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Introduction

Zeolite nanocrystals that have particle sizes smaller than
200 nm are useful for the preparation of zeolite films,[1–3]

membranes[4,5] and hierarchical materials.[6–12] In the field of

catalysis, particle size generally is considered to be an im-
portant parameter for tuning the activity and selectivity of a
zeolite catalyst.[13] The shortening of the channels in nano-
scaled zeolite particles can lift the diffusional limitation of
the reaction rate often encountered in micron size zeolite
crystals. Nanozeolites are conveniently synthesized from
monomeric silicon sources in the presence of high concen-
trations of an organic template.[14–24] The key for reducing
the zeolite particle size limitation is to favor nucleation over
crystal growth. This effect can sometimes be achieved by ap-
plying a special temperature profile during crystalliza-
tion.[25–27] For instance, in the synthesis of nanosize Silicalite-
1, long ageing times at room temperature followed by fast
heating provokes massive formation of nanocrystals.[25,26]

Departing from polymeric silicon sources the hydrothermal
gel method for zeolite synthesis, when adapted for nanocrys-
tal synthesis, generally results in difficult to separate aggre-
gates.[14] Such aggregates of elongated nanoparticles are en-
countered with zeolites that have TON framework topolo-
gy[28] called ZSM-22, Theta-1, KZ-2, ISI-1 and Nu-10.[29–39]

The basic component of these zeolite particles was identified
as a rod with a nanosize rectangular cross section.[35]

TON type zeolites are valuable catalysts for petrochemi-
cal processes such as hydroisomerization dewaxing[41] and
propene oligomerization.[42] The TON framework topology
is characterized by a monodimensional 10-membered ring
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pore system.[28] The channels run along the longest dimen-
sion of the crystals (crystallographic c direction).[36] TON
type zeolites can be synthesized from aluminosilicate hydro-
gel in presence of a variety of oxygen or nitrogen containing
linear organic template molecules such as amines, aminoal-
cohols, a,w-diamines, long-chain polyamines, quaternary am-
monium compounds, or alcohols next to alkali metal cat-
ions.[32,37, 38,40] A peculiarity of the synthesis of TON type
zeolites is the formation of a template rich layer around
silica particles upon mixing of the reactants, and the occur-
rence of heterogeneous nucleation in this organophilic sur-
face layer.[39] The final aggregate sometimes appears as ag-
gregated nanoparticle shells of a hollow micrometer size
sphere, corresponding in size to the initial gel spheres.[37]

Here we report the synthesis of individual rod shaped TON
nanocrystals. We investigated their properties and the evolu-
tion of the catalytic activity upon aggregation of these nano-
rods.

Results and Discussion

Zeolite ZSM-22 was crystallized following the protocol by
Ernst et al. that involves the hydrothermal treatment of 1,6-
diaminohexane and potassium containing aluminosilicate
hydrogel at 150 8C.[37] Solid products were recovered after
different heating times. The X-ray diffraction (XRD) pat-
terns are shown in Figure 1a. After 14.5 hours heating the
product is still largely amorphous, but already the character-
istic Bragg reflections of TON framework topology emerge
in the XRD pattern. The XRD intensities rise over the next
few hours, rapidly increase after 26 hours synthesis time,
and approach their final intensity after 38 hours. Amor-
phous silicate scatters in a broad signal around a d-value of
about 3.9 J, corresponding to Si�Si interatomic distances.

The Bragg crystallinity relative to the finally obtained
product after 58 hours (defined as 100 % crystallinity) was
derived from the ratio of integrated Bragg reflections and
amorphous scattering (Figure 1b and 2b). Particle width D

(in the a and b crystallographic directions), length L (in the
c direction), intracrystalline strain in the needle-direction (c
direction), and perpendicular to it (a and b direction) were
obtained from the Rietveld refined profile parameters (Fig-
ure 2a,c). The initially observed TON crystallites after 14.5
hours synthesis measured 15�5 nm in all three dimensions
(Figure 2c). This closely resembles the size of the original
sol particles of the colloidal silica source. According to
XRD, in the period from 14.5 to 30 hours the crystals pref-
erably grew in the direction of the pores, that is, the c-direc-
tion, to reach a length L of 38�8 nm at almost constant di-
ameter D of 15�5 nm (Figure 2c). In the period from 30 to
38 hours the aspect of the particles significantly changed:
the elongated particles suddenly widened to a D value of
35�5 nm, while lengths further increased only little (Fig-
ure 2a). This sudden change of the main growth direction
from c to a and b after 30 hours suggests a change of growth
mechanism.

The solid product yield varied little with synthesis time
and amounted to 95�3 % of the silica and alumina intro-
duced into the autoclave. The crystallinity of the zeolite
product increased from 70�15 % after 30 hours to 90�
10 % after 38 hours (Figure 2b). During this period the
nanorods grow by about 15 % (from L=38�8 nm to 43�
5 nm) and more than double in width D (from D= 15�5 to
D= 35�5 nm, Figure 2c). This relates to an approximate in-
crease of individual particle volume by more than 500 %.

Figure 1. a) X-ray diffraction patterns of ZSM-22 samples after different
synthesis times: spectra from bottom to top: 14.5, 22, 26, 28, 30, 38, 46,
58 h. b) Example of refined data (after 38 h synthesis): A: simulated pat-
tern; B: decay of low angle scattering; C: amorphous background; D:
difference between experimental and simulated data.

Figure 2. a) Strain of the ZSM-22 crystallites derived from XRD,
b) crystal dimensions, and c) crystallinity. Error bars are derived from the
estimated standard deviation of the refined profile and background pa-
rameters.

Chem. Eur. J. 2007, 13, 10070 – 10077 G 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 10071

FULL PAPER

www.chemeurj.org


The experimentally observed gain of crystalline zeolite yield
by roughly 20 % can not account for this increase of the par-
ticle size. Sideways fusion of still growing nanorods, howev-
er, can directly explain the sudden change of particle width
and the more gradual increase of particle length. Ostwald
ripening was considered as an alternative explanation for
the increase of the size of the suspended particles, but the
uniformity of the original nanorods width (D=15�5 nm)
makes Ostwald ripening an unlikely explanation as such
mechanisms requires a variation of size. Later than 38 hours
the system enters an annealing phase (Figure 2c). Strain
within the particles is reduced without much change of nei-
ther particle size nor aspect (Figure 2a). The outcome of the
XRD results is summarized in Figure 3 and Table 1.

SEM pictures of 30 and 58 hours samples show clustered,
elongated particles with thicknesses around 40–100 nm and
lengths in the micron scale (Figure 4). Asides the degree of
clustering, no marked differences in morphology of the two
samples are observed by scanning electron microscopy
(SEM). This morphology is typical of ZSM-22 and related
zeolites.[34] The particle sizes according to SEM are larger
than estimated from XRD.

Sizes obtained by profile analysis of powder XRD data
are related to almost single-crystalline regions within the
particles observed with SEM. The crystallite sizes and the
hypothesis of aggregation were further investigated with
transmission electron microscopy (TEM). A detailed TEM
analysis was performed on samples collected after 30 and 58
hours. As already observed by XRD, after 30 hours the
product is crystalline (Figure 5a). A TON type zeolite is
present as a large amount of nanorods with an average
width D of 12�2 nm (Figure 5d). Fringes proving that crys-

tallinity can be assigned in cases of favorable orientation to
the electron beam. Only two lattice directions perpendicular

Figure 3. Progression of the ZSM-22 zeolite synthesis.

Table 1. Interpretation of the ZSM-22 sample series according to XRD,
TEM and N2 adsorption.

Synthesis N2 TEM XRD
time [h] D [nm] D [nm] L [nm] D [nm] L [nm]

14.5 – – – 15 15
30 20 12[a] 40–60 15 40
38 35 – – 35 45
46 35 – – – 45
58 50 35 40–60 35 45

[a] [200] and [110] fringes only.

Figure 4. SEM of ZSM-22 zeolite after a) 30 h and b) 58 h of the synthe-
sis.

Figure 5. TEM of a) 30 h, b,c) 58 h sample, and d) reading of crystallite
width at the respective times. Mean values are indicated by lines, the
standard deviation as grey bars.
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to the needle axis could be observed, namely the [200] and
the [110] direction (Figure 5a). Often needles with the same
orientation were found in close proximity and parallel to
each other. The rods are bunched together, which makes the
measurement of their length difficult. Where length could
be estimated, 40 to 60 nm often was observed in the 30
hours sample. Some isolated needles were up to 100 nm
long. The final product (58 hours) appears at first sight in
the TEM analysis, to be like an up-scaled version of the
sample obtained after 30 hours (Figure 5b,c). Closer inspec-
tion, however, revealed that the elongated particles are
made up from the thinner nanorods observed before in the
30 hours sample. The sharp spots of the diffraction patterns
(Figure 5b,c) of such an aggregated particle reveal the excel-
lent alignment of the nanorods in the a and b direction
before fusion and annealing into the final product. Accord-
ing to our TEM measurements the final width D after 58
hours synthesis is 35�5 nm (Figure 5d). XRD correctly de-
scribes the thicknesses of the particles measured using TEM
(Figure 3 and Table 1), whereas the length observed with
TEM appears to be slightly larger than the value obtained
by XRD. TEM and XRD both strongly support a growth
model of TON zeolite, where at first nanorods grow into
rod-direction until the medium is almost depleted. Later
nanorods fuse in an aligned manner (Figure 3).

The texture of the intermediate and final samples was
characterized by using nitrogen adsorption at �196 8C. The
surface area of a zeolite particle consists of internal surface
of the zeolite micropores and external surface on the out-
side of the particle. The evolution of microporosity, Brun-
ACHTUNGTRENNUNGauer, Emmett, and Teller (BET) surface area, and external
specific surface area of the calcined samples are shown in
Figure 6. The total BET specific surface area in the initial
period from 14.5 to 26 hours is �60 m2 g�1. It rises above
200 m2 g�1 within the next two hours and remains high in

later samples. The specific external surface area originally is
smaller than 50 m2 g�1. In the period 28 to 30 hours where
isolated nanorods are formed (Table 1 and Figure 3), the ex-
ternal surface area rises sharply and reaches a maximum of
�115 m2 g�1. At later times, the specific external surface
area of the particles decreases again, whereas the micro-
porosity increases (Figure 6b). The final sample has a micro-
porosity of �87 mL g�1. These textural changes upon aggre-
gation of the nanorods into final crystals were modeled fol-
lowing the approach by Aguado et al. developed for ZSM-5
aggregation.[26] The model accounts for transformation of
external surface into micropore surface through fusion of
particles. According to this model, the crystal width D in-
creases from 20 nm at 30 hours to 50 nm at 58 hours
(Table 1). The agreement of the crystal dimensions accord-
ing to N2 adsorption with XRD and TEM is reasonable
(Table 1). Micropore volume determination of nanosize zeo-
lites is rather approximate, owing to border effects.[42] Still,
the relative increase of the crystal width D by a factor of 2.5
in the period from 30 to 58 hours, derived from N2 adsorp-
tion, is in very good accordance with XRD and TEM
(Table 1).

The average Si/Al ratio of the time series of zeolite sam-
ples determined by chemical analysis was around 30 and
varied little with synthesis time (Table 2). It corresponds to

the Si/Al ratio of the synthesis mixture. The Si/Al ratio at
the surface of the particles determined by using X-ray pho-
toelectron spectroscopy (XPS) (Table 2) was shown to be
much lower, and increased from 10.7 at 26 hours to 17.2 at
58 hours. XPS reveals that the aluminum is concentrated in
the rim of the particles. Considering that the penetration
depth of the XPS analysis is of the order of a few nanome-
ters, the ZSM-22 particles must be fairly siliceous in their in-
terior and have aluminum concentrated on their external
surfaces. The 27Al MAS-NMR spectra of the series of sam-
ples are shown in Figure 7. Originally, when the solid is still
largely amorphous (14.5 and 26 hours) the 27Al NMR signal
is substantially broadened. The NMR signal sharpens and
displays a maximum around 53 ppm after 28 hours and
later. This chemical shift is typical for tetrahedrally coordi-
nated framework aluminum. Recent investigations on alumi-
num siting in TON type zeolites by means of NMR tech-
niques revealed a preferential population of T3 and T4
sites.[43] Especially the T4 sites located in lobes of the main
pore (Figure 8c) are prime candidates for aluminum posi-

Figure 6. Texture of ZSM-22 sample series: a) BET specific surface area
(SA) and specific external (ext.) SA and b) the specific micropore
volume.

Table 2. Characterization of ZSM-22 samples with chemical analysis,
XPS, and catalytic testing.

Synthesis Si/Al Si/Al Apparent reaction rate
time [h] (chem. anal.) ACHTUNGTRENNUNG(XPS) [mol kg�1 s�1 N 10�6]

26 30.0 10.7 8.3
28 31.3 12.8 22.3
30 31.2 15.5 27.8
38 29.9 15.5 66.6
46 - - 53.5
58 30.6 17.2 77.5
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tions. Even when present at the surface of a crystal boun-
dary, these sites can have four linkages to other T sites,
which is in agreement with the Al ACHTUNGTRENNUNG(4Si) environment ob-
served by 27Al magic angle spinning NMR (MAS-NMR)
(Figure 7).

The changes with synthesis time of the Si/Al ratio accord-
ing to XPS (Table 2) can be explained by the proposed ag-
gregation model. A representative molecular model of DN
D faces of 4 aggregating nanorods with a D value of
�13 nm is depicted in Figure 8a. One such nanorod has 90
micropores, 20 half-micropores on the (110) face and 18
half-micropores on the (100) face. Sideways linking of this
array of 2 N 2 nanorods to compose the aggregate, results in
one wider particle with 38 new micropores that did not exist
in the individual nanorods.

The increase of surface Si/Al ratio in the synthesis time
period from 30 to 58 hours from 15.5 to 17.2 (Table 2) re-
flects an increased relative exposure of siliceous faces as a
result of aggregation. According to XRD and TEM, the
nanorod aggregation involves mainly lateral DNL surfaces,
and less the DND faces (Figure 3). This infers aluminum to
be preferentially positioned in the lateral surfaces (DNL) of
the nanorods.

The series of ZSM-22 samples were converted into bifunc-
tional catalysts and characterized by means of decane hy-
droconversion. The ZSM-22 nanorods taken from the 30
hours sample were substantially less active than the an-

nealed samples obtained at 38 hours and later times
(Table 2). This observation opposes the general idea that re-
duction of the zeolite particle size to the nanometer domain
leads to superior catalytic performance. In this particular
case, the gain in catalytic activity can be explained by the
higher activity of the Al-sites within a zeolite pore com-
pared to the Al on the exterior surfaces. Owing to the con-
version of external to internal Al by nanorod aggregation,
the catalytic activity of ZSM-22 is increased after the nano-
rods are fused.

The refined constraint index (CI8) reveals the shape selec-
tivity of a zeolite.[44] The higher this index, the more cataly-
sis that occurs in the micropores. Medium-pore zeolites
have CI8 values higher than 2.2.[44] The CI8 value jumps
from around 5 for isolated nanorods (30 hours) to 18 for ag-
gregates (38 hours and later samples). This observation is in
accordance with the increased number of confined acid
sites, which is in turn in accordance with the aggregation
model (Figure 8b).

Conclusions

This work revealed that the crystallization of ZSM-22 is a
two step process. First, the gel is converted into nanorods
that have the ZSM-22 type framework structure. In a
second phase, nanorods align and fuse mostly through their
lateral surfaces. The aggregation model is supported by
XRD, TEM and N2 adsorption. XPS reveals a non-uniform
Al distribution. Aluminum is concentrated in the mantle of
the nanorods. Upon lateral fusion of nanorods, external sur-
faces become internal, enhancing this way catalytic activity
and molecular shape selectivity. A surprising consequence
of the aggregation is a very special aluminum siting. In the
final crystals, Al-containing pores are formed by perfect
alignment and fusion of the original nanorods. Such a mech-
anism can have significant implications as it offers unprece-
dented tools for spatial organization of many kinds of func-
tions.

Experimental Section

Synthesis of ZSM-22 : Solutions of Al2 ACHTUNGTRENNUNG(SO4)3·18H2O (1.33 g) in water
(5 mL), KOH (1.94 g) in water (6.75 mL), and 1,6-diaminohexane
(4.18 g) in water (32.5 mL) were prepared. Separately, Ludox-AS40
(18 g) was diluted with water (31 mL). The solutions containing Al2-
ACHTUNGTRENNUNG(SO4)3·18H2O and KOH were combined under stirring, afterwards the di-
luted diaminohexane was added. This mixture was then added to the
Ludox. The components of the synthesis mixture have a molar ratio of
1,6-diaminohexane/K2O/Al2O3/SiO2/H2O, 18:9:1:60:2400. An amount of
0.25 g of ZSM-22 powder from a previous synthesis was added as a seed.
Synthesis gels with identical composition were prepared and poured into
8 stainless steel autoclaves with a capacity of 120 mL, which were mount-
ed in an electric oven equipped with a rack for the tumbling of auto-
claves at �60 rotations per minute. The temperature was set to 150 8C.
At different times between 14.5 to 58 h, an autoclave was removed from
the oven and cooled by submersion in cold tap water. The solid product
was separated from the liquid by filtration, washed and dried. The organ-
ic template was removed through calcination. To this purpose, samples

Figure 7. 27Al MAS-NMR spectra of ZSM-22 sample series. Synthesis
times (in hours) are indicated (14–58 h).

Figure 8. Model of ZSM-22 nanorod aggregation. a) Aggregation of
nanorods, b) formation of intergrowth of nanorods, and c) adopted T-
atom siting.
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were loaded in a reactor tube, heated from room temperature to 400 8C
under a nitrogen flow. After 6 h the temperature was ramped with
5 8C min�1 to 550 8C under oxygen flow. Calcined zeolite was ammonium
exchanged in the presence of an 0.5 n NH4Cl aqueous solution under
reflux conditions.

XRD : Powder diffractograms were recorded with a Stoe Stadi P diffrac-
tometer in transmission mode over the range between 3 and 608 2V. Fo-
cused monochromatic Cuka1 radiation was used on capillaries with outer
diameter of 0.5 mm.

Rietveld refinement of all patterns was performed to obtain particle size-
distributions and a measure for crystallinity of the solids. GSAS software
package was used for the Rietveld refinement.[45] All samples could be
refined by using the atomic coordinates for TON in the space group
Cmc21. Framework coordinates were calculated based on the T-coordi-
nates listed in the Atlas of Zeolite Framework Types.[27] The nomencla-
ture used varies from the Si-positions published by Marler et al. insofar
that T1 corresponds to Si3, T2 to Si4, T3 to Si1, and T4 to Si2.[33] Oxygen
positions were calculated with the program Kriber.[46] The lattice was op-
timized with the DLS-77 code.[47] The obtained atomic positions are in
excellent agreement with the experimental coordinates.[33] Atomic param-
eters were not refined. To obtain comparable data for particle size broad-
ening and avoid possible coupling of profile parameters, the reflection
profiles were assumed to be Lorentzian only.[48] The particle anisotropy
was accounted for by using the anisotropic broadening option of GSAS
in [001] direction. This way particle sizes in the needle direction (c-direc-
tion) and perpendicular to it could be obtained from the refined profile
parameters.[45] The refined linewidths were considerably larger than the
previously determined instrumental broadening values. A correction for
instrumental broadening, therefore, was not carried out. The obtained
profile parameters directly correspond to the full width at half maximum
(FWHM) broadening, owing to size and strain and were used to obtain
the particle properties. Using the FWHM instead of the integrated width
leads to an over-estimation of the particle size and an under-estimation
of internal strain by as much as 57% in the case of a pure Lorentzian re-
flection profile. As the experimental profile shape is a combination of
Gaussian and Lorentzian contributions the error is estimated to be in the
range of maximally 20 %. Particle sizes were calculated assuming a Scher-
rer constant of 1, which probably reduced the error of particle size to
smaller values. Independent of the actual values, the observed trend of
particle sizes reflects the true evolution of the particles aspects. All Riet-
veld refinements were performed until Rf

2 was smaller than 15%, with
Rp usually ranging around 6 %.

To assess crystallinity, that is, the amount of crystalline versus disordered
alumosilicate in the solids, the intensities of Bragg reflections and amor-
phous background was compared for each sample. For this the powder
patterns were integrated in the angle range between 6 and 608 2V. Sub-
tracting the refined background resulted in the Bragg reflection intensity.
The background was then corrected for the decay of the low angle scat-
tering and integrated. The ratio of those integrated scattering functions
was used as measure for crystallinity (Figure 2b).

N2 adsorption : The zeolite texture was characterized using nitrogen ad-
sorption at �196 8C using an Omnisorp 100 instrument from Coulter. Mi-
cropore volume and external surface area were derived from the iso-
therm using the t-plot method. It was assumed that the 30 h sample repre-
sented isolated nanorods. Upon linking of the rods through their lateral
faces, external surface area is assumed to be transformed into intracrys-
talline microporous surface (Figure 8a). A proportionality factor A be-
tween the specific volume Vmic and the BET specific surface area Smic of
the micropores is defined as follows:

Vmic ¼ A� Smic ð1Þ

To determine A, a reference ZSM-22 sample with large particle size and
minimum external surface area is needed. A suitable reference sample
was synthesized following the same recipe but in absence of aluminum.
The sample has a micropore volume of 95 mL g�1, a total BET specific
surface area of 182 m2 g�1 and an external surface area of 7 m2 g�1. Ne-
glecting the external surface area leads to an A value of 0.52 nm.

For the ZSM-22 samples of the synthesis time series from 30–58 h, it is as-
sumed that the BET specific surface area comprises two contributions:
external surfaces and micropores. The micropore contribution Smic is cal-
culated according to Equation (1), using the Vmic value obtained from t-
plot analysis of the nitrogen adsorption isotherm. The external contribu-
tion is obtained from the resulting difference:

Sext ¼ SBET�Smic ð2Þ

External surface area is assumed to vanish upon joining nanorods (Fig-
ure 8a). The change of specific external surface area Sext as a result of ag-
gregation can mathematically be expressed as:[26]

Sext ¼ Sext,30h=ð1þ BÞ ð3Þ

in which Sext,30h represents the specific external surface area of the 30h
sample, and B the aggregation factor. For the 30h sample, B is assumed
to be zero.

TEM observations indicated a preferential occurrence of specific faces of
the nanorods, viz. (100) and (110). This results in nanorods that have par-
allelogram cross sections and an angle between the edges of a=51.68.
For simplicity the parallelograms were assumed to be rhombical, with
[100] and [110] edges to be equal in length D. Thus, the surface area of
an individual rod, S’ext,rod, corresponds to:

S0ext,rod ¼ 4D� L þ 2 sina�D2 ð4Þ

with D and L representing the particle dimensions according to Fig-
ure 8a. Assuming D to be much smaller than L, the term 2sina ND2 can
be neglected:

S0ext,rot ¼ 4D� L ð5Þ

The volume of a rod, V’rod, is given by:

V 0rod ¼ sina�D2 � L ð6Þ

Combination of Equations (5) and (6) generates an expression for D :

D ¼ 4=sina� V 0rod=S
0
ext,rod ð7Þ

or else, expressed in specific volume Vrod and specific surface area Sext :

D ¼ 4=sina� Vrod=Sext ð8Þ

The specific rod volume, Vrod, can be obtained as the sum of the specific
micropore volume, Vmic, and the specific volume of the walls separating
the micropores. Aguado et al. in their model for ZSM-5 nanocrystals
adopted the specific volume of crystobalite (437 N 10�9 m3 g�1) for the
walls.[26]

D ¼ 4=sina� ðVmic þ 437� 10�9Þ=Sext ð9Þ

ICP : Zeolite samples were dissolved by using HF and HCl. From these
solutions the Al content was determined using inductively coupled
plasma (ICP).
27Al MAS-NMR : 27Al MAS-NMR spectra were recorded by using a
Bruker Avance DRX400 spectrometer (9.4 T). A number of 12,000 scans
were accumulated with a recycle delay of 100 ms. MAS rotors were spun
at 20 kHz.

XPS : The XPS analyses were performed on a Kratos Axis Ultra spec-
trometer (Kratos Analytical, Manchester, UK) equipped with a non-
monochromatised magnesium X-ray source (powered at 10 mA and
15 kV).

The sample powders were pressed into small stainless steel troughs
mounted on a multi specimen holder. The pressure in the analysis cham-
ber was around 10�6 Pa. The angle between the normal to the sample sur-
face and the lens axis was 08. The hybrid lens magnification mode was
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used with the slot aperture resulting in an analysed area of 700 mmN
300 mm. The pass energy set at 40 eV. In these conditions, the energy res-
olution gives a full width at half maximum (FWHM) of the Ag 3d5/2 peak
of about 1.0 eV. Charge stabilization was achieved by using the Kratos
Axis device. The following sequence of spectra was recorded: survey
spectrum, C 1s, O 1s, Al 2s, Si 2p and C 1s, again to check the stability of
charge compensation in a function of time and the absence of degrada-
tion of the sample during the analyses. The binding energies were calcu-
lated with respect to the C�ACHTUNGTRENNUNG(C,H) component of the C 1s peak fixed at
284.8 eV.

The spectra were decomposed with the CasaXPS program (Casa Soft-
ware, UK) with a Gaussian/Lorentzian (70/30) product function and after
subtraction of a linear baseline. Molar fractions were calculated using
peak areas normalized on the basis of acquisition parameters, sensitivity
factors provided by the manufacturer and the transmission function.

TEM : TEM images were taken by using a Philips CM20 electron micro-
scope (with resolution of 0.27 nm) working on 200 kV. The material was
crushed and suspended in ethanol. A few drops of the solution were
spread and dried on a copper grid with a porous carbon film to make a
specimen.

Catalytic experiments : For catalytic experiments, ammonium exchanged
ZSM-22 was impregnated with an aliquot of an aqueous [Pt ACHTUNGTRENNUNG(NH3)4Cl2]
solution to obtain a Pt loading of 0.3 wt. %. Zeolite powder was com-
pressed into a solid disc, crushed and sieved to obtain a 125–250 micro-
meter pellet fraction. Catalytic testing was performed on 50 mg catalyst
quantities loaded in a 16 sample high throughput reactor.[49] The catalyst
was activated by calcination at 400 8C in oxygen and reduction at the
same temperature with hydrogen. The feedstock for the catalytic experi-
ments was reagent grade decane (purity>99%). The total pressure in
the reactor was 0.45 MPa, temperature was varied from 150 8C to 300 8C
every 10 8C. H2/decane molar ratio was 375 and the modified residence
time 2520 kg smol�1.
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