MTO process at 440 �C. The linear
regression line shows the general upward trend in the graphitic:aromatic coke
ratio.
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3.2. Raman: the nature of the coke

The build-up of coke can also be observed in the Raman spectra
collected during the process. Unfortunately due to the use of a
532 nm green laser source the majority of the spectral features
are obscured by fluorescence. However, as the reaction progresses
two broad bands at around 1415 and 1612 cm�1 can be discerned
(Fig. 3left). In the in situ UV-Raman study of Li et al., the 1415 cm�1

is assigned to symmetric deformation of CHx (x = 2, 3) species in
the olefin products, with a band at 1632 cm�1 attributed to C–C
bond stretching in olefinic coke [35]. Bands at 1604 cm�1 in the Ra-
man spectrum of zeolite-Y under MTO conditions are assigned to
aromatic species and we suggest that the 1612 cm�1 band in our
spectra is due to the aromatic species, as observed in several other
spectroscopic studies of MTO and methanol to hydrocarbon reac-
tions [10,35–43]. The 1612 cm�1 band quickly broadens to a point
where it can be fitted with two Gaussian peaks – one correspond-
ing to the aromatics at around 1612 cm�1 and a second at
1570 cm�1 which is close to the value reported for the Raman sig-
nal of graphite (1583 cm�1) [44] and some large polycyclic aromat-
ics (assignments in Fig. 3right) [36].

Li et al. resolve the main aromatic C–C stretching peak in their
spectra into bands at 1632 and 1620 cm�1, and report that the peak
is very broad and changes little with the reaction time; the broad-
ening being due to polyaromatic species. Plotting the ratio of the
graphitic to aromatic peak heights or areas in our data during
the reaction shows a slight increase during the reaction (Fig. 4).
This may be due to the build-up of graphitic surface species or very
large polyaromatics. The former is supported by the recent work of
Mores et al. [10] who used a combination of optical microscopy,
UV/visible and fluorescence microspectroscopy on single crystals
of ZSM-5 and SAPO-34 to track the formation of graphitic and aro-
matic coke species separately, showing that the formation of aro-
matic coke at the corners and edges of the SAPO-34 crystals was
followed by the formation of larger coke compounds and graphitic
deposits which block the diffusion path towards the centre of the
crystal. This also fits well with our observation of an increasing ra-
tio of graphitic to aromatic coke as the reaction progresses.
3.3. Tracking the intermediates with difference Fourier mapping and
TEOM

We have also tracked the build-up of intermediates in the cages
with difference Fourier maps calculated from Rietveld refinements
of the SAPO-34 framework against the powder patterns collected
Fig. 3. (left) A series of Raman spectra for SAPO-34 during the MTO process (spectra sum
shows broadening. (right) Positions of fitted peaks in the spectrum collected between 6
more details on fitting).
during the period of c-axis change. Difference Fourier maps allow
us to compare the difference between the observed electron den-
sity and that described by the structural model. In this case the
structural model used is the SAPO-34 framework, meaning that,
to a first approximation, the electron density not described by this
belongs to intermediates. Fig. 5 shows the residual electron density
in the cages before switching on the methanol stream and then
after 4 and 20 min. By 20 min a large cloud of residual electron
density is visible in the cage.

Counting the residual electrons in the cages using the SQUEEZE
algorithm and plotting these values against the reaction time gives
a plot strikingly similar to that observed for the variation of the c-
axis (Fig. 6).

We can make an approximate calculation relating the electron
counts to the coke:framework mass ratio commonly used to de-
scribe the progress of the reaction in terms of coke build-up. If
we assume that the coke is composed of hydrocarbons then we
can (to a first approximation) take the molecular mass of coke in
the unit cell to be double the number of electrons counted. The
electron counts were adjusted to take into account a base level of
the electron density counted before methanol addition and dou-
bled to give approximate molecular masses of coke. These were
then divided by the mass of the framework in the unit cell
med over 5 min intervals from 5 to 25 min). In all cases the main peak at 1612 cm�1

and 7 min after the addition of methanol at 440 �C (see Supplementary material for



Fig. 5. Images of the residual electron density in the SAPO-34 cage, determined from difference Fourier maps. From left to right: 440 �C before reaction, 4 and 20 min into
reaction. Red spheres = oxygen, green = phosphorus and blue = aluminium. The white contours represent residual electron density. (For interpretation of the references in
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Combined plot of the c-axis variation and void electron count of SAPO-34
during the MTO process at 440 �C. Methanol added at time = 0.

Fig. 8. Propene and methanol traces in the mass spectrum vs. time plotted
alongside c-axis variation for SAPO-34 during the MTO process at 450 �C.
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(2194.38 g mol�1) to give ratios which agree well with those
obtained in TEOM experiments at 450 �C (Fig. 7). The results also
agree reasonably with those obtained by Bleken et al. using ther-
mogravimetric analysis (TGA) [45].

The effect of coking on the product distribution can be observed
in the mass spectra. Following the production of propene (M/
e = 42), in the series of mass spectra a rapid increase in production
rate is seen immediately after switching on the methanol stream.
Decline in the rate of production begins six min after the methanol
flow is switched on and follows a curve which is almost a mirror
Fig. 7. Weight percentage of coke to catalyst calculated from the SQUEEZE electron
counts and the mass of the framework unit cell plotted alongside the same ratio
from TEOM measurements.
image of the c-axis increase (Fig. 8). This is in agreement with
the previous results showing that coking reduces olefin production
and leads to eventual deactivation of the catalyst [46]. Unreacted
methanol (M/e = 31) does not start to come through the reactor un-
til quite a late stage.

3.4. Using XRD line width to monitor strain in the catalyst structure

Line width analyses of the reflections were performed in order
to investigate the influence of the coke on microstructural param-
eters. Assuming that there is no change in crystallite size the line
width of a PXRD pattern gives an indication of the strain in the
crystal lattice. Plotting the full width at half maximum (FWHM)
for the (1 0 1) peak of SAPO-34 against time during the MTO pro-
cess shows an increase which correlates to the c-axis expansion
(Fig. 9). There is clearly a link between coke build-up, c-axis expan-
sion and strain in the structure of SAPO-34.

FWHM increases steeply after the methanol addition reaching a
peak and then declining slightly. The decline is thought to be due
to a ‘‘chemical gradient” caused by inhomogeneous occupation of
the SAPO-34 cages through the crystal lattice [47,48]. Once the
cage occupancy is relatively consistent through the sample a set-
tled value of FWHM is reached.

3.5. Varying reaction conditions and the effect of catalyst regeneration

The reaction was also studied at an increased pressure of 4 bar
(the pressure was increased using a back pressure valve after the
flow cell) at 440 �C. Interestingly the rate of c-axis increase at in-
creased pressure seems to be lower compared to atmospheric pres-
sure and the curve is very similar in shape to that obtained at
atmospheric pressure and 430 �C (Fig. 10). This may suggest that



Fig. 10. c-Axis plots for SAPO-34 during the MTO process comparing the reactions
at 430, 440 and 440 �C, 4 bar. Different shapes are probably caused by different flow
rates through the cell.

Fig. 11. Plot of c-axis against time for experiment 1 in the list above, in which the
SAPO-34 catalyst was regenerated in 10% O2/He. The different atmospheres used
are denoted by the symbols used in the plots and the temperature is plotted
alongside the data.

Fig. 9. FWHM of the (1 0 1) peak of SAPO-34 plotted against time during the MTO
process at 430 �C. Methanol is added at time = 0. Changes before this time are due to
dehydration and negative thermal expansion of the sample.
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these reactions have slightly different coking processes to the reac-
tion at 440 �C and ambient pressure; however, it is most likely that
the differences are due to variations in the flow rate through the
reactor. We will see further evidence of this below.

Three experiments were carried out in which the SAPO-34 cat-
alyst was regenerated and used for a second cycle of MTO
conversion:

1. Conversion at 430 �C, regeneration at 650 �C, conversion at
430 �C.

2. Conversion at 360 �C, regeneration at 490 �C, conversion at
360 �C.

3. Conversion at 360 �C with ramp to 510 �C during the process,
regeneration at 510 �C, conversion at 360 �C.

A plot of the c-axis during experiment 1 is shown in Fig. 11. In
experiments 1 and 2, the c-axis returns to the original value of the
calcined material while in experiment 3 the c-axis after regenera-
tion is 0.03 Å longer than that at the start of the experiment. This
may be attributed to incomplete regeneration – however it could
also be a sign of some irreversible damage to the SAPO-34 frame-
work caused by running the MTO process at 510 �C.

Sloping sections in the c-axis curves (see Fig. 12) near the end of
the first coking in experiments 2 (75–125 min) and 3 (60–100 min)
are probably caused by changes in the flow rate through the reac-
tor due to coke build-up, which will in turn effect the rate of the
reaction. Switching from methanol to helium flow at reaction tem-
perature leads to a slight decline in the c-axis value. This is relevant
to the pulsed experiment discussed below.

Plots of FWHM against time for the three experiments are
shown in Fig. 12 and indicate that the strain built up in the struc-
ture is fully released on regeneration and in the case of experiment
1 the FWHM is even narrower after the first cycle of MTO conver-
sion and regeneration (the opposite is true of experiment 3 be-
cause of incomplete regeneration or catalyst damage as discussed
above).

Maxima in FWHM are again evident part way through the cok-
ing stage and also at the beginning of regeneration, supporting the
theory that these increases in peak width are due to ‘‘gradients” in
cage occupancy. In experiment 3 the change in temperature during
the first cycle of MTO leads to a slight increase in FWHM but no
peak suggesting that when this change took place all the active
cages were occupied with intermediate species.
3.6. Experiments with a pulsed flow of methanol

A third type of experiment was performed in which 7 pulses of
methanol were added to the reaction cell at 360 �C and allowed to
react through. The first two pulses were 10 ml of methanol satu-
rated helium, the following five 20 ml. The variation of the c-axis
during the pulsed experiment is shown in Fig. 13.

Each pulse leads to a peak in the axis length which is followed
by an exponential decay. The mass spectra show that alkene pro-
duction peaks immediately after the methanol pulse and quickly
dies away. The c-axis length after decay is slightly increased with
each pulse. This shows that it is necessary to keep feeding metha-
nol into the reactor to maintain good levels of alkene production
even though the cages contain some coke.

Analysis of the electron density in the cages by Fourier mapping
techniques reveals, as we might predict from the results above, a
plot very similar in shape to that of the c-axis variation (Fig. 14).
Yet again we can see that the c-axis variation is linked to the
build-up of electron density in the cages. Unfortunately the Raman
data from this run are of exceptionally poor quality and could not
be meaningfully analyzed to determine the changes in the nature
of the coke.

Work by Bleken et al. [45] in which the coke from the MTO pro-
cess over SAPO-34 was studied using gas chromatography and



Fig. 12. Plots of FWHM against time for experiments 1–3 (left to right). The c-axis curves are shown to indicate the progress of the reaction.

Fig. 13. SAPO-34 c-axis variation (left) and propene production in mass spectrum (right) during an experiment in which methanol was added in 7 pulses (addition times
marked 1–7, with the first addition at time = 0). The size of the c-axis shift (in the c-axis plot) and the mass spectrum trace (in the mass spectrum plot) at 430 �C under
continuous flow are shown for comparison.

Fig. 14. Variation in the maximum electron density in Fourier maps calculated from
the SAPO-34 powder patterns during the pulsed MTO experiment, plotted against
time. There is a clear similarity to Fig. 13.

D.S. Wragg et al. / Journal of Catalysis 268 (2009) 290–296 295
mass spectrometry (GC–MS) took samples of catalyst after 20 min
on stream; the feed was then switched to helium and after 60 min
a second sample was taken. The samples were dissolved in hydro-
fluoric acid to destroy the SAPO-34 framework and the organic res-
idues were extracted with dichloromethane and analyzed by GC–
MS. The coke found in the second sample contained larger species,
such as naphthalenes in place of polymethylated benzenes. This
suggests that we might expect to see an increase in c after each
pulse, which is the opposite of what we observe. It may be that
the peaks in c-axis length after each pulse are due to large, active
and rapidly depleted hexamethylbenzene intermediates. Hexam-
ethylbenzenes are so active that they are rarely seen in GC–MS
experiments of the type carried out by Bleken et al. but have been
identified as a key intermediate in the MTO process [49]. We also
note that the effective time on stream for each of our pulses is
short (5–7 min) and that large coke molecules may build up out-
side the cages.
4. Conclusions

This paper reports the first in situ crystallographic investigation
of the behaviour of SAPO-34 under real MTO conversion
conditions.

The results suggest a strong link between intermediate forma-
tion within the cages and expansion of the SAPO-34 unit cell (espe-
cially in the c-axis direction). Both XRD and Raman show that
aromatic coke appears very rapidly and has an immediate effect
on the catalyst structure, while the Raman spectra further reveal
that graphitic coke begins to develop on the catalyst surface at a
relatively early stage. When the MTO process is carried out at low-
er temperatures (430–450 �C) the structural changes appear to be
completely reversible on oxidative regeneration. The development
of the FWHM of the (1 0 1) peak indicates that the formation of
coke induces strain in the lattice of SAPO-34. The progress of the
reaction can be monitored by the c-axis length and we have also
demonstrated a trend towards the formation of more graphitic
coke (probably on the catalyst surface) as the process progresses.
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The pulsed experiment is of great interest as it reveals the
growth in size of coke species during the reaction. It seems likely
that the spikes in the c-axis length are caused by the presence of
highly active and large methylated intermediate species which
are quickly used up leaving inactive species which become larger
after each pulse.

These results show the potential of in situ synchrotron PXRD as
a tool for probing the behaviour of catalysts under real working
conditions and also that we can gain complementary information
from Raman spectroscopy and mass spectrometry.
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