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  1   .  Introduction 

 Microporous zeolite-type materials have already been used 
in industry for half a century. [  1  ]  Their catalytic and separa-
tion properties are exploited in some of the largest chemical 
processes, for instance in the oil refi ning and petrochemicals 
production. [  2  ]  Despite their large industrial application, their 
properties/synthetic procedures need to be improved to meet 
growing environmental and technological challenges. While 
there has been an intense research in the development of post-
synthesis modifi cation methods to tailor the properties of pre-
made crystals, [  3  ]  the control of zeolite properties during their 

synthesis remains a desirable and effi cient 
route for their industrial utilization. 

 The physicochemical properties of zeo-
lites are a function of the chemical com-
position of the initial gel or solution and 
the conditions used for their crystalliza-
tion. [  4  ]  In the past several decades, sub-
stantial progress has been made in our 
understanding of the complex zeolite for-
mation mechanism. For example, the syn-
thesis of zeolites can be conducted in both 
basic (OH − ) and fl uoride medium (F − ), [  5  ]  
but there are fundamental differences in 
the zeolite formation mechanism for the 
two media. [  6  ]  Unlike conventional zeolite 
synthesis conducted at high pH, the use 
of fl uoride synthesis approach allows the 
crystallization of zeolites in slightly acidic 
to slightly basic medium (pH < 10). The 
near-neutral pH of the medium leads to 
two important consequences: (i) mini-
mized number of non-bridging ≡SiO- 
defects; and (ii) lower supersaturation 

of the framework-forming species. As a result, the crystals 
synthesized in fl uoride medium possess fewer framework 
defects. [  7  ]  This is advantageous for prolonging the lifetime of 
zeolite catalysts, since it is known that framework defect sites 
are prone to retain coke precursors. [  8  ]  Bleken  et al.  have recently 
reported that large ZSM-5 crystals synthesized in fl uoride 
medium showed higher resistance to coke formation compared 
to ZSM-5 zeolites synthesized in OH −  medium. [  9  ]  Another gen-
eral and remarkable characteristic of the fl uoride approach is 
that the crystals synthesized under fl uoride medium are larger 
because of the lower nucleation rate. [  10  ]  While high quality large 
crystals are very useful for fundamental studies of zeolites, they 
suffer from signifi cant drawbacks in their commercial appli-
cations due to diffusion limitations. [  11  ]  Nanozeolites with very 
few framework defects seem to be excellent candidates to over-
come this limitation, but although some success in the prepara-
tion of such materials by post-synthesis modifi cation has been 
achieved, [  12  ]  their direct synthesis remain a challenge. 

 The objective of this study was to prepare nanosized ZSM-5 
crystals by direct synthesis in fl uoride medium by careful optimi-
zation of the synthesis parameters and to evaluate their catalytic 
performance. Silicalite-1 seeds were added to the precursor gels 
to reduce crystallization times and to facilitate the synthesis of 
nanosized crystals. [  13  ]  The content of framework defects of sam-
ples prepared by OH −  and F −  routes of similar characteristics 
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spectrum exhibits a signal at -64 ppm along with a weaker one 
at −120 ppm. The peak at −64 ppm is assigned to F −  in a [4 1 5 2 6 2 ] 
cage, [  16  ]  while the signal at −120 ppm is most probably due to 
the presence of free fl uoride anions. [  17,18  ]  The peak at about 
-116 ppm is typical of F −  ions in aqueous NH 4 F solutions. In 
our case, this peak can be attributed to F −  counter ion of NH 4  +  
or TPA +  in the zeolite channels. Besides these two peaks, a very 
weak signal, most probably originating from impurities, was 
detected at −80 ppm.   

  2.1.2   .  Synthesis in Fluoride Medium: Effect of the Amount of Seeds 

 A series of experiments were performed at 423 K with gels 
containing 0, 2.5, and 5 wt% silicalite-1 seeds.  Figure    2   repre-
sents the crystal growth curves of these three systems. As can 
be seen, the crystallization process was strongly dependent on 
the presence of seeds in the synthesis gels. In the absence of 
seeds, fi rst traces of crystalline material were detected after ca. 
14 h (Figure SI1) and crystallization was completed within 45 h 
of treatment. The addition of 2.5 wt% silicalite-1 seeds in the 
initial gel accelerated the crystallization rate. Crystalline mate-
rial was observed after 5 h of treatment and fully crystalline 
ZSM-5 was obtained after 17 h (Figure SI2). The crystallization 
of ZSM-5 zeolite in the presence of 5 wt.% silicalite-1 seeds was 
much faster. Crystalline MFI-type material was detected after 
1 h of treatment and the crystallization was completed within 
3.5 h (Figure SI3).  

 The SEM inspection of the materials prepared with or 
without seeds showed the presence of uniform crystals in all 
samples. Their size, however, was different and the largest crys-
tals were observed in the absence of seeds. The crystals were 
about 3  μ m in size with the typical coffi n-shape morphology of 
ZSM-5 ( Figure    3  A). Sub-micrometer crystals were obseved in 
the sample synthesized with 2.5 wt% seeds. The morphology of 
the crystals was similar to that of the non-seeded sample, i.e., 
coffi n-shaped crystals with well developed faces (Figure  3 B). A 
further increase of the seed content (5 wt%) resulted in much 
smaller, ca. 200 nm ZSM-5 crystals (Figure  3 C). Again, well 
shaped crystals were formed, but in this case they were almost 

was compared and related to the performance of the materials 
in the catalytic conversion of methanol-to-hydrocarbons (MTH), 
a reaction of considerable industrial importance. [  14  ]   

  2   .  Results and Discussion 

  2.1   .  Synthesis of Initial Materials 

  2.1.1   .  Synthesis in Fluoride Medium: Effect of F −  on ZSM-5 
Formation 

 Initially, experiments were performed to study the effect of fl uo-
ride species on ZSM-5 formation. Nanosized silicalite-1 crystals 
with an average size of 80 nm and narrow particle size distri-
bution were used as seeds in the synthesis. Our preliminary 
results showed that the system 0.142TPABr : 0.135TPAOH : 
0.072Al 2 O 3  : 1.0SiO 2  : 0.616NH 4 F : 20H 2 O comprising 5 wt% 
silicalite-1 seeds yielded high quality ZSM-5 at 423 K. This 
system was also employed without the addition of NH 4 F and 
subjected to hydrothermal treatment at 423 K. The pH of the 
system was adjusted to 8.5 by addition of diluted HCl prior to 
hydrothermal treatment. This pH corresponded to the pH value 
of the gel when ammonium fl uoride was used in the synthesis. 
However, the material obtained was still amorphous after one 
month of treatment. On the other hand, the NH 4 F-containing 
seeded gel with similar composition yielded highly crystalline 
ZSM-5 within 3.5 h. This is a sound proof of the positive impact 
of F −  on zeolite formation. In order to verify this, the crystal-
lization of the gel that remained amorphous after hydrothermal 
treatment for one month was interrupted and the usual amount 
of NH 4 F was added. After another 56 h of treatment at 373 K, 
crystallization was completed and highly crystalline ZSM-5 was 
obtained (XRD pattern not shown). The set of experimental data 
unambiguously confi rmed that fl uoride anions induce a very 
rapid growth of the seed crystals at pH of 8.5. 

 The incorporation of fl uorine species into the zeolite frame-
work during synthesis in F −  medium has been well estab-
lished by both solid-state nuclear magnetic resonance (NMR) 
and single crystal X-ray diffraction (XRD) studies. [  15,16  ]  Both 
methods found that F −  counter anions were present in the 
[4 1 5 2 6 2 ] units of the MFI-type structure. XRD analysis has 
revealed the presence of fi ve coordinated Si atoms in the zeolite 
framework, located in slightly distorted trigonal bipyramid built 
of four framework oxygen atoms and a fl uoride anion. [  16  ]  We 
subjected a highly crystalline ZSM-5 sample to  19 F MAS NMR 
analysis and the spectrum obtained is shown in  Figure    1  . The 

      Figure 1.   19 F MAS NMR spectrum of highly crystalline ZSM-5 sample 
synthesized in F −  medium in the presence of 5 wt% seeds. 
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      Figure 2.  ZSM-5 crystal growth kinetics curves at 423 K from seed-free 
gels and gels containing 2.5 and 5 wt.% silicalite-1 seeds. 
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between 250 and 400 nm. These differences in size and mor-
phology can be related to the zeolite crystallization mechanism, 
which is strongly infl uenced by the crystallization temperature. 
At 443 and 423 K, the degree crystallinity increased shortly after 
the onset of hydrothermal treatment, which increase was more 
pronounced for the sample prepared at 443 K. In contrast, a long 
induction period was observed at 403 K, suggesting reorgani-
zation in the system similar to seed-free systems. New viable 
nuclei are formed and continue to grow alongside the seeds. 
The formation of aggregates with complex morphology built up 
of much smaller crystals strongly supports this conclusion.    

isometric and twining was less developed. The synthesis using 
10 wt% seeds showed no dramatic changes in morphology and 
size of the crystalline product (Figure  3 D). The crystallites were 
slightly smaller (ca. 150 nm) with morphological features very 
similar to the product synthesized with 5 wt% seeds.   

  2.1.3   .  Synthesis in Fluoride Medium: Effect of Temperature 

 The initial gel containing 5 wt% seeds yielded relatively small 
ZSM-5 crystals for short synthesis times. This system was used 
to study the effect of crystallization temperature on the crystal 
growth rate and crystal size. Additional experiments were per-
formed at 443 K (Figure SI4) and 403 K (Figure SI5) and the 
results were compared to the results obtained at 423 K. As 
expected, the crystallization rate increased with temperature, 
whereas much longer time was needed to obtain highly crystal-
line product at 403 K ( Figure    4  ). At 443 K, crystallization was 
completed after 1.5 h. Usually, an increase in crystallization 
temperature leads to larger zeolite crystals. However, the size 
of the crystals synthesized at 443 K ( Figure    5  A) did not differ 
from those synthesized at 423 K (Figure  2 C). This result sug-
gests that the crystallization process in the system is governed 
by the seeds, i.e., the amount of seeds control the ultimate 
crystal size. Again, coffi n-like crystals with size of about 200 nm 
were synthesized. The result at lower crystallization tempera-
ture (403 K) was fairly different. The induction period was 
long; the crystallization started after 40 h and was completed 
within 72 h (Figure  4 ). The morphology of the resulting crys-
tals was also substantially different. Instead of the well-shaped 
crystals synthesized at 423 K and 443 K, aggregates built of 
smaller crystallites were observed (Figure  5 B). Their size ranged 

      Figure 3.  SEM micrographs of ZSM-5 crystals synthesized in F −  medium: (A) in the absence of seeds and in the presence of (B) 2.5 wt%, (C) 5 wt% 
and (D) 10 wt% seeds. 

      Figure 4.  Crystal growth curves of ZSM-5 synthesized at different tem-
peratures from gels containing 5 wt% seeds. 
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TPA cations per unit cell, which gives Si/Al  ∼  24. This is con-
sistent with the synthesis conditions employed, namely in the 
absence of alkali metal cations. 

 The nitrogen adsorption/desorption isotherms of the two 
samples were very similar ( Figure    6  A). Both indicate the pres-
ence of micropores (steep increase in the gas adsorbed at low 
relative pressures) and mesopores (hysteresis loops in the iso-
therms). This is not surprising considering the similar crystal-
linities and morphologies of the two samples. There were differ-
ences in the mesopore size distribution as seen by the shape of 
the isotherms and the BJH pore size distributions (Figure  6 B). 
The ZSM-5-F sample showed sharper peak in the range 2.5–15 nm, 
which may be due to the narrower crystal size distribution of 
this sample (Figure  5 B). Nevertheless, the BET and external 
surface areas as well as the micro- and mesopore volumes 
( Table   1 ) were similar for the two samples.   

 Since the ultimate goal of the study was the evaluation of 
the catalytic properties of ZSM-5 synthesized in OH −  and 
F −  medium, the number of Bronsted and Lewis sites and 
different silanols in the two samples was of particular impor-
tance. Hence,  1 H MAS NMR experiments were performed on 

  2.1.4   .  Synthesis of Nano-ZSM-5 in OH −  Medium 

 Highly crystalline ZSM-5 was synthesized in OH −  medium 
(Figure SI6). No other crystalline phases or amorphous mate-
rial were present according to XRD analysis. SEM inspection 
revealed that the sample consisted of complex aggregates of 
different sizes and random morphologies (Figure SI7A). High 
magnifi cation micrographs showed that the aggregates were 
built of nanocrystallites with a size of ca. 50 nm (Figure SI7B). 
The morphology of this sample was compared to the ZSM-5 
zeolite synthesized in fl uoride medium at 403 K for 65 h from a 
gel containg 5 wt% seeds (Figure  5 B). Both syntheses produced 
nanosized crystals. According to SEM inspection (Figure  5 B 
and Figure SI7B), the crystals synthesized in highly alkaline 
medium were about three times smaller than their counter-
parts synthesized in fl uoride medium.   

  2.2   .  Comparative Study of the Physicochemical Properties of 
Nano ZSM-5 Crystals Synthesized in F −  and OH −  Media 

 The chemical analysis of the two samples showed similar Si/Al 
ratio, 23.6 and 24.4 for fl uoride (ZSM-5-F) and hydroxyl (ZSM-
5-OH) syntheses, respectively. These values correspond to four 

      Figure 5.  SEM micrographs of ZSM-5 crystals synthesized in fl uoride 
medium with 5 wt% seeds at (A) 443 K and (B) 403 K. 

      Figure 6.  Nitrogen adsorption/desorption isotherms of nano ZSM-5 syn-
thesized in OH −  and F −  media (A); BJH pore size distributions (adsorp-
tion branches) for the two samples (B). 
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prepared in fl uoride medium. [  20  ]  There is also a substantial 
difference in the surface silanols between ZSM-5-F and ZSM-
5-OH samples. The smaller crystals synthesized in hydroxyl 
medium possess a much larger (factor of three) number of sur-
face silanols. Protons connected to extra-framework aluminum 
species were found in both samples, but the associated peak 
was more intense in the ZSM-5-F sample.   

  27 Al MAS NMR spectra of ZSM-5 prepared in OH −  and F −  
media are presented in Figure SI8A. Both spectra show the 
presence of two resonances. The fi rst one at 55 ppm is attrib-
uted to tetrahedrally coordinated framework Al. The second 
at 0 ppm corresponds to hexacoordinated extra-framework Al. 
The two signals at 55 ppm are similar in intensity, suggesting 
that the two samples contain similar amount of framework 
Al. Figure SI8B shows the  29 Si MAS NMR spectra of the sam-
ples synthesized in hydroxyl and fl uoride medium. In both 
cases, a main peak is observed at −112.8 ppm with a shoulder 
at −116.0 ppm. Both peaks correspond to tetrahedral Si-O-
Si (Si-O-Al) environment. An additional peak is observed at 
105.7 ppm, assigned to tetrahedral Si(1Al) framework. From 
the intensity of these resonances, a Si/Al ratio of 27 is calcu-
lated for both samples. [  21  ]  This value is slightly higher but still 
consistent with the chemical analysis and confi rms that the Al 
content in the two zeolites is similar. 

 The NMR analysis was complemented by an IR study, 
 Figure    8  . Two major bands are observed in the OH-stretch 
vibrations region. The fi rst one at 3610 cm −1  corresponds to 
Bronsted acid sites and the second one located at 3745 cm −1  
is attributed to internal and surface silanols. The latter can be 
decomposed into three main bands at 3745 cm −1 , 3735 cm −1 , 
3726 cm −1 , and a small broad band at 3700 cm −1 . According 
to the literature, the band at 3745 cm −1  is assigned to external 
silanol sites while the one at 3726 cm −1  corresponds to silanols 
located in micropores. [  8b  ]  In addition, a smaller band appears 
at 3666 cm −1 , usually attributed to Lewis acid sites that could 
be extra-framework aluminum connected to the zeolite struc-
ture. [22]  It should be noted that the band at 3500 cm −1 , gener-
ally assigned to silanol nests, is not clearly observed due to the 
activation conditions (823K). In agreement with the  1 H MAS 
NMR study, the silanol contents of ZSM-5 zeolites prepared in 
OH −  and F −  media differ. As seen from Figure  8 B, the band 
at 3745 cm −1 , with the shoulder at 3726 cm −1 , is more intense 
in the hydroxyl medium-synthesized sample. This means that 
ZSM-5-OH displays not only more external silanols due to the 
smaller crystallites, but also more internal silanols. To estimate 
the amounts of Brφnsted and Lewis sites in the two samples, 
pyridine temperature-programmed desorption analysis was 
performed. Figure SI9 shows the infrared spectra of the two 
samples after pyridine adsorption. Similar Bronsted acidity, i.e. 

samples dehydrated at 723 K using a home-made device. [  19  ]  The 
obtained spectra are shown in  Figure    7   along with the Gaussian 
decomposition results. Four main resonances were observed 
for each sample. The peak at 1.7 ppm is attributed to external 
silanol groups, while the one at 2.3 ppm can be attributed to 
silanol groups in defect sites. The peak around 2.6 ppm is typ-
ical of H linked to extra-framework aluminum. Finally, the one 
at about 3.8 ppm corresponds to Bronsted acidic sites. In order 
to quantify the concentration of different proton sites, signal 
intensity calibration was performed using adamantane. All data 
are reported in  Table   2 . In agreement with previous studies, a 
lower amount of silanol nests was determined for the sample 

 Table 1.   Specifi c surface area and porosity characteristics of nano 
ZSM-5 crystals synthesized in OH −  and F −  media .

Samples     S BET    

[m 2  g −1 ]  

V micro    

[cm 3  g −1 ]  

S ext    

[m 2  g −1 ]  

V meso    

[cm 3  g −1 ]  

ZSM-5-OH  462  0.217  69  0.15  

ZSM-5-F  438  0.206  53  0.13  

      Figure 7.   1 H MAS NMR spectra of (A) ZSM-5-OH and (B) ZSM-5-F with 
decomposition of the different peaks. 
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 Table 2.    1 H MAS NMR shifts, assignments and intensity of OH groups 
in dehydrated ZSM-5-OH and ZSM-5-F samples .

Sample  SiOH ext.     SiOH def.     

   [d/ppm]  [ μ mol/g]  [d/ppm]  [ μ mol/g]  

ZSM-5-OH  1.7  1700  2.3  2364  

ZSM-5-F  1.7  678  2.3  1818  
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0.242 mmol g −1  (ZSM-5-OH) and 0.236 mmol g −1  (ZSM-5-F), 
was measured for the two samples, but their Lewis acidity dif-
fered: 0.275 mmol g −1  (ZSM-5-F) and 0.213 mmol g −1  (ZSM-
5-OH), attributed to the higher content of extra-framework Al 
species in ZSM-5-F. This is also in agreement with the  1 H MAS 
NMR results.   

  2.3   .  Catalytic Tests 

 Because of its industrial relevance and high academic interest, 
methanol conversion (to hydrocarbons and water) is a test reac-
tion we selected to compare the catalytic performance of zeo-
lites synthesized in hydroxyl and fl uoride medium.  Figure    9   
presents the conversion of methanol versus time on stream for 
the two ZSM-5 catalysts. The initial activity of ZSM-5-F (80%) 
was higher than that of the ZSM-5-OH (70%) despite the sim-
ilar pore structures and Bronsted acidities of the two samples. 
The presence of larger aggregates in ZSM-5-OH and the asso-
ciated diffusion limitations may be one of the reasons for the 
observed effect. Besides, the higher amount of Lewis acid sites 

in ZSM-5-F may contribute to the higher methanol conversion 
rate observed.  

 The deactivation rate of the two samples is also substan-
tially different. Although ZSM-5-F has higher acidity in com-
parison to ZSM-5-OH, the deactivation is faster for ZSM-5-OH, 
reaching 45% conversion after 106 h (ca. 36% activity loss), 
while it is about 67% (ca. 16% activity loss) for ZSM-5-F. It 
should be mentioned that several authors have reported the 
more rapid catalyst deactivation for catalysts with a higher acid 
site density. [  22  ]  On the other hand, it is often suggested that 
non-framework aluminum favors coke formation. In our case, 
the amount of Lewis acid sites of ZSM-5-F is higher than that 
of ZSM-5-OH, but there is no indication that the higher Lewis 
acidity accelerates coke formation in the case of ZSM-5-F. 
Considering the presence of higher amount of silanol defects 
in ZSM-5-OH as shown by IR and  1 H MAS NMR studies, the 
more structural defects in this zeolite can be considered as 
the major contributor to faster catalyst deactivation. Structural 
defects in zeolites have a direct impact on their catalytic activity 
and deactivation. A direct correlation between coke formation 
and silanol defects, during xylene isomerization, has already 
been demonstrated by operando 2D IR spectroscopy. [  23  ]  A 
recent study showed that the deactivation rate of ZSM-5 during 
methanol conversion is strongly related to the intensity ratio 
of the external and internal silanol infrared bands. [  8b  ]  In par-
ticular, the presence of internal defect sites played a crucial role 
in the catalyst deactivation. Possibly, these internal defects are 
spaciously enough to accommodate the bulky penta- or hexam-
ethylbenzene species. As a result, their residence inside these 
crossing would fi ll completely the channel or channel inter-
section and hinder other molecules from entering or passing 
through the blocked zeolite domains. These bulky hydrocarbon 
species evolve into coke in the course of the reaction, resulting 
in blockage of the access to active sites in the coked channels. 
Moreover, the presence of more silanols inside ZSM-5-OH 
makes it more hydrophilic than ZSM-5-F. In the MTH conver-
sion on MFI, where H 2 O is a major product, the more hydro-
phobic ZSM-5-F shifts the reaction towards the products. 

      Figure 9.  Conversion of methanol into hydrocarbons versus time on 
stream at 623 K and WHSV = 20.57 kg s mol −1  of (A) ZSM-5-OH and 
(B) ZSM-5-F. 
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      Figure 8.  Infrared spectra of activated (a) ZSM-5-OH and (b) ZSM-5-F in 
the region 4000 −1500 cm −1  (A); Infrared spectra of (a) ZSM-5-OH and 
(b) ZSM-5-F in the OH stretching region (B). 
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      Figure 10.  Methanol conversion versus the cumulative amount of meth-
anol converted during the reaction for (A) ZSM-5-OH and (B) ZSM-5-F. 
Extrapolation to zero gives the total conversion capacity of the catalysts; 
extrapolated points are represented in black circles. 
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 The total conversion capacity was estimated according to 
the method used by Bjorgen et al. [  24  ]  and plotted in  Figure    10  . 
The total (extrapolated) conversion capacity of ZSM-5-OH 
is about 641 g methanol/g of catalyst while that of ZSM-5-F 
is 1000 g methanol/g catalyst. These catalytic results clearly 
show a better overall performance of the catalysts synthe-
sized in fl uoride medium, i.e. higher initial activity and lower 
deactivation rate without substantial changes in the product 
selectivity.    

  3   .  Conclusions 

 ZSM-5 was synthesized in fl uoride medium using nanosized 
silicalite-1 seeds. The crystal growth kinetics as a function of 
the seed content was studied for seed contents in the range 
0–10 wt%. The effect of crystallization temperature on zeolite 
formation was also studied at 403, 423 and 443 K using 5wt% 
of seeds, to optimize the ZSM-5 formation in fl uoride medium. 
The crystallization time was reduced to 1.5 h at 443 K and 3.5 h 
at 423 K, respectively. Highly crystalline products with sizes 
below 200 nm were obtained. The physicochemical and cata-
lytic properties of ZSM-5 samples with similar Si/Al ratio syn-
thesized in fl uoride and hydroxyl medium were compared. 
The two materials exhibited a similar number of Bronsted acid 
sites, but ZSM-5-OH displayed a substantially larger number of 
defect sites, resulting in lower catalytic activity and faster deac-
tivation for this sample. 

 The results reported demonstrate that seeded synthesis in 
fl uoride medium can be used to decrease the zeolite crystal 
size, while keeping the low concentration of structural defects 
typical of fl uoride-mediated syntheses. Thus, seed-assisted syn-
thesis of nanozeolites in fl uoride media combines the most 
attractive for catalytic applications features of zeolites synthe-
sized in hydroxyl and neutral media.  

  4   .  Experimental Section 
  Synthesis of ZSM-5 Samples in F −  and OH −  Media : The following 

chemicals were used in the synthesis of ZSM-5 samples: aluminum 
metal powder (99.5%, Alfa Aesar), tetra-n-propylammonium hydroxide 
(TPAOH, 20 wt.% water solution, Alfa Aesar), fumed silica (99.8%, 
Aldrich), NH 4 F (98%, Aldrich), tetraethyl orthosilicate (TEOS, 98%, 
Aldrich), aluminum isopropoxide (98%, Aldrich), tetrapropylammonium 
bromide (TPABr, 98%, Aldrich) and hydrochloric acid (HCl, 37%, 
Carlo Erba Reagents). The synthesis of ZSM-5 samples in fl uoride 
medium (F-ZSM-5) was performed from a gel with the composition: 
0.142TPABr : 0.135TPAOH : 0.072Al 2 O 3  : 1.0SiO 2  : 0.616NH 4 F : 20H 2 O. 
After mixing the initial reactants, a suspension comprising 0–10 wt% 
silicalite-1 seeds with respect to the silica content in the gel was added 
to the mixture. Seed crystals ware prepared according to a published 
procedure, [  25  ]  while the composition of the initial gels used in fl uoride 
media was based on the work of Guth and co-workers. [  10  ]  The pH of 
the gel was then adjusted to 8.5 using HCl (0.1 M). As known from 
the literature, [  5,6  ]  the fl uoride anions are active and act as mineralizing 
agent in the pH range 6–9. Consequently, we have chosen a gel with a 
pH which is in this range. The use of synthesis solution with higher pH 
(ca. 8.5) allowed accomplishing the crystallization in shorter time. The 
high density of the gel did not allow the use of a pH meter, thus highly 
accurate pH paper (Merck KGaA) was used for the pH adjustments. 
The resultant slurry was vigorously stirred for 1 h. The synthesis was 
performed at 403, 423 ,and 443 K for different periods of time to study 
the zeolite crystal growth kinetics. The solid product was collected by 
fi ltration, washed thoroughly with distilled water and dried at room 
temperature overnight. The synthesis of ZSM-5 sample in OH −  medium 
(OH-ZSM-5) was performed from a gel with the following composition: 
0.147TPAOH : 0.0067[(CH 3 ) 2 CHO] 3 Al : 0.2TEOS : 3.507H 2 O. Aluminium 
isopropoxide [(CH 3 ) 2 CHO) 3 Al] was fi rstly dissolved in TPAOH to obtain 
clear solution. Then TEOS was added and the resultant mixture was kept 
at room temperature for 6 h to hydrolyze TEOS. The ethanol formed 
from the hydrolysis of TEOS was evaporated using a rotary evaporator 
at 353 K. Then the synthesis was performed at 443 K for 120 h. The solid 
formed was collected by fi ltration, washed thoroughly and dried at room 
temperature overnight. 

  Physicochemical Characterization : Powder X-ray diffraction (XRD) 
patterns were obtained with a PANalytical X'Pert Pro diffractometer 
using Cu K α  radiation ( λ  = 1.5418 Å, 45 kV, 40 mA). All analyses were 
performed using ca. 20 mg powder loaded on a silicon wafer. The 
samples were studied in the 5–50° 2 θ  range with a scanning step of 
0.0167° s −1 . The relative crystallinity was calculated by comparing the 
diffraction intensities of the fi ve major peaks at 2 θ  = 23.1, 23.2, 23.6, 
23.9, and 24.3° to the intensity of the most crystalline sample. Scanning 
electron micrographs were taken on a MIRA-LMH (TESCAN) scanning 
electron microscope (SEM) equipped with a fi eld emission gun. Nitrogen 
adsorption measurements were performed with a Micromeritics ASAP 
2020 surface area analyzer. Prior to analysis, the samples were outgassed 
573 K for 12 h. Specifi c surface areas were determined from the BET 
equation. The total volume was calculated from the volume adsorbed at 
P/P 0  = 0.99. The t-plot method was used to calculate micropore volumes 
and external surface areas. IR spectra were recorded with a Nicolet 
Magna 550-FT-IR spectrometer at 2 cm −1  optical resolution. Prior to IR 
measurements, the catalysts were pressed into self-supporting discs 
(diameter: 1.6 cm, 18 mg) and were pretreated in the IR cell attached 
to a vacuum line at 823 K (2 K/min) for 5 h down to 10 −6  Torr. The 
adsorption of pyridine was performed at 373 K. After establishing a 
pressure of 1 Torr at equilibrium, the cell was evacuated at 523 K in 
order to remove the physisorbed species. All spectra were normalized to 
20 mg wafers. The amount of pyridine adsorbed on Brønsted and Lewis 
sites was determined using the integrated area of the bands observed at 
1545 cm −1  and 1454 cm −1 , respectively. The extinction coeffi cients used 
in this study were the following:  ε (B) 1545  = 1.02 and  ε (L) 1454  = 0.89 cm/
mol. [  26  ]  Solid-state magic angle spinning nuclear magnetic resonance 
spectroscopy (MAS-NMR) was used to characterize the local  29 Si,  27 Al, 
 19 F and  1 H environments in MFI prepared in OH −  and F −  media. All data 
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were recorded on a Bruker Avance 400 MHZ spectrometer using 4 mm 
rotor. The  29 Si MAS NMR spectra were recorded at 79.4 MHz, a pulse 
length of 4  μ s (30° fl ip angle), a spinning rate of 14 kHz and a repetition 
time of 20 s. The  27 Al MAS NMR spectra were recorded at 104.3 MHz 
with a  π /12 pulse length of 2.2  μ s, a spinning rate of 14 kHz and a 
recycle delay of 1 s.  19 F was measured at 376.28 MHz, using Hartman-
Hann echo with a  π /2 pulse of 7  μ s, a spinning rate of 14 kHz and a 
recycle delay of 5 s. Finally,  1 H MAS NMR was performed on samples 
dehydrated at 723 K for 4 h under vacuum. A Hartman-Hann echo was 
used with a  π /2 pulse of 3.5  μ s, a spinning rate of 14 kHz and a recycle 
delay of 2 s. TMS was used as reference for chemical shifts of  1 H and 
 29 Si, Al(NO 3 ) 3  (1 M) for  27 Al and CFCl 3  for  19 F. Elemental analysis was 
performed by inductively coupled plasma–atomic emission spectroscopy 
(ICP-AES) using an OPTIMA 4300 DV (Perkin–Elmer) instrument. 

  Catalytic Tests : MTH reaction tests were performed at 623 K in a fi xed 
bed quartz reactor using 20 mg of catalyst. The reaction temperature was 
controlled via a thermocouple inserted in the reactor. Prior to reaction, 
catalysts were activated at 723 K for 4 hours at a heating rate of 1.6 K/min 
under air fl ow (50 mL min −1 ). Then a nitrogen fl ow, 20 mL min −1 , 
saturated with methanol (99.6%) via a bubble saturator was introduced 
in the reactor. The saturator temperature (283 K) was controlled by a 
constant temperature bath. The methanol feed rate was estimated to 
7.2% from the gas fl ow rate and the saturated vapour pressure (WHSV 
= 20.57 kg s mol −1 ). The reactor effl uents were analysed by an online 
gas chromatograph (GC Varian 3900; Column WCOT fused silica CP wax 
52 CB 0.32  μ m). To avoid condensation, the connecting lines between 
reactor, saturator and GC were heated to 343 K. It is noteworthy that 
dimethyl ether was considered as reactant and added to methanol 
amount in the calculation of conversion and selectivity.  
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