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We have made direct observations of the behaviour of the silicoaluminophosphate framework of the
SAPO-18 catalyst under working conditions in the methanol to olefin conversion process. Time-resolved
synchrotron powder X-ray diffraction data for the process at 450 �C show that the unit cell of the catalyst
expands by around 0.9%, significantly less than the structurally similar SAPO-34. The smaller expansion is
explained in terms of the cage volume and the rigidity of the structure compared with SAPO-34. Expan-
sion is caused by the build-up of ‘‘hydrocarbon pool’’ intermediates in the cages. The lack of expansion
and hence slower build-up of large hydrocarbons is linked to the slower deactivation of SAPO-18 com-
pared with that of SAPO-34. The mechanism for suppressing the formation of the large polycyclic aromat-
ics associated with the deactivation of SAPO MTO catalysts remains open.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction recently revealed that these layers are in fact a basic unit of crys-
As oil becomes increasingly scarce and costly, the conversion of
methanol to olefins becomes an attractive route to alkenes for sub-
sequent polymerisation and other chemical processes. The starting
material, methanol, is cheap and can be obtained from fossil fuel
sources or biofeedstocks, making it possible to sustain olefin sup-
ply without fossil fuels. The catalysts for this reaction are acidic
zeolite frameworks. ZSM-5 was the first to be applied, – producing
a range of hydrocarbons from methanol [1], but more recently the
silicoaluminophosphate (SAPO-n) zeotype frameworks have been
developed as highly selective catalysts for the production of olefins
[2]. SAPO-34 has widely been studied in respect of this; however, it
is not the only SAPO material which is active and selective for the
process. SAPO-18, first prepared by Wendelbo and characterised by
Chen and co-workers [3–6], displays good activity and selectivity
as well as superior lifetime to SAPO-34. It is also known to exist
as an intergrowth with SAPO-34 [7,8]. The two structures are clo-
sely related. Both are built up from double six-ring units (D6Rs),
i.e., two connected rings of six tetrahedral Si/Al/P atoms linked
by oxygen, which are arranged in identical layers. An A-A-A stack-
ing of the layers gives SAPO-34 (International Zeolite Association
framework type CHA) while A-B-A sequence (with the B layer
simply the A-type layer rotated by 180�) gives SAPO-18 (Interna-
tional Zeolite Association framework type AEI). AFM studies have
ll rights reserved.

agg).
tallisation in SAPO-34 [9].
The layers form structures with eight-ring windows (rings of

eight tetrahedral atoms linked by oxygen) and large internal cages.
The ordering of the D6Rs is, however, slightly different [10]. This
leads to two structures with the same framework density (number
of tetrahedral atoms per 1000 Å3; 15.1 for both structures [8]) but
significantly different cage shapes (Fig. 1).

The mechanism of the MTO process over SAPO-34 has been
studied intensively, and several reviews are available [11,12]. The
hydrocarbon pool mechanism first proposed by Dahl and Kolboe
[13,14] is now generally accepted [12]. Work by Hunger et al.
(using in and ex situ NMR spectroscopy) [15,16] and Marcus et al.
(using ex situ NMR and GC analysis of the organic material from
used catalysts) [17] has shown that the same mechanism governs
the MTO reaction over SAPO-18. The longer active lifetime of
SAPO-18 compared with that of SAPO-34 is also discussed in these
articles, and the authors show that larger coke species are present
in deactivated SAPO-18, with deactivation requiring more than
twice the amount of methanol feed compared with SAPO-34. The
kinetics of the MTO reaction over SAPO-18 were studied by Gayubo
et al. [18,19] with further evidence of more prolonged catalytic
activity in SAPO-18. Little, however, was known about the struc-
tural behaviour of the catalysts during the reaction until our
in situ synchrotron powder X-ray diffraction combined with mass
spectrometry and Raman spectroscopy studies of SAPO-34 under
real working conditions [20,21] revealing highly asymmetric
changes in the unit cell during the MTO reaction. In order to gain
a better understanding of the process and its relation to crystal
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Fig. 1. Framework structures and cages of SAPO-34 (left) and SAPO-18 (right) drawn with tetrahedral Al/P/Si atoms only. The upper images show the arrangement of D6R
units (coloured green) with A-A-A (SAPO-34) and A-B-A (SAPO-18) stacking of the layers. The resulting cages are shown below. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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structure aspects, we have now applied this methodology to SAPO-
18 under MTO conditions.
2. Experimental

A sample of SAPO-18 prepared according to the method of Chen
et al. [4] with 8% Si (i.e. 100 � Si/(Si + P + Al)) was obtained from
professor K.P. Lillerud of the University of Oslo and calcined at
550 �C for 10 h in air. The sample contains a small impurity
(0.5 wt.% determined from the PXRD data) of SAPO-5. SEM images
of the crystallites show a square plate-like morphology with edges
of between 0.5 and 2 lm and a thickness of less than 0.5 lm. We
note that differences in the nature of the acid sites observed in
SAPO-18 compared with SAPO-34 are reported in literature
[3,5,16,17,22], caused by differences in the mechanism of silicon
incorporation into the framework. SAPO-34 with less than 8% Si
contains almost exclusively silicon substituted for phosphorus
while SAPO-18 with the same amount of silicon contains signifi-
cant amounts of Si for Al substitution. When silicon is substituted
for both Al and P, some of the Brønsted acidity is cancelled out;
therefore, SAPO-18 normally contains less acid sites compared
with SAPO-34 with the same level of Si substitution.

In situ synchrotron powder XRD data for SAPO-18 under MTO
conversion conditions at 450 �C were collected at beamline
BM01A (the Swiss Norwegian Beam Lines) of the ESRF, using a
one-circle diffractometer with a MAR345 image plate detector.
The wavelength was 0.70417 Å (determined from the powder pat-
tern of NIST SRM 660a LaB6), and the maximum 2h angle was 35�.
The sample was packed between plugs of silica wool in a 0.5-mm
quartz capillary and mounted in a flow cell based on that described
by Norby [23]. The sample was heated to working temperature un-
der flowing helium (20 ml/min), and after a short period of holding
at 450 �C, the flow was switched to helium bubbled through meth-
anol (at 22 �C in the air-conditioned experimental hutch) for 3 h.
The time resolution between XRD patterns was 107 s.

The diffraction images were converted into conventional 1D
powder patterns with FIT2D [24,25] and scaled against beam de-
cay. The patterns were fitted by the Le Bail [26] and Pawley [27]
methods to obtain accurate unit cell parameters using both GSAS
[28] and TOPAS [29]. Refinements were carried out in batch and
parametric [30] modes with very similar results (parametric
refinements used single-scale and zero-point parameters for all
data sets). Models for Fourier analysis were obtained from a para-
metric Rietveld refinement of all data sets using TOPAS.

The product stream was analysed 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 data on a sample reacted with methanol saturated helium
in the capillary flow cell for 21 h at 450 �C were collected on a Bru-
ker D5000 diffractometer using Cu Ka1 radiation (Ge monochro-
mator) in capillary mode and refined using TOPAS academic.
3. Results and discussion

The unit cell dimensions of SAPO-18 vary during the MTO
reaction (Fig. 2). We note a clear negative thermal expansion in
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SAPO-18 while heating to the reaction temperature. This is in line
with the findings of Amri and Walton for the aluminium and gal-
lium phosphate versions of this framework [31].

The structural changes during the MTO process are of similar
magnitude for all three axes (a contracts; b and c extend) while
the monoclinic angle, b, is reduced. The overall volume of the unit
cell increases by 0.9 (±0.01) %. In a sample of SAPO-34 with the
same silicon content, a 3% volume increase is observed [20], with
most of the expansion in the c-axis direction (note that the crystal-
lographic axes of SAPO-34 and SAPO-18 do not have the same ori-
entation with respect to the structure). The slope of the curves
does reduce towards the end of the first 3-h reaction period; how-
ever, unlike SAPO-34, there is no clear end point for the unit cell
parameter development. This is significant in that it may reflect
the longer active lifetime of SAPO-18. Several studies have shown
that crystallite size can affect activity in MTO catalysts [32–36];
however, the general conclusion is that larger crystallites should
lead to longer reactant residence time on the catalyst and faster
deactivation. In this case, the SAPO-18 crystallites are slightly lar-
ger (0.5–2-lm plates compared with 0.5–1-lm cubes for SAPO-34)
yet the catalyst maintains its activity for longer.

Mass spectra collected during the in situ experiment show that
there are definite differences in the activity of SAPO-18 compared
with that of SAPO-34. Fig. 3 shows the mass spectra for methanol
(M/e = 31), dimethyl ether (M/e = 45) and propene (M/e = 42) dur-
ing the experiment alongside the unit cell volume variation. In
SAPO-18, the production of propene does not drop to zero during
the period of measurement, although estimates based on the
methanol and dimethyl ether streams suggest that the overall con-
version drops from 100% to zero during this period. This is in con-
trast to SAPO-34, which displays similar peak values of propene
production for multiple cycles but with the propene production
quickly dropping to zero after the peak in activity [2,20]. Both cat-
alysts show a slight decline in dimethyl ether production over time
on stream, though as for other zeolitic MTO catalysts this does not
drop to zero.

We have previously shown that expansion in SAPO-34 [20] dur-
ing the MTO process is strongly correlated with the build-up of
reaction intermediates inside the cages. These become increasingly
graphitic as the catalyst deactivates over time. Mass spectra col-
lected during our experiments confirm that SAPO-18 remains ac-
tive for longer than SAPO-34 (the catalyst still produces
appreciable amounts of propene after 3 h at 450 �C, see Fig. 3).
Marcus et al. compared the coke in SAPO-18 and SAPO-34 after
the MTO process and showed that SAPO-18 tends to form larger
Fig. 2. Variation in the unit cell dimensions of SAPO-18 during the MTO process.
Time under methanol feed is marked with a grey background. Note the negative
thermal expansion during heating to 450 �C prior to the addition of methanol.
polyaromatic species than SAPO-34 (pyrenes rather than phenan-
threnes), this is explained by the shape of the cages in SAPO-18
allowing easier formation of the larger aromatics [17]. The simple
docking studies in this paper are informative, showing that even
with pyrene trapped inside there is space in the SAPO-18 cage. This
observation helps to rationalise the smaller expansion observed by
both in situ X-ray diffraction and the extended activity: SAPO-34
fills with coke, expands, becomes blocked and deactivates. SAPO-
18 does not fill, despite the larger coke molecules, due to its cage
shape and therefore need not expand. It may be possible to confirm
this by studying the MTO reaction over catalysts such as SAPO-56
[37] (IZA framework code AFX) and SAPO versions of AlPO-52
[38,39] (IZA framework code AFT) which contain the AFT cage –
an extended version of the chabazite cages of SAPO-34. This cage
would not be filled completely by the phenanthrene coke predom-
inant in SAPO-34 and should therefore remain active for longer. A
related study has been carried out on aluminosilicate zeolite mate-
rials by Park et al. [40] in which larger cage framework (erionite
(ERI), zeolite-A (LTA) and UZM-5 (UFI)) were shown to deactivate
more quickly than chabazite (which has the same framework
structure as SAPO-34). Larger polyaromatic coke molecules were
found in the large cage materials after deactivation, leading to
the conclusion that chabazite can suppress formation of large poly-
aromatics and thereby retain activity. This is in contrast to the
findings of Marcus for SAPO catalysts; however, it should be noted
that the chemistry of aluminosilicate zeolites is different to that of
silicoaluminophosphates.

The longer activity of SAPO-18 is also somewhat surprising in
view of the differences in silicon distribution between SAPO-18
and SAPO-34 discussed in Section 2. SAPO-18 should have a lower
level of acidity than SAPO-34 with the same level of silicon substi-
tution as some of the silicon substitutes for aluminium rather than
phosphorus. This might be expected to lead to quicker
deactivation.

We furthermore suggest that the arrangement of the D6Rs in
SAPO-18 may be more rigid than in SAPO-34. In the latter, the
D6Rs are all aligned in the same direction and the flexible four-ring
links allow the whole structure to expand easily in the c-direction.
In SAPO-18, alternate cages are rotated by approximately 90� with
respect to one another (Fig. 4); this means that changes to the size
of the cages are restricted by the necessity of deforming the more
rigid D6R units. Zeolite secondary building units [8] have been
shown to be quite rigid during the negative thermal expansion of
chabazite [41] and ITQ-4 [42]. Analysis of zeolite compression at
high pressure is often based on the rotation of rigid units [43–
47], in some cases SBUs, although Gatta and Wells have shown that
the 4 = 1 SBU in erionite is not completely rigid above 2 GPa [48]. It
should be noted, however, that recent work by Kapko and co-work-
ers on hypothetical pure silica zeolite frameworks shows that the
ideal AEI framework (SAPO-18) should be more flexible than the
CHA framework of SAPO-34 [49].

Examination of difference Fourier maps calculated from the
Rietveld refinements shows that there is a definite build-up of
electron density in the cages during the reaction (Fig. 5).

We have previously used the program SQUEEZE from Spek’s
Platon suite [50] to provide an indication of electron density (i.e.
coke molecules) in the cages for SAPO-34 [20]. However, in the
case of SAPO-18, this method gave a poor indication of the electron
count. This may be due to the larger number of overlapped reflec-
tions in the powder pattern of SAPO-18 compared with that of the
more symmetric SAPO-34. Determining the intensity of overlap-
ping reflections from a profile fit by the Le Bail or Pawley methods
is very problematic [51].

The electron density in the cages was instead quantified by add-
ing ‘‘dummy’’ carbon atoms to the Rietveld model at the positions
of the highest peaks in the difference Fourier map and refining



Fig. 3. Mass spectra for propene, methanol and dimethyl ether during the MTO process over SAPO-18. The propene data are multiplied by 10 to bring them onto the scale of
the methanol and dimethyl ether spectra. A similar data set for SAPO-34 is shown on the right (data from [20]) – note the propene production drops almost to zero at 100 min.

Fig. 4. The arrangement of neighbouring D6Rs SAPO-34 (left) and SAPO-18 (right), showing the alternate rotation of neighbouring D6Rs in SAPO-18 along the direction
equivalent to the SAPO-34 c-axis (marked by a large arrow).

Fig. 5. Difference Fourier maps of SAPO-18 activated at 450 �C (left) and after 3 h of MTO reaction (right). Residual electron density in the channels due to MTO intermediates
is visible as a yellow cloud in the right hand image. Atom colours: silver = Al, yellow = P/Si, red = oxygen. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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their occupancies. This gave significantly improved fits for the
powder patterns collected under MTO conditions, for example,
data set 115 (3 h of MTO reaction) has Rwp (framework
only) = 7.727 and Rwp (with dummy atoms) = 4.238. Plots of the
Rietveld results are compared in Fig. 6.

Plotting the change in overall occupancy of the sites per formula
unit against reaction time shows a trend which matches the shape
of the unit cell volume expansion curve (Fig. 7) as previously ob-
served for SAPO-34 [20]. Comparing the levels of site occupancy
(maximum level equivalent to 8.75 electrons per formula unit for
SAPO-18 after 3 h of MTO reaction) with those from similar refine-
ments against in situ data for SAPO-34 under MTO conditions sug-
gests that lower levels of electron density are present in SAPO-34
(maximum level equivalent to 6.3 electrons per formula unit at
end point of the MTO reaction). It may be that still higher levels
of electron density would be found in SAPO-18 after longer periods
of MTO reaction – laboratory XRD data for a sample of SAPO-18
subjected to MTO reaction for 21 h show that the unit cell has ex-
panded to a volume of 3294(5) Å3, somewhat larger than that ob-
served after 3 h of reaction in situ (3255.7(5) Å3). Unfortunately,



Fig. 6. Calculated, observed and difference plots of the Rietveld refinement of SAPO-18 after 3 h of MTO reaction (data set 115) for 2h = 3–17�. The left refinement used only
the framework as a model, while the right adds dummy carbon atoms in the cages. The most intense peak is truncated to show the changes in the less intense peaks more
clearly. The small peak at 2h = 3.2� is due to a minor impurity of SAPO-5.

Fig. 7. Electron count from dummy atom occupancies for SAPO-18 and SAPO-34
during the MTO process. The unit cell volume of SAPO-18 is also shown to illustrate
its similarity to the electron count curve.
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the data were not of a sufficient quality to obtain reliable electron
counts. We note that the electron counts given are only an indica-
tion of the levels of electron density present. These figures are
highly dependent on the quality of fit and should only be consid-
ered approximate.

The higher electron count in SAPO-18 fits with the observation
of larger coke species by Marcus et al. [17]. This does not, however,
lead to increased expansion, probably because of the cage shape
which allows these coke species to develop without distorting
the framework. SAPO-34 also shows a clear end point in its unit
cell expansion and electron count, unlike SAPO-18, although such
an end point might occur after longer periods of reaction. The lack
of expansion may be an indicator of why SAPO-18 remains active
in the MTO process (albeit at a low level) for longer than SAPO-
34. The swelling of SAPO-34 probably coincides with a fatal block-
ing of the pore system which appears not to occur in SAPO-18 after
3 h of reaction.

It is likely that the longer active lifetime of SAPO-18 compared
with that of SAPO-34 (which occurs in spite of larger particle size)
is related to the differences in structural behaviour, with the cage
shape and rigid framework delaying pore blocking.
4. Conclusions

SAPO-18 behaves very differently to SAPO-34 under MTO
reaction conditions. Although carbonaceous species form and
reside inside the cages of SAPO-18 during the MTO process, the
unit cell expands to a smaller extent than in SAPO-34 (0.9% volume
expansion under MTO reaction compared with ca. 3% for SAPO-34).
The smaller expansion compared with SAPO-34 (in spite of larger
coke molecules being formed) can be rationalised in terms of the
larger cages and more rigid D6R arrangement in SAPO-18 – the
cages are not completely filled by the coke molecules present so
do not expand. This is in agreement with the results of Marcus et
al. [17]. The changes are related to the build-up of intermediates
inside the cages as observed in difference Fourier maps; however,
no quantitative relationship can be obtained as the electron counts
obtained by different approaches are variable.
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