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Abstract: Understanding the role of the hierarchical pore archi-
tecture of SSZ-13 zeolites on catalytic performance in the Metha-
nol-to-Olefins (MTO) reaction is crucial for guide the design of 
better catalysts. We investigated the influence of the space velocity 
on the performance of a microporous SSZ-13 zeolite, and several 
hierarchically structured SSZ-13 zeolites. Single catalytic turnovers, 
as recorded with fluorescence microscopy verified that the hierar-
chical zeolites contain pores larger than the 0.38 nm apertures 
native to SSZ-13 zeolite. The amount of fluorescent events corre-
lated well with the additional pore volume available due to hierar-
chical structuring of the zeolite. Positron Emission Tomography 
(PET) using 11C-labelled methanol was used to map the 2D spatial 
distribution of the deposits formed during the MTO reaction in the 
catalyst bed. PET imaging demonstrates that hierarchical structur-
ing not only improves the utilization of the available microporous 
cages of SSZ-13 but also that the aromatic hydrocarbon pool spe-
cies are involved in more turnovers before they condense into 
larger multi-ring structures that deactivate the catalyst. 

 

Methanol is increasingly considered as an important chemical 
intermediate between coal and natural gas feedstock and ole-
finic building blocks extensively used in the chemical industry. 
Currently, the methanol-to-olefins (MTO) reaction is the most 
important in terms of installed capacity of all methanol-to-
hydrocarbon reactions. [1,2,3,4] 
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A microporous silicoaluminophosphate material with the chaba-
zite (CHA) framework topology (H-SAPO-34) is commercially 
the preferred catalyst. [5] One concern is the predicted scarcity 
of phosphorus, which is contained in typical silicoaluminophos-
phates up to 20 wt%. [6,7] The higher acidity of SSZ-13, the 
isostructural aluminosilicate analogue of H-SAPO-34, presents 
an opportunity to operate the MTO reaction at lower tempera-
ture and, in this way, to improve process economics. [8] On the 
other hand, the stronger acidity results in more rapid catalyst 
deactivation caused by multi-ring aromatics that block the pore 
system of the zeolite. These multi-ring aromatics derive from 
fusion of aromatic hydrocarbon pool species, which are key 
reaction intermediates of the MTO reaction in small-pore zeo-
lites. [9] Catalyst stability is impeded by the fact that these de-
posits form in the outer regions of the zeolite crystals and, 
accordingly, prevent access of methanol to internal regions. 
Introduction of mesopores within zeolite crystals is an elegant 
way to reduce these negative effects of diffusion limitations and 
improve the catalytic performance. [10,11,12] Common and scala-
ble approaches such as steaming and alkaline leaching have a 
negative effect on MTO performance when applied to SSZ-13 
zeolite. [13,14] Recently, in a series of papers we have demon-
strated that, in a dual-template approach, specifically designed 
diquaternary ammonium surfactants [C22H45-N+(CH3)2-C4H8-
N+(CH3)2-C4H9]Br2 (C22-4-4·Br2 for brevity) can limit SSZ-13 
crystal growth, generating the desired mesoporosity. [15 ,16 ] A 
much cheaper alkylpiperidine surfactant has also been devel-
oped. [17] In another work, we showed that adding fluoride to the 
alkaline synthesis gel of SSZ-13 results in zeolite crystals with 
an additional system of micropores, slightly larger than the 
small eight membered-ring (8MR) apertures of the CHA frame-
work. [ 18 ] Combined with diquaternary ammonium surfactant, 
this fluoride modification allows preparing trimodal porous SSZ-
13 zeolite, which appears to be optimal in terms of total metha-
nol conversion capacity. [19] In all of these cases, the additional 
porosity led to increased utilization of the CHA zeolite domains 
as evidenced by confocal fluorescence microscopy. However, 
there is no complete understanding of the benefit of the addi-
tional porosity on the catalytic performance in fixed-bed reac-
tors. Moreover, the distribution of the additional micropores and 
mesopores over the zeolite crystal remains unclear. Recently, 
the need for advanced characterization of the texture of meso-
porous zeolites has been stressed.[20,21,22] In the present study, 
we explore the relation between the spatial distribution of addi-
tional porosity in SSZ-13 zeolite crystals as probed by Nanome-
ter Accuracy by Stochastic Chemical reActions (NASCA) mi-
croscopy and the deposition of coke in the catalyst bed by 
Positron Emission Tomography (PET). 

For this purpose, we evaluated the catalytic MTO performance 
of a set of SSZ-13 zeolites with uni-, bi- and trimodal porosity. 
The investigated zeolites included (i) an SSZ-13 zeolite con-
taining only micropores (SSZ-13-R), (ii) an SSZ-13 zeolite 
prepared in alkaline medium promoted by fluoride, which con-
tains additional micropores slightly larger than the micropores 
of SSZ-13 (SSZ-13-F), and (iii) two trimodal porous SSZ-13 
zeolites prepared with fluoride and using a diquaternary ammo-
nium surfactant (in two different amounts) that generated addi-
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tional mesoporosity (SSZ-13-F-M5 and SSZ-13-F-M25).[19] The 
most important physico-chemical properties of these zeolites 
are collected in Table 1. The significant textural differences are 
derived from Ar physisorption data (Fig. S1) and supported by 
SEM images (Fig. S2). High-resolution Ar physisorption 
demonstrated that the SSZ-13-F sample contains a small 
amount of micropores that are slightly larger than the CHA 

micropores.[18] All of these samples have similar Si/Al ratio with 
the predominant part of Al in the framework after calcination. 
The materials possess comparable acidic properties as probed 
by 1H MAS NMR (Table 1) and CO IR.[17-19 ] 

 

Table 1. Chemical composition, Al speciation and textural properties of studied SSZ-13 catalysts. 
 

Catalyst Si/Al Al
IV

(%) Al
VI

(%)  BAStot BASacc SL Sext Vtot Vmeso Vmicro 

SSZ-13-R 21 89 11  0.65 0.00 677 34 0.24 0.02 0.20 

SSZ-13-F 22 88 12  0.67 n.d. 763 58 0.28 0.03 0.23 

SSZ-13-F-M5 22 86 14  n.d. n.d. 778 106 0.29 0.05 0.22 

SSZ-13-F-M25 23 93 7  0.80 0.04 787 143 0.36 0.12 0.21 

Si/Al – determined by ICP 

AlIV, AlVI – relative amount of framework and extraframework Al (respectively) 

determined by 27Al NMR 

BAStot – total number of Brønsted acid sites (mmol/g) determined by 1H MAS 

NMR 

BASacc – Accessible Brønsted acid sites (mmol/g) as determined by IR of 

adsorbed pyridine 

n.d. – not determined 

SL - Langmuir surface area (m2/g) in the relative pressure range of 0.05–0.20 

Sext – external surface area (m2/g) calculated by the t-plot method 

Vtot -  total pore volume (cm3/g) at p/p0= 0.97 

Vmeso - mesopore volume (cm3/g) calculated by the BJH method 

Vmicro -  micropore volume (cm3/g) calculated by the t-plot method

 

The MTO performance of these zeolite catalysts was investi-
gated at a temperature of 350 °C at different weight-hourly 
space velocities (WHSV, range 0.8 h-1 - 5.8 h-1). The optimum 
reaction temperature for SSZ-13 zeolite in the MTO reaction is 
in the 350-375°C, much lower than the optimum temperature 
for SAPO-34.[8] Fig. 1 shows plots of methanol conversion vs. 
total amount of methanol converted to hydrocarbons for three 
different WHSV (details on conversion and selectivity in the 
Supporting Information: Fig. S3, Tables S1-S3). All catalysts 
showed typical behavior: they could initially completely convert 
the methanol feed with ethylene and propylene as the main 
reaction products, but then quickly deactivated. For a given 
catalyst, the onset of deactivation occurred earlier when the 
WHSV was increased. The presence of additional pores larger 
than the native CHA micropores led to increased methanol 
conversion capacity. This trend was evident at all WHSV. Fig. 
2a depicts the total amount of converted methanol during one 
day on stream (TCC, total conversion capacity). For SSZ-13-R, 
TCC decreased as WHSV increased, which points to faster 
coke build-up when the feed rate of methanol was higher. We 
surmise that this is due to stronger diffusion limitations when 
the narrow micropores of SSZ-13-R become occupied with 
methanol and reaction products. [23] This result shows that a low 
WHSV is preferred for the reference zeolite. The hierarchical bi- 
and trimodal SSZ-13 zeolites displayed different behavior. The 
TCC was substantially higher than the reference zeolite and 
increased with increasing total pore volume. Moreover, an 
optimum in TCC was observed at intermediate WHSV for these 
three samples. Such optimum of the total methanol conversion 
capacity with respect to the methanol feed rate was also re-
ported for other zeolite topologies such as MFI, 24  MOR, 25 
BETA, [26] and SAPO-34.[27 ] Usually, this phenomenon is at-
tributed to a trade-off between optimal rate of formation of 
hydrocarbon pool species [28 ] and diffusion limitations. Thus, 
hierarchical structuring of SSZ-13 increased the total amount of 
methanol the zeolite can convert before deactivation sets in.  

Another factor critical to the commercial MTO process is the 
light olefins (ethylene, propylene) selectivity. It is well known 
that the pore topology of the zeolite has a pronounced effect on 
the product distribution. Some of the 8MR zeolites containing 
larger cages and small pore openings are preferred when light 
olefins are targeted. [29] Other factors that contribute to selectivi-
ty differences are the acidity, [30] the reaction conditions,[31] and 
the presence of coke,[32] and the use of co-reactants such as 
chloromethane.[33] We also investigated how the WHSV affect-
ed the product distribution. Fig. 2b depicts the C2

=/C3
= ratio of 

the zeolites at a methanol conversion of 98 % as a function of 
WHSV. Strikingly, the substantial textural differences between 
the zeolites did not influence the C2

=/C3
= ratio, that is to say that 

all zeolites displayed the same C2
=/C3

= ratio at a particular 
WHSV. This indicates that for all studied catalysts the majority 
of catalytic events takes place inside the CHA pores, inde-
pendent of the hierarchical structure. The C2

=/C3
= ratio de-

creased from about 1.2 at the lowest WHSV to about 0.8 at the 
highest WHSV. A reasonable explanation for the increasing 
amount of propylene formed with increasing methanol feed rate 
is the higher degree of methylation of benzene intermediates, 
favoring formation of propylene, as shown by Song et al. [34] 

Fig. 2c shows how the total light olefins (ethylene and pro-
pylene) selectivity depends on WHSV. For SSZ-13-R, the total 
light olefins selectivity is seen to decrease with increasing 
WHSV in a nearly linear fashion. The lower light olefins selec-
tivity goes together with increasing contribution of C4-C6 prod-
ucts, i.e., mainly C4 olefins and heavier paraffins and aromatics. 
There was less variation in the light olefins selectivity when the 
WHSV was increased from 0.8 h−1 to 2 h−1. A further decrease 
of WHSV to 5.6 h−1 led to a significant loss of the light olefins 
selectivity, although not to the extent seen for SSZ-13-R. The 
light olefins selectivity correlates well with the additional porosi-
ty of hierarchical samples. We speculate that higher selectivity 
to the desired C2=/C3+ products is due to lower intracrystalline 
residence time, which is the consequence of improved diffusion 
of reaction products in the larger pores embedded in the zeolite 
crystals. 
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Figure 1. Methanol conversion as a function of the cumulative amount of converted methanol for different WHSV. Conditions: T = 350°C, 50 mg of catalyst, 

atmosphere pressure, TOS = 24 h. 

 

Figure 2. Influence of WHSV on the catalytic performance of the studied SSZ-13 catalysts: (a) total amount of methanol converted after 24 h time on stream, (b) 
ethylene/propylene ratio and (c) total ethylene + propylene selectivity at a methanol conversion of 98%. 

The presence of additional extraframework porosity in the SSZ-
13 zeolite particles was further investigated by super-resolution 
fluorescence NASCA microscopy. [35] This technique was al-
ready successfully applied to probe the spatial distribution of 
 catalytic activity in MOR [36] and MFI [37] zeolites as well as in 
more complex materials like fluid catalytic cracking catalysts. [38] 

NASCA allows recording high-resolution reactivity maps of 
heterogeneous catalysts by following stochastic formation of 
fluorescent molecules. [ 39 ]  In this work we applied acid-
catalyzed oligomerization of furfuryl alcohol (FA) as a probe 
reaction (Figure 3) to highlight the spatial distribution of ex-
traframework pores as the 0.5 nm kinetic diameter of FA is 
larger than the pore aperture of SSZ-13 zeolite (0.38 nm). 

 Figure 3. Acid-catalyzed oligomerization of FA yielding fluorescent products. 
 
NASCA images were obtained by accumulation of the localized 
fluorescent emitters that appeared during the FA oligomeriza-
tion in the middle plane of the zeolite crystals. For the SSZ-13-
R reference sample, nearly no fluorescent events were ob-
served in the zeolite crystal (Fig. 4e,I). This confirms that FA 
cannot enter the micropores of CHA and additionally suggests 
that the outer surface of the reference sample is devoid of acid 
sites, perhaps because of the presence of Si-enriched crust. 
On contrary, numerous reactions events were detected inside 
the particles of SSZ-13-F (Fig. 4f, j), SSZ-13-F-M5 (Fig. 4g, k) 
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and SSZ-13-M25 (Fig. 4h, l). We infer that these events arise 
from reactions of FA at BAS located in the extraframework 
pores. Together with the textural data, these findings confirm 
that SSZ-13-F contains additional micropores, slightly larger 
than the pore apertures of CHA zeolite. Similar results were 

obtained for SSZ-13-F-M5 and SSz-13-F-M25. For the latter 
sample, the distribution of acid sites was less homogeneous 
than in the other two samples, this effect might be related to the 
high concentration of surfactant applied for the synthesis of 
SSZ-13-F-M25.  

 

 

Figure 4. Bright-field optical transmission images of studied SSZ-13 samples (a) SSZ-13-R, (b) SSZ-13-F, (c) SSZ-13-F-M5, and (d) SSZ-13-F-M25; the corre-

sponding NASCA reactivity maps and zoomed (x3) sections of furfuryl alcohol conversion on (e, i) SSZ-13-R, (f, j) SSZ-13-F, (g, k) SSZ-13-F-M5, and (h, l) SSZ-
13-F-M25, obtained for 100 x 100 x 800 nm3 voxels (xyz), reconstructed from 3000 frames (measurement time ≈ 150 s, false color scale shows the observed 
reaction rate in logarithmic scale). 

 

Figure 5. Averaged reaction rates independently observed for at least 4 
different SSZ-13 crystals over 3000 frames (corrected to remove reappearing 
individual catalytic events) detected by NASCA analysis vs. the extraframe-
work, non-CHA, pore volume derived from Ar physisorption. 

 Figure 5 shows the positive correlation between the total 
number of reaction events and the additional pore volume of 

the zeolite. Increased total pore volume leads to higher uptake 
of FA. Importantly, these data underpin the presence of addi-
tional extraframework pores throughout the zeolite particle, 
which will accelerate mass transfer during catalytic MTO reac-
tion. The sample SSZ-13-F-M25 shows rather large deviation 
probably due to high loading of the mesoporogen. Nevertheless, 
with proper probe molecules, NASCA is a powerful tool for 
resolving the porosity distribution in hierarchical porous materi-
als. 

To better understand the influence of texture on the catalytic 
MTO performance, we employed positron emission tomogra-
phy (PET) using 11C as a label in methanol. This technique is 
based on the decay of 11C (half time 20.334 min), which decays 
in 11B and a positron. The positron annihilates with an electron, 
creating two γ-rays, which travel in opposite direction and can 
be detected by detectors allowing reconstruction of the position 
of the annihilation event. [ 40 , 41 ] The spatial resolution of this 
technique is limited to ca. 1 mm, the distance the positron can 
travel before annihilation. PET imaging using 11C-labelled 
methanol allows monitoring the build-up of hydrocarbon pool 
species, which cannot leave the CHA pores and coke in the 
catalyst bed. [42] As catalysts were used SSZ-13-R and SSZ-13-
F-M25 zeolites placed in a fixed-bed reactor. The feed was 
alternatingly switched between 12C- and 11C-labelled methanol. 
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PET images were acquired at time intervals of 1 min. All imag-
es were corrected for the decay of 11C and compressed as a 
function of time on stream (Figure 6, an original footage of the 
processes is provided in ESI). As a supplement to the PET 
images, the integrated radioactivity in each slice was plotted as 
function of time on stream. The colors in PET images corre-
spond to the intensity of the emitted γ-rays. 

The PET profile during the first 5 min of exposure of SSZ-13-R 
zeolites to 11C-labelled methanol showed the build-up of carbon 
in a relatively narrow zone of the catalyst bed. This reaction 
zone became broader with time on stream. After the switch to 
normal methanol, the decay-corrected intensity only decreased 
slightly due to further reactions of part of the hydrocarbon pool 
species with non-labelled methanol. This result implies that 
most of the 11C species remain in the same place. From the 
observation that the radioactivity only slightly decreases, we 
can conclude that the imaged species are mainly coke deposits 
that do not react further. The second 5 min exposure to 11C-
labelled methanol led to similar features in the PET images. 
From the observation that the radioactivity accumulated down-
stream of the first feature, we infer that upstream the catalyst 

bed has been fully deactivated. The reaction zone between the 
two features is also saturated by deactivated aromatics, which 
cannot be visualized by PET, as they are composed of 12C 
atoms. Note that the given PET images for the second pulse 
have been obtained by subtracting the intensity from the first 
pulse. This explains why the radioactivity of the first pulse is not 
present in the images. A further striking difference is that the 
intensity of the second feature is much lower than that of the 
first one. Similar observations were made upon providing a 
third exposure to labelled methanol. The distance between the 
second and first feature is nearly the same as that between the 
third and second. This shows that the reaction zone in which 
carbon builds up in reaction intermediates moves at nearly 
constant pace through the catalyst bed. A fourth pulse did not 
lead to any detectable radioactive events, implying that the 
catalyst had completely deactivated. The lower intensity of the 
radioactive features as these move downstream the bed shows 
that less labelled methanol was involved in the formation if 
reaction intermediates. This must be due to pre-deposition of 
some intermediates in the cages of the zeolite. We speculate 
that these deposited intermediates must derive from secondary 
reactions of the olefins produced in the reaction zone down-
stream where methanol is completely converted. 

 

 

Figure 6. Positron emission tomography image series of (left) SSZ-13-R and (right) SSZ-13-F-M25 for 11C-CH3OH MTO reaction. The radioactivity is decay-
corrected in each slice along the catalyst bed (T = 350 °C; WHSV = 0.5 g g−1 h−1). 

The behavior of the hierarchical SSZ-13-F-M25 zeolite during a 
comparable PET experiment is different. After the initial build-
up of deposited 11C-containing species in a similar manner and 
in comparable amount as for SSZ-13-R, the decrease of the 
radioactivity is much stronger than for the reference zeolite. 
This implies that the aromatic hydrocarbon pool species were 
more actively involved in the MTO reaction cycle. This is also 
evident from the presence of 11C atoms downstream of the 
hottest spot in the reactor. We attribute the longer involvement 
of the hydrocarbon pool species to the presence of additional 
pores that allow for better mass transport between the bulk gas 
phase and the micropore domains. Thus, whereas the mi-
cropores of SSZ-13-R became blocked by the aromatic pool 
species preventing access of methanol to the reaction interme-
diates, improved accessibility of methanol to these intermedi-
ates in hierarchically structured SSZ-13 results in reactions that 
decrease the 11C content of the aromatic hydrocarbon pool 
species. Earlier, we have shown that a main reason for im-
proved performance of the hierarchical zeolites is the more 

efficient utilization of the zeolite crystals in accommodating the 
hydrocarbon pool species. The present data also show that 
additional diffusion pathways in hierarchical SSZ-13 zeolite 
facilitate more turnover of the hydrocarbon pool. A tentative 
explanation is that faster mass transport maintains a high rate 
of methylation, preventing the formation of deactivating multi-
ring aromatics.  

Similar to SSZ-13-R, the reaction zone moves downstream the 
catalyst bed during subsequent exposures to labelled methanol. 
We used interval times of 50 min for these exposures. None-
theless, the reaction zone in this case moves much slower 
through the catalyst bed than for SSZ-13-R. This demonstrates 
the much better utilization of the micropore space and the 
aromatic hydrocarbon pool species formed. The observation 
that the intensity did not decrease during consecutive expo-
sures as it did for SSZ-13-R has likely to do with the much 
larger micropore space available for the MTO reaction.  
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In conclusion, this study highlights the importance of additional 
intracrystalline porosity to effectively use SSZ-13 zeolite in the 
MTO reaction. These additional pores can be embedded by 
using a very cheap approach such as fluoride addition to SSZ-
13 synthesis. NASCA microscopy demonstrates that such 
zeolite (SSZ-13-F) contains continuous pores with size larger 
than the CHA micropores. The performance of such zeolite can 
be further improved by introducing mesopores by using suitably 
designed surfactants. PET imaging demonstrates the very 

significant influence of the presence of additional pores: not 
only the available microporous cages of SSZ-13 are better 
utilized, also the aromatic hydrocarbon pool species are in-
volved in more turnovers before they condense into larger 
multi-ring structures that deactivate the catalyst. 

 

 

Experimental Section 

Synthesis of mesoporogen C22-4-4·Br2 

1-bromodocosane (0.01 mol, Aldrich, 96 %) and N, N, N’, N’-

tetramethyl-1,4-butanediamine (0.06 mol, Aldrich, 98 %) were dissolved 

in ethanol (Biosolve, 99.9 %). The solution was refluxed in an oil bath at 

70 °C for 12 h. After cooling to room temperature, the solution was 

cooled at 2 °C for several hours, then filtered and washed with diethyl 

ether. The resulting product [C22H45-N+(CH3)2-C4H8-N(CH3)2]Br was 

dried in a vacuum oven at 50 °C. 0.007 mol [C22H45-N+(CH3)2-C4H8-

N(CH3)2]Br and 0.014 mol 1-bromobutane (Aldrich, 98 %) were dis-

solved in 110 ml of acetonitrile and stirred under reflux at 70 °C for 12 h. 

The resulting solution was cooled, filtered, washed with diethyl ether 

and dried in a vacuum oven at 50 °C. The product was [C22H45-

N+(CH3)2-C4H8-N+(CH3)2-C4H9]Br2, which will be further denoted as C22-

4-4·Br2. 

Synthesis of zeolites  

In a typical synthesis of H-SSZ-13, Ludox AS 40 (Aldrich, 40 wt%), 

aluminium hydroxide (Aldrich, reagent grade), sodium hydroxide 

(EMSURE, 50 wt%), N,N,N-trimethyl-1-adamantammonium hydroxide 

(TMAdaOH, SACHEM Inc. 25 wt%), and distilled water were mixed to 

obtain a gel with molar composition of 20 TMAdaOH : 7.5 Na2O : 2.5 

Al2O3 : 100 SiO2 : 4400 H2O. The resulting gel was stirred at room 

temperature for 2 h and then transferred into a 45 mL Teflon lined steel 

autoclave. The gel was crystallized statically at 160 °C for 6 days. The 

resulting reference zeolite is denoted as SSZ-13-R. Another SSZ-13 

zeolite was synthesized by adding sodium fluoride (EMSURE, ≥ 99.5 %) 

to the above recipe of SSZ-13-R to give the following gel composition 

20 TMAdaOH : 7.5 Na2O : 10 NaF : 2.5 Al2O3 : 100 SiO2 : 4400 H2O. 

The final gel was crystallized statically at 160 °C for 10 days; the ob-

tained zeolite is denoted as SSZ-13-F.  

A set of mesoporous SSZ-13 zeolites, denoted as SSZ-13-F-Mx in 

which a fraction of TMAdaOH replaced by C22-4-4·Br2 (x represents the 

fraction TMAdaOH replaced). The total N content of the synthesis gel 

was kept constant. C22-4-4·Br2 was added to the gel for SSZ-13-F syn-

thesis and the mixture was stirred for 2 h. The final gel was transferred 

into a Teflon-lined autoclave and crystallized statically at 160 °C for 12 

days. After crystallization, the zeolite products were filtered, washed 

with distilled water and dried at 110 °C. The zeolites were calcined at 

550 °C for 10 h under flowing air and ion-exchanged three times with 

1.0 M NH4NO3 solutions followed by calcination at 550 °C for 4 h in 

order to obtain their proton forms. 

Catalytic activity measurements 

The zeolite samples were pressed into wafers, which were then crushed 

and sieved to obtain particles in the range 250−500 μm. Catalytic activi-

ty measurements were carried out in a quartz tubular fixed-bed reactor 

with 50 mg catalyst loading. The inner diameter of the quartz tube 

reactor is 4 mm. Prior to reaction, the catalyst was pretreated at 550 °C 

in synthetic air (30 ml min−1) for 1 h. The MTO reaction was performed 

at 350 °C. Methanol (Merck, 99 %) was introduced to the reactor by 

leading a flow of 30 ml min−1 of He through a saturator kept at −17.2 °C. 

The resulting WHSV is 0.8 g g−1 h−1. For the purpose of investigating 

the influence of different WHSV on the performance of zeolite catalysts, 

the temperature of saturator was changed to −2 °C and 17 °C to obtain 

the WHSV of 2 and 5.6 g g−1 h−1, respectively. The product effluent was 

analysed by online gas chromatography (Compact GC Interscience 

equipped with TCD and FID detectors with RT-Q-Bond and Al2O3/KCl 

columns, respectively). The reaction was followed for 24 h time on 

stream. Methanol conversion is based on the inlet and outlet concentra-

tions of methanol as determined by GC analysis of the reactor feed 

before and after the reaction and the reactor effluent during reaction. 

Dimethylether was considered as a reactant in the calculation of the 

conversion and selectivity. 

NASCA microscopy 

For the microscopy experiments, crystals were deposited on a cover 

glass through spin-coating from an aqueous suspension. Then the 

samples were calcined in three stages: (1) heating to 80°C (1°C/min) 

and drying at this temperature for 1 h in order to remove easily desorb-

ing molecules; (2) heating to 120°C (1°C/min) and drying at this tem-

perature for 1 h to remove physisorbed water and (3) heating to 450°C 

(1°C/min) and prolonged calcination at this temperature for 50 h to 

remove fluorescent contaminants. After cooling down the samples were 

immediately used in microscopy experiments to prevent re-adsorption of 

fluorescent contaminants. Liquid phase experiments on an inverted epi-

fluorescence microscope were performed using a PTFE container 

sealed to the glass cover slip via a silicone rubber gasket. Furfuryl 

alcohol (Aldrich) oligomerization was used as a fluorogenic reaction, for 

that aqueous solution (6.7 wt.%) of furfuryl alcohol was added to the 

sample and allowed to react for 1-2 h. For every sample 4-5 different 

crystals were independently measured. The NASCA investigation was 

conducted on a wide-field setup based on an inverted microscope IX71 

(Olympus) platform equipped with an oil immersion objective lens (100X, 

1.4 NA, Olympus) and a Diode-Pumped Solid State Excelsior laser 

(Spectra-Physics). The latter provided a laser excitation with λ = 532 nm 

of ≈ 100 W/cm2 power on the sample. Fluorescence imaging (545 nm 

long pass filter) was performed using an ImagEM Enhanced C9100-13 

EM-CCD camera (Hamamatsu). Further single molecule identification, 

localization and generation of NASCA images were performed using an 

in-house developed set of open-source plugin rou-

tines(https://bitbucket.org/pdedecker/localizer) [ 43 ] for IgorPro v.6.34A 

software (Wavemetrics). The presented NASCA images were obtained 

by the accumulation of localized fluorescent emitters which appeared 

during reaction in the focal plane in the middle of the crystals. 

Positron emission tomography 

The small PET scanner, which has a spatial resolution of ~ 1.3 mm and 

consists of 12 detector modules (one module has 35 × 35 scintillation 

crystals in an array configuration) in a full ring configuration, was used 

in this study to image the location and quantitative distribution of 11C-

containing species along the catalyst bed during the MTO reaction. Two 

511 keV gamma photons originating from positron annihilation of a 

radioisotope were used to provide a more accurate mapping. PET 

images were collected within a time interval of 1 min. The images were 

further processed by using decay correction and normalization. [ 44 ] 

Contour-based attenuation correction was also applied on the data. For 

the MTO reaction, 300 mg of SSZ-13 zeolites were loaded into a quartz 

reactor with inner diameter of 4.5 mm. The catalyst was firstly dehydrat-

ed at 550 °C in 30 ml min−1 He flow with a rate of 10 °C min−1 and kept 

for 1 h. Then the temperature was lowered to 350 °C and 11C-labeled 

methanol and nonradioactive methanol were intermittently introduced to 

the reactor (i.e., feeding of 11C-labeled methanol for 5 min first for all 

samples and then nonradioactive methanol for 20 min for SSZ-13-R and 

50 min for SSZ-13-F-M25) by leading a flow of 10 ml min−1 He through 

liquid methanol kept at room temperature. The products of MTO reac-

tion were analyzed by radio-GC with a PLOT-Q column. A flame ioniza-



 

 

 

7 

tion detector (FID) and a radioactivity detector (RD) were applied to 

detect all the compounds and 11C-labeled species, respectively. 
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