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A series of micro- and micro-mesoporous H-ZSM-5 zeolites with highly regular and, on the other side, a
defective framework were prepared by synthesis and post-synthesis treatment, and their activity was
investigated in transformation of methanol to low olefins, aromatics and paraffins. 27Al MAS NMR and
FTIR spectroscopy of OH groups and C„N groups of adsorbed d3-acetonitrile were used for analysis of
the population of framework Al- and Si-related defective sites. Beside framework Al atoms in regular
Td coordination, perturbed Td coordinated Al atoms and partly extra-framework Al species, and the inter-
nal Si–OH groups as Si-related defects were identified. The increase in the concentration of framework Al-
and Si-defective sites in microporous H-ZSM-5 was manifested in methanol transformation in the
increased yields of aromatics and paraffins, while highly regular framework preferred formation of low
C2 and C3 olefins. The non-defective micro-mesoporous H-ZSM-5 prepared by alkaline and subsequent
oxalic acid leaching of the zeolite with silanols typical for external crystal surface gave substantially
longer catalyst life-time. The micro-mesoporous H-ZSM-5 (synthesized by using carbon particles) exhib-
ited high content of defective sites, i.e., inner silanols, interacting OH groups, perturbed framework Al
atoms and Al-Lewis sites, provided a slight increase in the yield of paraffins and Cþ6 aromatics, and
particularly much lower catalyst life-time compared to the sample of similar composition and synthesis
procedure carried out without carbon presence. These findings point out on the importance of highly reg-
ular framework of H-ZSM-5 for methanol to olefin transformation, and on the way of preparation of
micro-mesoporous H-ZSM-5 by desilication with alkaline solution followed by acid leaching of electron
acceptor sites, resulting in the high life-time of the catalyst.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

The process of conversion of methanol to hydrocarbons (MTH)
over H-ZSM-5 zeolites, developed by Mobil Oil Co., in 1970s, is
an alternative route for production of hydrocarbons independent
of crude oil [1,2]. MTH converts methanol to a mixture of olefins,
paraffins, and alkylaromatics, with the aim to produce either
hydrocarbon mixtures rich in the gasoline fraction (MTG) or low
chain olefins (MTO) [3,4]. As feedstock requirements for produc-
tion of polymers are continuously growing and diesel fuel is com-
ing more into demand than gasoline, there is a growing interest for
conversion of methanol to C2 and C3 olefins. However, the MTH
ll rights reserved.
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processes in general suffer from problems of selectivity and cata-
lyst deactivation/regeneration.

The ZSM-5 zeolite (MFI topology) possesses tri-dimensional
pore structure of straight channels (5.6 � 5.3 A) and intersecting
zig–zag channels (5.5 � 5.1 A), which are accessible for diffusion
of <C9 aromatic molecules. As the strength of acidic structural
OH groups of H-ZSM-5 is independent on the Al content in the
framework [5–9], methanol transformation over H-ZSM-5, typi-
cally a process with consecutive reaction steps, is driven mainly
by the concentration of the zeolite protons and the dimension
and architecture of the free inner volume. The MTH process over
structurally stable H-ZSM-5 needs to increase selectivity to olefins
for the MTO process as well as catalyst life-time.

MTH process relies on the ‘‘hydrocarbon pool’’ mechanism, in
which methanol reacts with entrained hydrocarbon species in
the zeolite pores, olefins and alkyl aromatics, and the alkylation,
isomerisation, cracking and hydrogen transfer reactions take place
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(see e.g., Refs. [2,3,10–21] and references therein). Beside the con-
centration of strong acid structural OH groups, the regular pore
dimensions of ZSM-5 structure governs the shape selectivity effect
of the inner reaction space by limiting the over-alkylation and for-
mation of polyaromatics and thus controls formation of bulky
polyalkyl aromatics. Formation of these deposits occurs at a crystal
surface and partly inside channels, and they increasingly block the
acid sites and limit the mass transport of reactants and products
[17,22].

It has been shown that the mass transport through the zeolite
crystal can be basically enhanced by using crystals of nano-size
dimension and/or by the incorporation of mesopores. The mesopo-
rosity can be produced by zeolite desilication with alkaline solu-
tions [23–29] or dealumination by acids [30,31], or by
introduction of secondary template species, like carbon particles
at the synthesis step, which are thereafter burned off to yield crys-
talline micro-mesoporous hierarchical structure [31–38]. Network
of mesopores inter-connected with the crystal surface and thus
easily accessible to reactants results in enhanced diffusivity
through the zeolite crystals [26]. On the contrary, intra-crystalline
mesopores surrounded by the micropore crystalline solid, do not
significantly affect intra-crystalline diffusion [39], but might repre-
sent large cavities from which products diffuse out with difficulty.

Groen et al. in a feature article [24] described main principles of
mesopore formation in H-ZSM-5 crystals by their alkaline leaching.
They stressed for such desilication, beside the temperature and
concentration of the alkaline solution, the importance of Si/Al com-
position. They suggested that the presence of framework Al atoms
stabilizes a neighbouring siliceous part of the crystal. The mesop-
ores formed in large ZSM-5 crystals (17 lm) by alkaline desilica-
tion were manifested in an enhanced diffusion of 2 orders of
magnitude through the micro-mesoporous ZSM-5 [26]. The benefit
of micro-mesoporous structure obtained by desilication was also
demonstrated on a substantial increase in the catalyst life-time
with large H-ZSM-5 crystals (15 lm), which originally do not exhi-
bit long reaction performance [40]. Analysis of the location and
type of acid sites by adsorption of CO and voluminous collidine re-
vealed that besides desilication, the Al-Lewis sites are formed,
preferably in the mesopores [9]. Jacobsen et al. [32] introduced
secondary mesoporosity in ZSM-5 using carbon nanoparticles
encapsulated during synthesis in the zeolite crystals and subse-
quently removed by controlled combustion. The obtained micro-
mesoporous zeolite exhibited improved activity and selectivity in
alkylation of benzene compared to a conventional microporous
H-ZSM-5 [41].

Because of the high importance of the selectivity to olefins or
aromatics for the MTH processes, and of the extent of zeolite cok-
ing, it should be considered if any perturbations (defects) of the
crystalline structure, either strictly local or more massive, like
mesopores, would significantly affect both the nature and amount
of the active sites (protons and Al-related electron acceptors).
Table 1
Characteristics of ZSM-5 zeolites.

Sample Crystal size (lm) Si/Ala cAl
a (mmol g�1)

Z-25/Md 0.5 25 0.63
Z-27.5/Md 3 27.5 0.58
Z-37.5/MMe 0.5 37.5 0.43
Z-38/Me 0.5 38.0 0.42
Z-45/Me 0.5 45 0.36
Z-48/MMe 1 48 0.34

a From chemical analysis.
b,c Concentrations of Broensted and Lewis sites, respectively, from FTIR spectra of adso

d Commercial ZSM-5.
e ZSM-5 synthesized in the laboratory.
In the present work, we analyse the effect of low concentration
of Si- and Al-related framework perturbations (defects) in the reg-
ular framework of small crystals of microporous and micro-meso-
porous H-ZSM-5 on their activity, selectivity and life-time in
methanol transformation to hydrocarbons. 27Al MAS NMR, FTIR
spectra of OH groups and C„N groups of adsorbed d3-acetonitrile
and nitrogen sorption measurements are employed to identify the
structure and content of tetrahedrally coordinated aluminium
atoms in the framework connected with structural Si–OH–Al
groups, of perturbed environment of framework Al atoms, Al–OH
groups, Al-Lewis electron acceptor sites, and internal and external
Si–OH groups.
2. Experimental

2.1. Preparation of ZSM-5 zeolites

Table 1 lists ZSM-5 zeolites, both commercial samples and those
synthesized in the laboratory. M denotes microporous and MM mi-
cro-mesoporous zeolites. Sample Z-25/M with Si/Al 25 was pur-
chased from Conteca and sample Z-27.5/M with Si/Al 27.5 was
supplied by ALSI-PENTA Zeolithe GmbH. Samples Z-37.5/MM, Z-
38/M, Z-45/M and Z-48/MM with Si/Al 37.5, 38, 45 and 48, respec-
tively were synthesized in our laboratory. Z-45/M was synthesized
by using TPAOH as a structure-directing agent, and Al(NO3)3�9H2O
and TEOS as sources of aluminium and silicon, respectively. The
crystallization was performed under static conditions for 6 days
at autogeneous pressure at a temperature of 170 �C in a Teflon-
lined autoclave. Micro-mesoporous ZSM-5 sample Z-48/MM was
prepared by using carbon black CBP2000 (CS Cabot Corporation,
Czech Republic) as a secondary template to TPAOH, and the syn-
thesis procedure was analogous to Z-45/M. The template and car-
bon black were simultaneously removed by calcination in a static
air at 550 �C for 6 h. The synthesis of ZSM-5/38/M was performed
by using TPAOH as a template with TPA/Si molar ratio of 0.008.
Sources of aluminium and silicon were precipitated at a controlled
pH and mixed for 24 h at RT. The crystallization was performed in
an autoclave with agitation at a temperature of 160 �C for 8 h un-
der autogeneous pressure. The template was removed from the
zeolites by calcination in a static air at 550 �C for 6 h. Z-37.5/MM
was obtained by alkaline leaching of Z-38/M followed by acid
treatment in two steps: (i) 1 g of Z-38/M was poured into
100 cm3 of 0.065 mol dm�3 NaOH at 80 �C and stirred for 20 h.
The zeolite suspension was then repeatedly centrifuged and re-dis-
persed in distilled water. The washed solid phase was dried at
80 �C; (ii) the zeolite obtained by NaOH leaching was poured into
an aqueous solution of oxalic acid (1 g of the sample per 42 cm3

of 2.5 mol dm�3 oxalic acid) and stirred at 80 �C for 10 h. The zeo-
lite suspension was then repeatedly centrifuged and re-dispersed
in distilled water. The solid was dried at 80 �C.
cB
b (mmol g�1) cL

c (mmol g�1) cB + 2cL (mmol g�1)

0.43 0.08 0.59
0.47 0.05 0.57
0.33 0.04 0.41
0.36 0.01 0.38
0.19 0.07 0.33
0.22 0.05 0.32

rbed d3-acetonitrile.



P. Sazama et al. / Microporous and Mesoporous Materials 143 (2011) 87–96 89
All the zeolites were ion-exchanged with 0.5 mol dm�3 NH4NO3

at RT (1 g of a zeolite per 100 cm3 of solution, three times over
12 h). To obtain the Na+ form for 27Al MAS NMR measurements,
the zeolites were ion-exchanged with 0.5 M NaNO3 at RT (100 ml
of solution per 1 g of a zeolite applied three times over 8 h). After
the NHþ4 or Na+ ion-exchange, the zeolites were carefully washed
with distilled water and dried in the open air.

2.2. Characterization of ZSM-5 zeolites

The chemical composition of the zeolites was determined by
Atomic Absorption Spectrometry after dissolution of the zeolite
samples (Table 1). The structure and crystallinity of the samples
were checked by X-ray powder diffraction analysis on a Siemens
5005 diffractometer using Cu Ka radiation and a graphite mono-
chromator. 27Al MAS NMR experiments of Na+-forms of zeolites
were performed on a Bruker Avance 500 MHz (11.7 T) Wide Bore
spectrometer using 4 mm o.d. ZrO2 rotors with a rotation speed
of 12 kHz. Proton high-power decoupling pulse sequences with
p/6 (1.4 ls) excitation pulses were employed to allow quantitative
evolution of the 27Al MAS NMR spectra. To determine the amount
of the ‘‘invisible’’ extra-framework Al atoms rotors with the Na+-
zeolite samples were weighted before the spectra collection and
the integrated intensity of the 27Al signal was compared with that
of the standard sample with the exclusive presence of Al atoms in
the framework. Spectra were simulated using MestRec software.
The chemical shifts were referenced to an aqueous solution of
Al(NO3)3. Nitrogen sorption isotherms of ZSM-5 zeolites were mea-
sured with a Micromeritics ASAP 2020 volumetric instrument at
�196 �C equipped with pressure transducers covering the 133 Pa,
1.33 and 133 kPa ranges. Prior to the sorption measurements, all
the samples were degassed at 250 �C for at least 24 h until a pres-
sure of 10�3 Pa. The concentration of acidic Brønsted and Lewis
sites in H-ZSM-5 was determined from quantitative analysis of
the characteristic IR bands of the C„N vibrations at 2298 and
2325 cm�1, respectively, of adsorbed d3-acetonitrile on zeolites
evacuated at 450 �C; for extinction coefficients see Ref. [42].
Adsorption of d3-acetonitrile (13 mbar) was carried out at 298 K
with subsequent evacuation for 15 min at the same temperature.
The FTIR spectra were recorded on a Nicolet Magna 550 FTIR spec-
trometer operating at resolution of 2 cm�1 by collecting 200 scans
for a single spectrum.

2.3. Catalytic experiments

H-zeolites in the form of 0.3–0.5 mm grains (typical weight
60 mg) were calcined prior to the test in an oxygen stream at
500 �C for 2 h. The methanol transformation was carried out in a
fixed-bed through-flow reactor at 370 �C, atmospheric pressure
and WHSV of 20 h�1. The feed contained 22 mol.% of methanol
and rest of He. The reaction products were analyzed by an on-line
connected gas chromatograph (GC Hewlett Packard 6090) by using
an HP-Plot Q column (30 m � 0.53 mm � 40 lm film thickness)
and a flame ionization detector (FID).
Table 2
Textural properties of ZSM-5 samples.

Sample Preparation

Z-38/M Hydrothermal synthesis
Z-37.5/MM Leaching of Z-38/M by NaOH and oxalic acid
Z-45/M Hydrothermal synthesis
Z-48/MM Synthesis with carbon template analogous to Z-4

a VME – mesopore volume.
b DME – mesopore diameter corresponding to the maximum of the
c VMI – micropore volume determined by t-plot method.
3. Results

3.1. Structure of ZSM-5 zeolites

The XRD patterns of the parent zeolites are characteristic for the
structure of ZSM-5. The peak intensities and absence of the base-
line drift in diffraction patterns of the as-synthesized and calcined
ZSM-5 zeolites indicated their high crystallinity. The average
crystal size of the samples, estimated from the SEM micrographs
(Table 1), was in the range from 0.5 to 3 lm. The textural proper-
ties of microporous Z-38/M and Z-45/M samples and their micro-
mesoporous analogues prepared by leaching with solutions of
sodium hydroxide and oxalic acid (Z-37.5/MM), and by hydrother-
mal zeolite synthesis with the secondary carbon template (Z-48/
MM), respectively, are summarized in Table 2. The ZSM-5 zeolites
prepared by standard hydrothermal synthesis (Z-38/M and Z-45/
M) displayed almost rectangular shape of the isotherm being typ-
ical for purely microporous material in contrast to Z-37.5/MM and
Z-48/MM, possessing both micro- and mesoporous features. Com-
pared to microporous ZSM-5 analogues, the micropore volume of
both micro-mesoporous zeolites slightly decreased with formation
of similar mesopore volumes of 0.15 and 0.12 cm3 g�1 for Z-37.5/
MM and Z-48/MM, respectively.

3.2. Analysis of 27Al MAS NMR spectra

27Al MAS NMR spectra of fully hydrated Na-ZSM-5 zeolites are
depicted in Fig. 1. The strong signal with a chemical shift of about
55 ppm corresponds to the tetrahedrally co-ordinated Al atoms in
oxygen environment and, thus, reflects framework Al atoms. Octa-
hedrally coordinated extra-framework Al atoms characterized by a
resonance at about 0 ppm were not observed for any Na-zeolite
sample. Moreover, total intensity of the 27Al NMR signal corre-
sponded to the Al content in the samples within 5 rel. % of Al con-
tent. Thus, the amount of the extra-framework Al species, also
possibly ‘‘invisible’’ in NMR, in all the Na-ZSM-5 zeolites was neg-
ligible. The maximum of the signal of the Td coordinated Al varied
in the range of 53–56 ppm and only the low intensity was found at
about 61 ppm. These features have been explained by different sit-
ing of Al atoms in the framework T sites [43–45], which varied by
zeolite synthesis and Si/Al composition. In addition to these char-
acteristic narrow signals, a broad signal of low intensity in the
range of 50–30 ppm is present in the spectra of Z-25/M, Z-45/M
and Z-48/MM. Details of the spectra of selected pairs of samples
are given in Fig. 1B for comparison of their features: the micropo-
rous Z-27.5/M vs. Z-25/M, and Z-38/M vs. Z-45/M with a close Si/Al
ratio, and the micro-mesoporous Z-37.5/MM (prepared by leach-
ing), and Z-48/MM (prepared by carbon black templating) with
their microporous analogues Z-38/M and Z-45/M, respectively.
The intensity increase in the 50–30 ppm region has often been
found in the 27Al MAS NMR spectra of faujasite and pentasil ring
zeolites after their steaming, when perturbation or partial release
of framework Al atoms can be expected [46–51]. However, the
assignment of these spectral components and the nature of the
VME
a (cm3 g�1) DME

b (nm) VMI
c (cm3 g�1)

– – 0.16
0.15 13.5 0.14
– – 0.14

5/M 0.12 18 0.13

pore size distribution.
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Fig. 1. (A) Normalised 27Al MAS NMR spectra of hydrated Na-ZSM-5. (B) A comparison of (a) Z-25/M vs. Z-27.5/M, (b) Z-38/M vs. Z-45/M with similar Si/Al, (c) Z-38/M vs. Z-
37.5/MM prepared by leaching, and (d) Z-45/M vs. Z-48/MM with mesoporosity generated by carbon templating.

Table 3
Framework defects in H-ZSM-5.

Sample Perturbed
tetrahedral
Ala (%)

Al–OHb Internal
Si–OH c

cL/cAl Al- and
Si-framework
defects

Z-25/M 5.5 Yes Yes 0.13 High
Z-27.5/M �0 Negligible Negligible 0.09 Low
Z-37.5/MM �0 No Low 0.09 Low
Z-38/M �0 No Low 0.02 Low
Z-45/M 8.5 Yes High 0.19 High
Z-48/MM 10.5 Yes Very high 0.15 Very high

a From the broad signal centered at 45 ppm of the 27Al MAS NMR spectra.
b From the IR band at 3650–70 cm�1.
c From the IR band at 3727 cm�1.
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corresponding Al species still remain a matter of discussion. The
intensity increase at about 45 ppm was ascribed to less ordered
Td framework Al atoms present in not-perfectly crystalline zeolites
[37,52]. For steamed faujasites, Wouters et al. [49] explained the
signals at 50–30 ppm by formation of gradually distorted Al tetra-
hedra and the subsequently developed signal at 30 ppm to forma-
tion of a fivefold coordinated Al atoms. A combined XRD, 29Si and
quantitative 27Al MAS NMR analysis of steamed faujasites sug-
gested, beside extra-framework Al species, also presence of per-
turbed Td coordinated Al atoms. Moreover, it was also shown
that the intensity of the signals at 50–30 ppm does not reflect all
the perturbed or partly released Al atoms [46]. Considering the
above assignments given in the literature, the low intensity in-
crease in the range of 50–30 ppm (with maximum at 45 ppm)
observed for some samples in this study could only be qualitatively
ascribed to variously perturbed framework Al species in the less
ordered environment and/or partly removed Al species from the
framework. It follows that the Z-27.5/M and Z-38/M samples did
not contain significant concentration of perturbed tetrahedral Al
sites, contrary to Z-25/M and Z-45/M. The alkaline and acid leach-
ing of the Z-38/M sample (without Al defective sites) did not result
in the appearance of defective sites in the Z-37.5/MM product. On
the other hand, synthesis of micro-mesoporous Z-48/MM (carbon
black template) of similar composition and conditions of synthesis
as zeolite Z-45/M yielded a product with higher content of Al
defective sites. Simulation of the spectra using Gaussian profiles
both for the framework Al atoms in the region around 55 ppm
(note that quadrupolar broadening can be neglected due to the
highly symmetrical environment of Al atoms [43,44,53]) and for
the perturbed Al species (the broad signal around 45 ppm repre-
sents rather an envelope of signals reflecting several perturbed Al
species) was used to estimate the quantity of the perturbed Al
atoms, as summarized in Table 3.

The absence of the perturbed framework Al atoms for Z-38/M
and its micro-mesopore analogue Z-37.5/MM indicates that the
alkaline treatment followed by acid leaching procedure has not
generated perturbed Al sites. Extra-framework or perturbed Al
species can be formed in the first step in the alkaline leaching, as
reported in Ref. [9], but they are probably withdrawn from the
sample by subsequent oxalic acid treatment [54]. In contrast to
the micro-mesoporous Z-37.5/MM, the Z-48/MM zeolite prepared
by synthesis using carbon template exhibited slightly higher con-
centration of perturbed Al-defective sites compared to the
microporous Z-45/M sample. Such finding is not surprising if con-
sidered that a carbon template, occurring inside the zeolite was
burned off in a final stage of synthesis. The released heat during
high-temperature calcination could expectably induce local over-
heating and formation of the additional defective Al-sites [55].

The analysis of the 27Al MAS NMR spectra (Fig. 1) allows the fol-
lowing conclusions to be drawn: (i) the extra-framework Al with
octahedral coordination was not present in any Na-zeolite sample,
(ii) the tetrahedrally coordinated Al in the framework is exclusively
present in Z-27.5/M, Z-37.5/MM and Z-38/M and (iii) a small part
of framework Al (up to 10 rel. %) occurs as distorted Al tetrahedra
forming framework defects, in the Z-25/M, Z-45/M and Z-48/MM
samples.
3.3. Analysis of the FTIR spectra

The FTIR spectra of dehydrated H-ZSM-5 zeolites in the region
of OH stretching vibrations exhibited two major bands at 3612
and 3745 cm�1 assigned to Brønsted sites and silanol groups,
respectively (Fig. 2). In addition to these major bands, additional
spectral components of lower intensity were found at 3727,
around 3650–3670 cm�1 and a broad band around 3500 cm�1. To
better illustrate differences in the samples, the expanded spectra
of selected pairs of samples Z-27.5/M vs. Z-25/M and Z-38/M vs.
Z-45/M with a close Si/Al are compared in Fig. 3. The observed
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absorptions of low intensity at about 3650–70 cm�1 have been as-
cribed to OH groups bound to extra-framework and/or perturbed
framework Al atoms [56–58]. Different frequencies of the OH
groups connected with the defective Al reflect various types of
these Al sites. Zecchina et al. assigned the band at 3670 cm�1 to
OH groups in ZSM-5 connected with partially extra-lattice Al posi-
tions with lower acid strength compared to structural OH groups
[59,60]. It is to be also mentioned that these groups easily dehydr-
oxylate and, therefore, the intensity of the absorption in the region
3650–70 cm�1 cannot be used as a quantitative measure of the ex-
tra-framework and/or perturbed framework Al atoms. Neverthe-
less, the IR absorption in the region 3650–3670 cm�1 for Z-25/M,
Z-45/M and Z-48/MM matches the increased intensity of signals
in the range 30–50 ppm observed in 27Al MAS NMR spectra due
to the presence of Al-related defective sites (cf. Figs. 1, 3 and 4).
The intensity of the band at 3650–70 cm�1 is negligible or not ob-
served for Z-27.5/M and Z-38/M indicating that Al atoms were
incorporated nearly exclusively in the regular Td coordination in
the framework as also observed by 27Al MAS NMR.
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Fig. 3. Comparison of the FTIR spectra of mic
Adsorption of d3-acetonitrile was used for analysis of the con-
centration of Brønsted and Lewis sites in H-zeolites. The results
of quantitative analysis of the bands at 2325 and 2297 cm�1 corre-
sponding to the stretching mode of m(C„N) of d3-acetonitrile ad-
sorbed on Lewis and Brønsted sites, respectively, are listed in
Table 1. A predominant concentration of Brønsted sites and low
concentration of Lewis sites was found in the Z-27.5/M and Z-38/
M samples. On contrary, the Z-25/M and Z-45/M samples with per-
turbed framework Al atoms and Al–OH groups exhibited more
than 20 rel. % of Lewis sites. As the 27Al MAS NMR spectra of all
zeolites in hydrated Na-form did not detect octahedrally coordi-
nated Al atoms, we can assume that in more flexible structure of
the H-forms of ZSM-5 the Lewis sites are represented by the per-
turbed framework Al atoms. We have not straightforward evi-
dences on the real structure of these Al-defective sites, neither
they are available in the literature. The perturbed ‘‘framework’’
Al atoms can be formed by a step-wise weakening of the Al–OH
bond in Si–OH–Al structural groups with formation of Si–OH
groups. As the trigonal Al atoms are not stable they can be partly
released from the framework and stabilized by terminal Al–OH
groups. Some Lewis sites can also be created by partial zeolite
dehydroxylation, when water molecule is formed from one struc-
tural OH group and a proton from another group. The mass balance
of Al indicates that the loss of two Brønsted sites corresponds
approximately to formation of one Lewis electron acceptor site
(see Table 1). Thus, there are several mechanisms of formation of
Lewis electron acceptor sites and several types of Al-perturbed
sites can be formed.

The complexity of the spectrum of the silanol groups in H-ZSM-
5 zeolites is most noticeable for the Z-45/M sample (Fig. 3). The
main peak centred at 3745 cm�1, shows a clear shoulder at lower
frequency at about 3727 cm�1 and a broad band at 3500 cm�1 is
observed in the spectrum. The bands at 3750–3700 cm�1 are gen-
erally associated with free Si–OH and an absorption with a maxi-
mum at about 3500 cm�1 with hydroxyls mutually interacting
via hydrogen bonds [61]. It is to be noted that in the latter region
the OH groups related to Al or structural Si–OH–Al groups can also
be involved in such interactions, and therefore, the band at about
3500 cm�1 cannot be assigned exclusively to the interacting sila-
nols. The component at about 3727 cm�1 has been attributed to
free inner silanol groups located inside the zeolite crystal [61]. If
we compare the spectra of Z-45/M and Z-38/M, it is obvious that
Z-45/M exhibits much higher intensity of the bands of both surface
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and internal silanol defects (Fig. 3). Also Z-25/M compared to
Z-27.5/M (Fig. 3) shows the most obvious difference in much high-
er intensity of the bands at 3745 and 3727 cm�1, indicating the
presence of high concentrations of both the external and internal
silanols. It should be noted that Z-25/M is composed of crystals
of 0.5 lm compared to the 3 lm crystals of Z-27.5/M that explain
the substantial difference of the intensities of the band of Si–OH
groups on an external surface. The analysis of the FTIR spectra
can be summarised as follows (see Table 3). Z-27.5/M and Z-38/
M exhibit terminal silanol groups, structural Brønsted OH groups
and very low amount of internal silanols, as typical for low-defec-
tive zeolites, while the Z-25/M and Z-45/M samples exhibit in
addition internal defects containing silanol nests, typical for defec-
tive framework.

Fig. 4 compares FTIR spectra of OH groups of samples with
mesoporosity generated by different methods. Part A shows the
spectra of Z-38/M and its micro-mesoporous analogue Z-37.5/
MM prepared by alkaline and oxalic acid leaching. The leaching
procedure led to an increase in the intensity of the band at
3745 cm�1 due to terminal silanols in the formed mesopores,
whereas bands at 3727, 3650–70 (and 3500) cm�1, which can be
associated with defective OH sites, did not change (or slightly de-
creased) their intensity. Therefore, the alkaline and acid leaching
procedure led to the formation of mesopores with their surface
similar to the external surface of the zeolite crystal and neither
new Al- nor Si-related OH internal defective sites were formed.

A comparison of the spectra of Z-45/M and its analogue Z-48/
MM with mesoporosity generated by the carbon templating is
shown in Fig. 4B. The most remarkable difference to the micro-
mesoporous zeolite Z-37.5/MM obtained by leaching procedure
and to analogue Z/45/M is higher evolution of the high intensity
of the dominating band at 3727 cm�1 and that of 3500 cm�1 as
well as in the region 3650–70 cm�1. These findings show a high
abundance of defective sites in micro-mesoporous zeolite prepared
by black carbon templating, i.e., formation of distorted tetrahedral
Al framework atoms, manifested in 27Al MAS NMR spectra (Fig. 1)
and higher concentration of electron acceptor Lewis sites (Table 1),
increased amount of free inner silanols (3727 cm�1) and nests of
hydrogen-bonded silanols (3500 cm�1). The increased amount of
silanols (free and interacting) might be formed in the walls of mes-
opores during burning off carbon particles. It is obvious that the di-
rect synthesis of micro-mesoporous ZSM-5 by carbon templating
resulted in highly defective zeolitic structure compared to that pre-
pared by the alkaline/acid leaching procedure.

3.4. Effect of framework defects on MTH over ZSM-5

3.4.1. Microporous H-ZSM-5 zeolites
It is well known that both the selectivity and the deactivation of

H-ZSM-5 catalyst in MTH process depends on a number of vari-
ables, such as number and strength of acid sites, geometry of
channels, crystal size as well as reaction conditions. Therefore,
we attempted to compare zeolite samples exhibiting similar
framework composition and crystal size. We selected two pairs
of samples, ZSM-25/M vs. Z-27.5/M (Si/Al 25 and 27.5, respec-
tively) and Z-38/M vs. Z-45/M (Si/Al of 38 and 45, respectively)
in which the samples significantly differ in the concentration of
defective sites, as revealed by 27Al MAS NMR, FTIR spectra of OH
groups and C„N groups of adsorbed d3-acetonitrile. Yields of eth-
ene and propene, C1–C3 paraffins, butenes, butanes and Cþ6 hydro-
carbons comprising aromatics were obtained, and are given in
Fig. 5. It is seen for both pairs of microporous H-ZSM-5 that the
low-defective ones compared to slightly defective samples with
close framework composition result in higher yields of propene,
ethene and butenes and lower yields of paraffins and Cþ6 hydrocar-
bons. On contrary, the higher content of framework defects in zeo-
lites favours the formation of Cþ6 hydrocarbons and butanes. Thus,
the results show that the presence of framework defects enhances
hydrogen transfer reactions leading to aromatics and paraffins at
the expense of the C2 and C3 olefins.

The pairs of Z-25/M vs. Z-27/M and Z-38/M vs. Z-45/M samples
exhibited small crystals around 0.5 lm (with exception of Z-27/M
– 3.0 lm) for which differences in the diffusion rate of reactants
could be neglected. Therefore, they seemed suitable for analysis
of the effect of the presence of framework defects on the yield of
the individual products. However, the yields of the individual
products for Z-27.5/M with crystal size of 3 lm could be consid-
ered to be affected by intra-crystalline diffusion, but Chen et al.
have shown for SAPO-34 that the selectivity for olefins is almost
independent on crystal size in the range 0.5–2.5 lm [62]. Never-
theless, it was found for much larger crystals of H-ZSM-5 that
the intermolecular hydride transfer reactions, leading to the
formation of aromatics and alkanes, were enhanced compared to
the smaller crystal size zeolites [3]. This finding is a result of the
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longer contact time in large crystals compared to small ones. Fig. 5
shows higher yields of aromatics and alkanes for the defective Z-
25/M sample with smaller crystals (0.5 lm) compared to the
non-defective Z-27.5/M with larger crystals (3 lm). Therefore, this
result clearly manifests that the Al- and Si-defective framework is
responsible for the higher yields of aromatics and alkanes and
lower yields of olefins.
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3.4.2. Micro-mesoporous ZSM-5 zeolites
The effect of framework defective sites in zeolites with meso-

porous structure on their selectivity and durability in MTH was
analysed on the zeolites prepared by the alkaline/acid leaching
and by the carbon templating procedures. A comparison of the
yield of products and conversion of methanol to hydrocarbons as
a function of time over the low-defective microporous Z-38/M
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and the micro-mesoporous Z-37.5/MM sample prepared by leach-
ing of the former one is shown in Fig. 6A and B. An almost insignif-
icant decrease in the yield of propene and ethene and a
corresponding small increase in the yield of low paraffins and Cþ6
hydrocarbons were observed after the formation of mesopores.
On contrary to the product distribution, which was practically
not altered by such mesoporosity, deactivation of the catalysts
was significantly suppressed with micro-mesoporous Z-37.5/MM.
The conversion of methanol to hydrocarbons decreased to a level
of 50% at TOS of 24 h over Z-38/M, while the micro-mesoporous
Z-37.5/MM zeolite maintained conversion over 50% for 32 h of
TOS. The improvement in the catalyst life-time is in agreement
with the observation in Ref. [9] testing methanol to hydrocarbon
reaction over microporous and micro-mesoporous H-ZSM-5, but
not analyzing the structure and properties of Si- and Al-related
defective sites.

The yield of products and conversion of methanol to hydrocar-
bons as a function of time for microporous Z-45/M and the more
defective micro-mesoporous analogue (Z-48/MM), prepared by
burning off the incorporated carbon particles after the hydrother-
mal synthesis, is compared in Fig. 7. The micro-mesoporous zeolite
provided only slightly higher yields of paraffins and Cþ6 hydrocar-
bons at the expense of C2–C4 olefins. However, in comparison with
the less defective microporous zeolite Z-45/M, it underwent very
rapid deactivation. The conversion of methanol to hydrocarbons
over Z-48/MM dropped to 50% already at TOS of 12 h, while micro-
porous Z-45/M maintained methanol conversion over 50% for TOS
of 20 h. Therefore, the developed secondary mesoporosity by car-
bon addition into the synthesis gel under conditions reported here
did not produce an improvement in the stability of the catalyst
activity in the MTH reaction.
4. Discussion

The analysis of Al coordination by 27Al MAS NMR and the FTIR
spectral characteristics of the OH groups (structural Si–OH–Al, Al–
OH, external and internal Si–OH) and C„N groups of adsorbed d3-
acetonitrile on strong acid Brønsted OH groups and Lewis electron
acceptor sites could provide a complementary insight into the
structure of such defects. Nevertheless, we had well in mind that
some of the spectral characteristics (external and internal Si–OH
and Al–OH groups) could not be analysed quantitatively because
of the absence of extinction coefficients and/or contribution of sev-
eral species to them. On contrary, the concentration of Si–OH–Al
groups, extra-framework Al species and Lewis electron acceptor
sites could be well-estimated. To attempt understanding of the
structure and role of Si- and Al-related defective sites in the frame-
work of ZSM-5 in the MTH process, we selected zeolites with similar
basic structural parameters, such as Si/Al and crystal size, but differ-
ent degree of ‘‘defectivity’’ formed during the synthesis of micropo-
rous zeolites and zeolites with hierarchic micro-mesoporosity.
4.1. Framework defects and MTH reaction over microporous ZSM-5
zeolites

The selected H-ZSM-5 samples, exhibiting according to XRD and
sorption measurements regular microporous MFI structure (Table
1), contained different amount of defective sites. Only the charac-
teristic IR vibration of bridging OH groups (3612 cm�1) without
significant intensity at 3650–70 cm�1 related to vibrations of
hydroxyls on Al atoms, have been found in the FTIR spectra (Figs.
2 and 3) for Z-27.5/M and Z-38/M, indicating practically all Al
atoms in the framework in regular Td coordination, involved in
structural Si–OH–Al groups, and negligible concentration of Lewis
sites (Table 1). This finding agrees with the absence of distorted Al
tetrahedra with these samples (27Al MAS NMR signal at 30–
50 ppm, Fig. 1), and presence of exclusively Td coordinated Al
atoms (55, 57 and 61 ppm, see Fig. 1 and Table 3). In agreement
with the absence of Al-defective sites, also low amount of internal
silanols were present in these zeolites. In contrast to these highly
regular H-ZSM-5 zeolites, the Z-25/M and Z-45/M samples exhib-
ited low, but significant amount (estimated 5–8% of Al) of per-
turbed Td coordinated Al atoms as indicated by a clearly seen
increase in intensity of the NMR signal at 30–50 ppm (Fig. 1, Table
3), IR absorption intensity at 3650–70 cm�1 of Al–OH (Fig. 3) and
high concentration of Lewis sites (Table 1). Development of the
internal silanols inside the crystals of the defective samples shows
that the defective sites at the Al environment are balanced by for-
mation of adjacent free internal silanol groups (Fig. 3).

Thus, the analysis of the effect of framework defects on the MTH
reaction has been done on the highly ordered zeolites, exhibiting
no-measurable or negligible amount of defective Al- and Si-related
sites, and on zeolites (although exhibiting regular microporous
structure according to XRD and micropore volume) containing
low concentration of Al- and Si-defective sites such as usually
occurring in commercial, but also in samples synthesized in the
laboratory. As the concentration of defective sites was low and
the crystal size around 0.5 lm (3.0 lm only for Z-27.5/M) we did
not expect significant differences in mass transport among the
individual zeolite samples, like that reported for severely steamed
zeolites with high content of extra-framework Al species and
amorphous phase [63].

Occurrence of the defective Al- and Si-related sites is mani-
fested in the selectivity of methanol transformation to hydrocar-
bons (Fig. 5). The non-defective highly ordered Z-27.5/M and
Z-38/M samples compared to defective Z-25/M and Z-45/M ones,
respectively, provide higher yields of low olefins and lower yields
of aromatics and paraffins. The results are convincing, although
the former couple of samples differ in crystal size (Fig. 5, Table
1) and the latter couple in the concentration of Brønsted sites
(Fig. 5, Table 1). As already mentioned larger crystals and higher
concentration of Brønsted sites enhance hydrogen transfer reac-
tions with aromatization and paraffin formation [61,64]. Therefore,
the effect of defects on the MTH selectivity might be even higher
for samples strictly identical in the crystal size and composition.

As it is well-documented that the acid strength of Brønsted sites
in H-ZSM-5 is equal regardless of Si/Al composition [5–9] and the
MTH, as a consecutive reaction, governed by their concentration,
we consider the differences in selectivity for defective and non-
defective zeolites of similar Si/Al composition to be caused by
the contribution of defective sites. It is seen that even such low
concentration of defective sites (�10 rel. % of total Al), which are
usually present not only in commercial zeolites, but also in those
carefully synthesized in the laboratory, changes the selectivity of
MTH reaction in the direction of enhancement of the aromatization
and hydrogen transfer reactions. As previously found out by us and
others [64–68] the presence of Al-related electron acceptor sites in
H-ZSM-5 supports oligomerization and hydrogen transfer reac-
tions leading to coke formation, as demonstrated for numerous
acid catalyzed reactions of hydrocarbons. Nevertheless, the effect
of the Lewis electron acceptor sites on the acid-catalyzed reactions
is not so far satisfactory elucidated. The suggested increased
strength of the Brønsted sites next to Lewis sites [69,70] was not
clearly proven, and the mechanism of the probable direct function
of Lewis sites has also not been explained.

4.2. Framework defects and MTH reaction over micro-mesoporous
H-ZSM-5

The micro-mesoporous Z-37.5/MM and Z-48/MM differed,
besides the concentration of Brønsted sites, not only in the
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concentration of defective Al- and Si-related sites (Table 3), but also
in the completely different ways of their preparations. This could
naturally lead to different location and accessibility of the mesop-
ores to reactants. Nevertheless, the mesopore and micropore vol-
umes for these samples were close and also their crystal size (see
Table 1).

A high abundance of internal silanols (3727 cm�1) and higher
occurrence of perturbed Td coordinated framework Al atoms
(Fig. 1), Al–OH (Fig. 4B) and Lewis sites (Table 1) was characteristic
for the micro-mesoporous Z-48/MM zeolite, synthesized by using
carbon particles, compared to microporous Z-45/M analogue. In
this synthesis, zeolite framework is formed around the carbon par-
ticles [31–38], and mesopores are generated after burning off the
carbon. The micropore volume of Z-48/MM was well-developed
(see VMI in Table 2), but we have no information on the inter-con-
nectivity of the mesopores. A possible local over-heating could lead
to a partial destruction of a thin layer of the zeolite forming mes-
opores. This could cause the observed increase in internal silanols,
perturbed Al atoms, and Al–OH namely in vicinity of the surface of
mesopores.

On contrary to micro-mesoporous H-ZSM-5 prepared by using
carbon template particles in the zeolite synthesis, the micro-
mesoporous Z-37.5/MM zeolite prepared by alkaline followed by
oxalic acid leaching contained very low amount of both, internal
silanols, Al–OH (Fig. 4), perturbed framework Al atoms (Fig. 1),
and Lewis sites (Table 1). Thus the latter procedure of mesopores
development led unambiguously to micro-mesoporous structure
practically without defective sites.

Groen et al. [24] by analysing a series of H-ZSM-5 of various
Si/Al compositions have revealed that the optimum for framework
desilication and mesopore formation is concentration of frame-
work Al of 1.9–3.8 Al/u.c., i.e., of Si/Al 25–50. They suggested that
framework Al atoms stabilize the structure against alkaline leach-
ing and mesopores are created by desilication of a part of the zeo-
lite free of Al. They showed that too low Al content results in a
massive dissolution of zeolites with creation of large meso- and
macropores. The Z-38/M zeolite sample falls into the ‘‘optimum’’
Al concentration range, and the volume of mesopores obtained in
Z-38/MM was 0.15 cm3 g�1. Recent analysis of structural Si–OH–
Al, Lewis sites, and internal and external Si–OH groups in large
(15 lm) crystals of H-ZSM-5 crystals those after alkaline leaching
by means of adsorption of differently sterically demanded probe
molecules, as CO and voluminous collidine, revealed that in alka-
line leached zeolites the Lewis sites were present not only on the
original crystal surface, but also in the developed mesopores, while
the internal silanols decreased in their concentration [9]. The de-
crease in internal silanols for micro-mesoporous Z-38/MM zeolite
can be therefore accounted for desilication of the inner Si-defects
from the parent Z-37.5/M sample. It is to be pointed out that the
further treatment of the desilicated zeolite by oxalic acid can be
expected to result in an elution of the extra-framework Al species.

With respect to the MTH reaction, formation of mesopores in
both the micro-mesopore H-ZSM-5 zeolites, differing substantially
in the way of their preparation, and compared to their analogues,
caused only a slight changes in selectivity to higher olefins, paraf-
fins and aromatics (Figs. 6 and 7). However, the life-time of the mi-
cro-mesoporous zeolite, prepared by templating with carbon
particles in its synthesis, was substantial shorter compared to the
corresponding analogue (12 vs. 20 h at 50% conversion, Fig. 7). This
increased coking of the micro-mesoporous zeolite might be con-
nected with the higher concentration of defective Al- and Si-sites,
particularly in or close to the mesopore surface, although contribu-
tion of the expected occurrence of not inter-connected inner void
volumes should also be considered.

On contrary, the life-time of the alkaline and subsequently acid
leached Z-37.5/MM, compared to the parent sample, was substan-
tially increased (Fig. 6), indicating lower extent of formation of
voluminous polyalkyl (poly)aromatics. This finding, together with
the nearly exclusive presence of structural Si–OH–Al groups and
practically absence of the Al- and Si-defective sites in this micro-
mesoporous zeolite, implies that the mesopore surface likely do
not contains strong acid and Al- and Si-defective sites. Moreover,
the mesopore inter-connected structure and surface with mini-
mum concentration of strong acid sites enables fast desorption
and transport of voluminous aromatics from the zeolite pores.

It is to be noted that the micro-mesoporous zeolite prepared by
templating with carbon particles exhibited ca 3x shorter life-time
(cf. Figs. 6 and 7), due to Al- and Si-defective sites and likely of
not inter-connected inner mesopores, compared to the defect free
micro-mesoporous zeolite obtained by alkaline and acid leaching.

5. Conclusions

Both the H-ZSM-5, commercial and those synthesized in the
laboratory, with highly regular XRD structure and well-developed
micropore volume, often contain in the framework low concentra-
tion of Al- and Si-related defective sites. Analysis of the structure of
these species by 27Al MAS NMR, FTIR spectra of OH groups and
C„N groups of adsorbed d3-acetonitrile, revealed prevailing con-
centration of framework structural Si–OH–Al groups with Td coor-
dinated Al atoms, absence of extra-framework regularly Oh
coordinated Al, low concentration of Al–OH groups, perturbed Td
coordinated framework Al atoms and electron acceptor Lewis sites,
and presence of external and internal silanol groups. It has been
shown that even low concentration of Al- and Si-related defective
sites in H-ZSM-5 substantially affects the product composition and
stability of conversion during methanol transformation to hydro-
carbons. The low-defective highly ordered H-ZSM-5 favours forma-
tion of C2 and C3 olefins on the account of the C1–C4 paraffins and
aromatics. On contrary, the zeolites with defective sites enhance
hydrogen transfer reactions leading to higher selectivity to aromat-
ics and paraffins.

It has been demonstrated that the formation of mesoporosity by
introduction of carbon particles during the synthesis of ZSM-5
leads to a significant concentration of perturbed framework Al
atoms, formation of Al–OH species, Lewis electron acceptor sites
and internal silanols, mostly close to mesopores. Presence of such
defective sites resulted in a half life-time of H-ZSM-5 due to coke
formation, compared to a microporous analogue. On contrary, cre-
ation of mesopores by zeolite desilication by alkaline treatment
(removing a part of the zeolite containing internal silanols) and
subsequent leaching of perturbed framework aluminium (Al-Lewis
sites, Al–OH) by oxalic acid resulted in non-defective highly regu-
lar micro-mesoporous structure. It provided at the same concen-
tration of Brønsted sites similar selectivity as the parent
microporous zeolite, but a high advantage of micro-mesoporous
H-ZSM-5 prepared by alkaline and acid leaching was its substan-
tially long life-time in the MTH reaction.
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