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Abstract. In this study, we propose the generation of micro/mesoporous zeolites with ZSM-11 structure by
hydrothermal treatment using tetrabutylammonium hydroxide (TBAOH) as micropore structure directing agent and
cetyltrimethylammonium bromide (CTAB) as mesotemplate. From many synthesis parameters evaluated (crystallization
time, hydrothermal temperature, CTAB content), the type of base employed in the synthesis gel showed notorious
influence in the structure, textural properties and morphology of the micro/mesoporous ZSM-11 zeolites. The samples
were characterized by different techniques such as X-ray diffraction, nitrogen adsorption and desorption isotherms,
Brunauer–Emmett–Teller surface area, scanning electron microscope, ICP-AES and 27Al MAS NMR. The characterization results revealed that the crystallization time, CTAB content and type of base (NaOH, KOH, Ca(OH)2 and NaCO3)
played a dominant role in controlling the formation of both microporous and mesoporous structures. The base employed in
the synthesis and its concentration showed important effects on the structure and textural properties of the composite
materials. It was found that to obtain the best characteristics in terms of crystallinity and textural parameters, NaOH and
KOH should be employed.
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Introduction

Zeolites ZSM-11 (Zeolite Socony Mobil 11), also known as
MEL zeolites (Mobil Eleven), are microporous crystalline
aluminosilicates constructed by silicon oxide (SiO4) and
aluminium oxide (AlO4–) tetrahedral linked together
through the oxygen vertices forming a three-dimensional
network structure. This structure is composed of two
perpendicularly intersecting straight narrow channels
(0.53 9 0.54 nm) and cavities of molecular dimensions
where compensation cations, water molecules and other
adsorbates are located. This channel structures enable zeolites to act as selective catalysts in many kind of reactions,
discriminating molecules with regard to their size and
shape. These zeolites possess unique properties such as very
large surface area, strong acid sites, well-defined and uniform micropores system, high thermal and hydrothermal
stability and high adsorption and ion exchange capacity, due
to the negative charge of the tetrahedrally coordinated
aluminium within the Si/Al structural network [1].
For all these properties, ZSM-11 zeolites are widely used
in industry for adsorption, separation of gases and

especially applied as molecular sieves and selective
heterogeneous catalysts in the fields of oil refining and
petrochemistry, biomass conversion and organic synthesis
[1,2]. However, micropores diameters often cause steric
limitations to bulky molecules diffusion to and from the
active sites localized inside the zeolite channels. This
restriction also reduces mass transfer, decreasing the reaction rate and the catalytic efficiency. As a consequence, fast
deactivation of the catalyst could be associated with coke
deposition that blocks the channels and the active sites,
lowering catalyst lifespan [3,4].
Therefore, if porosity could be enhanced, then catalytic
activity would be improved. An effective solution to overcome these diffusional drawbacks is the introduction of
additional porosity into microporous structure to form
hierarchical zeolites. The hierarchical structures possess
numerous advantages such as mass transfer improvement
and the accessibility of bulky substrates of reagents or
products to and/or from active sites in the channels [4,5].
Then, materials that combine mesoporosity with zeolite
properties (such as stability or acidity) are of vital importance for industries. Such materials would improve the
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catalytic performance and prolong the catalyst lifetime,
reducing the possibility of deactivation.
There are numerous strategies in order to obtain zeolites
hierarchy. Usually destructive or constructive methods are
employed. The destructive methods involve post synthesis
modifications, such as aluminium atoms leaching from the
framework treating the zeolites with strong or mild acids
(dealumination) [6]. Another destructive method consists in
removing silicon species from the structure by alkali dissolution (desilication) [7]. Both treatments lead to the
generation of disordered and non-uniform mesoporous and
must be carefully controlled, as they can cause the
destruction of the crystalline structure and alter the acidic
properties of zeolites that adversely affects catalytic performance [8].
In contrast, the constructive methods implicate the
introduction of different supramolecular soft and hard
templates during the hydrothermal synthesis to construct
mesopores in the microporous structure of zeolites. Hard
templates involve aerogels [9], different carbon sources
such as carbon nanotubes [10], carbon nanofibres [11],
carbon black [12] or nanosized CaCO3 [13]. The
supramolecular soft templates can be organic molecules
containing quaternary ammonium groups, such as
cetyltrimethylammonium bromide (CTAB) or chloride
(CTAC) [14], organosilanes [15], cationic polymers [16],
silylated polymers [17] and natural macromolecular polymers (soluble starch, sucrose, sodium carboxymethylcellulose) [18–20]. These templates are incorporated directly
into the synthesis gel and interact with zeolite precursors by
different chemical bonds, such as covalent bonds, Van der
Waals forces, hydrogen bonds and electrostatic forces. The
mesopores are generated by the subsequent removal of
surfactant through calcination in air at high temperatures or
extraction with suitable solvents.
CTAB is a monovalent cationic surfactant composed of a
hydrophilic group (head) and a hydrophobic group (tail).
The polar group has a positive charge, while the tail is a
long chain alkyl group. The surfactant molecules in aqueous
dissolution tend to form aggregates, called micelles, whose
shape and size depend on the nature and chemical composition of the surfactant, its concentration, pH and temperature, among other factors. Due to its low cost and
commercial availability in comparison with other hard and
soft templates, CTAB is commonly employed as templating
micelle molecule in the synthesis of the members of M41S
family of siliceous mesoporous materials [21,22].
In this study, we report the preparation of hierarchical
ZSM-11 zeolites by the hydrothermal method of synthesis,
employing tetrabutylammonium hydroxide (TBAOH) as
microporous structure directing agent (SDA) and CTAB as
soft template to create mesopores into the zeolite matrix
under alkaline conditions. Previous studies of mesoporous
generation in zeolites by direct synthesis with CTAB and
TBAOH just employed sodium hydroxide (NaOH) for pH
control during the hydrothermal treatment [23–26]. In this
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study, we evaluate the use of other bases such as KOH,
Ca(OH)2 and (Na2CO3), besides NaOH. A deep study of the
influence of the crystallization time, hydrothermal temperature, type of base and CTAB amount in the structure,
textural properties and morphology of the solid products
obtained was done. Optimal synthesis conditions were
reached.

2.
2.1

Experimental
Materials

The materials used for the preparation of hierarchical ZSM11 zeolites were silica sol (SiO2, Aldrich) as silica source,
sodium aluminate (NaAlO2, Strem Chemical) as aluminium
source, TBAOH 40% in water (Fluka); sodium hydroxide
(NaOH, Cicarelli), potassium hydroxide (KOH, Strem
Chemical); sodium carbonate (Na2CO3, Cicarelli); calcium
hydroxide (Ca(OH)2, Purest); hexadecyltrimethylammonium bromide (CTAB, C98%, Sigma), ammonium chloride
(NH4Cl, Biopack) and distilled water.

2.2 Preparation of traditional and hierarchical ZSM-11
zeolites
Traditional and micro-mesoporous ZSM-11 zeolites were
synthesized by the hydrothermal crystallization method
following a modified synthesis procedure from that
reported by Chu [27]. In a typical synthesis, NaAlO2, SiO2
and TBAOH were dissolved in H2O under continuous
stirring at ambient temperature (25°C) until getting a
homogenous gel. Afterwards, the resultant mixture was
added into an aqueous solution containing different
amounts of CTAB and the selected base with vigorous
stirring for another 2 h at the same temperature. The pH
value of the solution was adjusted to 13. The resultant
mixture was introduced into a stainless-steel Teflon-lined
autoclave at different temperatures (110–170°C) under
autogenous pressure for crystallization during various
periods of time (2–8 days).
After crystallization, the autoclave was quenched and the
resulting solid product was filtered, washed with distilled
water until neutral pH was achieved. Finally, the filtered
product was dried overnight at 120°C, desorbed under
nitrogen flow at 500°C and calcined at the same temperature
under static oxidant atmosphere for 8 h to remove the
organic templates. In this direct synthesis, the mesoporous
zeolites were finally obtained when the cationic surfactant
(CTAB) was eliminated during the calcination process. The
materials were denoted as ZSM-11-x-y, where x indicated
the crystallization time and y indicated the amount of CTAB
added into synthesis gel, respectively.
For comparison, the microporous ZSM-11 zeolite (named
as Traditional ZSM-11) was also synthesized under the
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same hydrothermal treatment, but in the absence of CTAB
and NaOH, at 140°C for 14 days.
The ammonium form of the zeolites (NH4-zeolite) were
obtained by ionic exchange with a 1 M NH4Cl aqueous
solution at 80°C for 40 h; later, desorbed under N2 flow
(20 ml min-1) at 500°C and calcined in static oxidant
atmosphere at the same temperature. The protonic form of
the final material was called H-zeolite.

2.3

Characterization methods

The powder X-ray diffraction (XRD) patterns were used to
assess the crystallinity and structure of the traditional ZSM11 zeolite and hierarchical materials synthesized. XRD
patterns were recorded using a Philips X’pert PAN analytical diffractometer with Cu Ka radiation in the 2h range
from 5° to 60°, a step of 0.026° and a scanning rate of
5° min-1.
The textural properties of the samples were determined
by nitrogen adsorption and desorption isotherms at liquid
N2 temperature (–196°C) on a Micromeritics ASAP 2000
instrument. Before the measurements, the samples were
degassed at 300°C for 3 h. The total specific surface area
was estimated according to the Brunauer–Emmett–Teller
(BET) isothermal equation and the pore size distributions
with the Barrett–Joyner–Halenda (BJH) method derived
from the adsorption branches of the isotherms. The
external surface area (Sext) was derived using the t-plot
method.
The total pore volume (Vtotal) is the volume of the
nitrogen adsorbed at a relative pressure (P/P0) of 0.98. The
micropore volume (Vmicro) was calculated by the application
of the t-plot method, while the mesopore volume was
determined as the difference between the total pore volume
(Vtotal) and the micropore volume (Vmicro).
The crystal morphology of the materials was examined
using a scanning electron microscope (SEM) Zeiss Sigma.
The Si/Al molar ratio in the samples was determined on
an inductively coupled plasma optical emission spectroscope (ICP-OES) using a 2100.DV Perkin Elmer emission
spectrometer.
The coordination of Al atoms in the hierarchical ZSM-11
framework was determined by solid-state magic angle
spinning nuclear magnetic resonance (MAS NMR). 27Al
MAS NMR spectra were obtained in a 7T Bruker Avance
II-300 spectrometer equipped with a magic angle spin probe
at room temperature by a single pulse and the Al chemical
shifts were referenced to Al(NO3)39H2O.
In order to determine and quantify the acid sites of the
materials, Fourier-transform infrared (FTIR) spectra were
recorded with a Thermo Nicolet iS10. Pyridine was adsorbed as probe molecule under vacuum conditions at room
temperature and then desorbed at 400°C and 10-4 Torr for
an hour. Brønsted and Lewis acid sites quantification was
done from 1545 and 1455 cm-1 bands, respectively.

Page 3 of 12
3.

288

Results and discussion

3.1 Effect of the hydrothermal treatment time
on the structure and textural properties of micro/
mesoporous zeolites
It is well known that synthesis time and energy consumption during thermal treatment process are key factors that
affect zeolites costs. When reducing time, energy consumption is also decreased. In order to confirm thermal
treatment time effect on the structure and crystallinity of
hierarchical zeolitic materials, XRD was done. Figure 1
shows the obtained results. The XRD patterns of the conventional ZSM-11 zeolite and micro/mesoporous ZSM-11
synthesized at different crystallization times of 8, 5, 4 and
2 days are compared in the figure.
The patterns of all the materials exhibit the typical
diffraction peaks of conventional microporous ZSM-11
zeolite, which are in the range between 2h = 7°–9° and
2h = 23°–24°. However, the pattern of sample ZSM-11-2d
showed the characteristic peaks with the presence of an
amorphous phase in the angle region 2h = 23°–24°
(widening of the base of the peaks), indicating that the
crystallinity of the zeolitic structure decreases when the
hydrothermal treatment was 2 days. This result demonstrated that 2 days of crystallization is not enough to complete the formation of the MEL structure. Moreover, as
shown in the XRD pattern, when the synthesis time was
prolonged from 2 to 8 days, the intensity of the diffraction
peaks greatly increases. These results confirm that the
crystallinity of hierarchical ZSM-11 zeolites gradually
increases with increase in crystallization time.
Figure 2 shows N2 adsorption and desorption isotherms
obtained at –196°C for each micro/mesoporous material
prepared in different periods of time. The conventional
ZSM-11 zeolite exhibits a typical type I isotherm, according
to the IUPAC classification without hysteresis loops, which

Figure 1. Traditional ZSM-11 and micro/mesoporous ZSM-11
zeolites obtained at different crystallization times.
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Figure 2. Effect of crystallization time on N2 adsorption–
desorption isotherms.

is a characteristic of microporous materials. This isotherm
type is concave with respect to the P/P0 axis and rapidly
increases at very low relative pressure until approaches a
limiting value of 1, indicating the existence of microporous
structure [28]. However, the hierarchical ZSM-11 zeolites
present a combination of type I (in the low pressure range)
and type IV (in the intermediate and high pressure range),
according to the IUPAC classification [29], evidencing that
the obtained materials possess micro and mesopores in their
structure. The hysteresis loop at relative pressure (P/P0) of
between 0.4 and 0.97 is mainly attributed to micropore
filling and the capillary condensation in the open mesopores, confirming the formation of mesopores in zeolites.
Moreover, ZSM-11-4d isotherm presents a major hysteresis
loop compared with the other samples and a noticeable
increase in the adsorbed volume around P/P0 of 0.4, typical
of mesoporous materials of uniform size. This result indicates that 4 days is the optimal crystallization time.
Pore size distribution was calculated from the BJH desorption branches of the isotherms. Hierarchical zeolites
present a wider pore size distribution than the microporous
one, confirming mesoporosity formation in the structure.
CTAB-zeolites show a similar distribution, with a low and
narrow dispersion centred around 35 Å. However, ZSM-114d presents higher amount of pores in the mesoporous range
(20–70 Å).
Data of the textural properties of materials obtained at
different hydrothermal crystallization times of 8, 5 and
4 days are presented in table 1. According to BET results,
surface areas of hierarchical zeolites are very similar or
higher than that of conventional ZSM-11. The increasing
specific surface area of the samples could be attributed to an
increase in mesoporous surface. In addition, the total pore
volume and mesopore volume of the synthesized samples
are bigger compared with the traditional ZSM-11. As
observed in the table, these values become higher with
decrease in crystallization time. As can be seen, the solid
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material obtained at 4 days presented the best textural
parameters preserving the crystallinity of MEL structure.
The introduction of mesoporosity in the ZSM-11 zeolites
led to a progressive decrease in the micropore volume
(Vmicro). These results are consistent with the crystallinity of
the hierarchical zeolites observed in the XRD patterns
(figure 1). Therefore, the synthesis time has an important
effect on the structure and textural properties of the synthesized micro/mesoporous zeolites.
The 27Al MAS NMR spectra for the mesoporous ZSM11-4d and the conventional ZSM-11 are illustrated in
figure 3. 27Al MAS NMR spectroscopy was employed to
determine the coordination state of aluminium species in the
framework of the synthesized zeolites.
As depicted in figure 3, the conventional ZSM-11 and the
hierarchical ZSM-11-4d samples exhibit a well intense peak
centred at 54 ppm that corresponds to the tetrahedrally
coordinated Al species in the zeolite framework [30].
Moreover, no visible signal was detected in the spectrum for
the octahedral coordinated state at d = 0 ppm, attributed to
the extra framework aluminium species [31]. The NMR
results confirmed that the Al atoms are totally incorporated
into the crystal framework of the hierarchical ZSM-11-4d
zeolite.
Si/Al ratio of conventional ZSM-11 and mesoporous
ZSM-11-4d zeolite, 19.36 and 18.12, were determined by
ICP elemental analysis, respectively. These results suggest
similar Al concentration for both materials, being consistent
with the 27Al MAS NMR spectra of the samples (figure 3),
discussed above.
The morphology of the materials was analysed by scanning electron microscopy (SEM). The SEM micrographs of
the samples are presented in supplementary figure S1.
Microporous ZSM-11 presents the typical hexagonal crystals of the MEL morphology, indicating high crystallinity.
On the other hand, the micrographs of mesoporous zeolites
synthesized at different hydrothermal crystallization times
show different morphological structure. From the SEM
images of the hierarchical zeolites, it was possible to
observe the presence of some amorphous components,
characteristic of mesoporous materials. As shown, the
amount of the amorphous phase in the samples become
more evident when the hydrothermal treatment decreases
from 8 to 4 days. These results are concordant with the
XRD patterns (figure 1) and textural properties (table 1) of
hierarchical zeolites. The influence of the crystallization
period in the crystallinity and mesoporosity generation was
demonstrated.

3.2

Effect of the hydrothermal treatment temperature

Crystallization temperature is another key parameter to
study. The influence of temperature on micro/mesoporous
ZSM-11 structure was evaluated by means of crystallinity
and textural parameters. Therefore, the temperature was set

Bull Mater Sci
Table 1.

(2020) 43:288

Page 5 of 12

288

Textural parameters of the hierarchical zeolites obtained at different crystallization times.

Samples
ZSM-11 T
ZSM-11-8d
ZSM-11-5d
ZSM-11-4d

SBET (m2 g-1)

Sext (m2 g-1)

Vmicro (cm3 g-1)

Vmeso (cm3 g-1)

Vtotal (cm3 g-1)

Vmicro/Vtotal

282.9
299.7
280.7
320.1

85.2
111.7
100.4
212.9

0.129
0.114
0.117
0.073

0.066
0.133
0.175
0.310

0.195
0.247
0.292
0.383

0.661
0.461
0.400
0.190

Figure 3. 27Al MAS NMR spectra of the traditional ZSM-11 and
mesoporous ZSM-11-4d zeolites.

Figure 4. XRD patterns of the hierarchical ZSM-11 zeolites
prepared at different crystallization temperatures.

to 110, 140 and 170°C in a 4-day period of crystallization.
The samples were denoted as ZSM-11-4d-110C, ZSM-114d-140C and ZSM-11-4d-170C, according to the
hydrothermal temperature employed. Figure 4 shows the
XRD patterns of the mentioned samples.
As can be seen, the materials obtained at 140 and 170°C
exhibit the characteristic diffraction peaks at 2h = 7°–9°
and 23°–24°, associated with the MEL framework. In the
case of the sample synthesized at lower temperature
(110°C) an amorphous material, without any characteristic
diffraction peaks, was obtained.
From XRD it is also possible to observe that when the
synthesis temperature was reduced from 170 to 140°C, the
intensity of the diffraction peaks decreased, indicating
lower crystallinity. This observation could suggest the formation of additional porosity in the zeolite structure (ZSM11-4d-140C).
In order to corroborate this hypothesis, nitrogen adsorption and desorption isotherms were done. Figure 5 presents
the studied materials isotherms as function of P/P0 (A) and
pore size distributions (B). Besides, textural properties are
listed in table 2.
From the isotherms it is possible to observe that ZSM-114d obtained at 170°C exhibit type I isotherm, according to
the IUPAC recommendations. In the case of the sample
synthesized at 140°C, parallel adsorption and desorption

branches of the large hysteresis loop (P/P0 = 0.44–0.97)
were found. This behaviour indicates the presence of micro
and mesopores in this material. As can be seen from figure 5B, pore size distribution of ZSM-11-4d-170C was
quite similar to that of traditional ZSM-11 material, while
the sample obtained at 140°C shows a wide pore size distribution between 17 and 70 Å, centred at 45.9 Å.
These results could be attributed to the cationic surfactant
(CTAB) and the structure directing agent (TBAOH) competition for the electrostatic interaction with the aluminosilicate species that is temperature dependent. At 140°C,
the electrostatic interaction between the TBA? cation and
the anionic aluminosilicate species is weaker than that of
CTAB, favouring MCM-41 formation. While higher crystallization temperatures favour TBA?–aluminosilicate species interaction, leading to ZSM-11 structure formation
[32].
The textural parameters listed in table 2 show that the
sample ZSM-11-4d-140C possesses larger specific surface
area
(320.11 m2 g-1)
and
total
pore
volume
(0.383 cm3 g-1) than that obtained at 170°C. As can be
seen, the external surface and mesopore volume increased
when the hydrothermal temperature was reduced from 170
to 140°C. According to Chen et al [26], this result could be
explained considering that at lower temperatures nucleation
process is favoured, instead of zeolite nanodomains growth,
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Figure 5. (A) N2 adsorption/desorption isotherms and (B) pore size distribution curves as function of crystallization
temperature.
Table 2.

Textural properties of mesoporous ZSM-11 zeolites synthesized at 140 and 170°C for 4 days.

Samples
ZSM-11 T
ZSM-11-4d-140C
ZSM-11-4d-170C

SBET (m2 g-1)

Sext (m2 g-1)

Vmicro (cm3 g-1)

Vmeso (cm3 g-1)

Vtotal (cm3 g-1)

282.9
320.1
232.9

85.2
212.9
43.9

0.129
0.073
0.121

0.066
0.310
0.032

0.195
0.383
0.153

which possess higher activation energy [33]. This fact is
also confirmed by the textural properties of ZSM-11-4d170C, which are very similar than those of traditional ZSM11. Thus, 140°C is an optimum hydrothermal temperature
in order to favour the formation of the hierarchical mesoporous ZSM-11 zeolite.

3.3

CTAB effect on the materials porosity

To study the role of mesoporous template on the crystallinity and properties of the hierarchical zeolites, a series
of samples with different amounts of CTAB (0.4, 0.76, 1
and 1.5 g) added to the synthesis gel were prepared under
the same synthesis conditions mentioned in section 2.2. The
obtained samples were denoted as ZSM-11-4d-0.4, ZSM11-4d-0.76, ZSM-11-4d-1 and ZSM-11-4d-1.5, respectively. The XRD patterns of those materials are presented in
figure 6.
From the patterns, all the as-prepared materials present the
characteristic peaks of the MEL structure, without signals of
other crystalline phases. However, when the concentration of
the cationic surfactant was increased, the intensity of the
peaks significantly decreased, indicating a certain loss of
crystallinity. As could be seen, in ZSM-11-4d-1.5 pattern an

Figure 6. XRD patterns of the zeolites prepared using different
amounts of CTAB.

amorphous signal (widening of the base of the peaks) appears
between 2h = 23° and 24°, demonstrating a lower crystallinity index than the other samples. The XRD analysis
suggests that when the content of CTAB is higher than 1 g,
this long chain cationic surfactant disturb the high crystallinity of the zeolite matrix [34].
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The N2 adsorption and desorption isotherms of traditional
ZSM-11 zeolite and hierarchical samples prepared with
different amounts of CTAB are shown in figure 7.
When CTAB was incorporated in the synthesis mixtures,
the materials showed a combination of type I and type IV
isotherms with the appearance of a hysteresis loop at P/P0
higher than 0.44, suggesting the existence of secondary
porosity in these samples. As can be seen, these hysteresis
loops associated with the mesoporous materials became
larger and steeper when the amount of CTAB increased
from 0.4 to 1.5 g. The hierarchical samples ZSM-11-4d0.76, ZSM-11-4d-1 and ZSM-11-4d-1.5 exhibited a hysteresis loop type H2, as identified by IUPAC, for the
relative pressure P/P0 in the range of 0.44–0.97 characterized by a wide hysteresis cycle. According to Leofanti et al
[35], this type of hysteresis loop corresponds to materials
with pores of different sizes. In the case of ZSM-11-4d-0.4
a type H3 hysteresis cycle could be identified, characteristic
of materials that possess slit-shaped mesopores and
micropores with a non-uniform pore size distribution.
Figure 8 shows the pore size distributions curves of the
analysed materials as function of CTAB concentration.
The variation of pore structure when increasing the
amount of CTAB is also confirmed by the BJH pore size
distribution curves. As can be seen from figure 8, when
CTAB concentration was higher than 0.4 a quiet sharp peak
could be observed centred around 40 Å. This fact confirms
the presence of mesopores in the structure. The intensity of
the bands increased and became narrower when increasing
the amount of CTAB from 0.76 to 1.5 g. It should be
noticed that for sample ZSM-11-4d-0.76 the pore size is
slightly higher, around 45.92 Å.
The textural characteristics determined by N2 adsorption
and desorption isotherms at –196°C are listed in table 3. As
could be observed, specific surface area (SBET), total pore
volume (Vtotal), external surface (Sext) and mesopore volume

Figure 7. N2 adsorption/desorption isotherms of (a) traditional
ZSM-11, (b) ZSM-11-4d-0.4, (c) ZSM-11-4d-0.76, (d) ZSM-114d-1 and (e) ZSM-11-4d-1.5.
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Figure 8. Pore size distribution of the micro/mesoporous zeolites calculated by the BJH method.

(Vmeso) of the hierarchical zeolites increased when the
amount of the cationic surfactant (CTAB) was higher. The
opposite happened in the case of micropore volume that was
reduced from 0.147 to 0.044 cm3 g-1 when the amount of
CTAB varied from 0.4 to 1.5 g. The sample with the lowest
amount of CTAB in the synthesis (ZSM-11-4d-0.4) possesses textural properties similar to the conventional
microporous ZSM-11 zeolite.
The textural parameters indicate that the generation of
mesoporosity due to CTAB incorporation has a significant
contribution in the BET surface area and total pore volume
of the synthesized materials. However, this gain in mesoporosity was accompanied with a loss in microporosity due
to the formation of some mesopores instead of micropores
in the zeolite. These results are in accordance with the
aforementioned analysis of XRD, which showed a reduction
on samples crystallinity with the increasing amount of
CTAB. Therefore, the formation of mesopores in the zeolites could be adjusted by varying the amount of CTAB
added in the synthesis mixture.
Figure 9 shows the SEM micrographs of microporous
ZSM-11 and the zeolites synthesized in the presence of
different amounts of CTAB.
The SEM images clearly show that the morphologies of
hierarchical mesoporous zeolites (figure 9A–D) are different from that of the traditional ZSM-11 due to the incorporation of the cationic surfactant in the synthesis gel. In
addition, it could be observed that the morphology of the
crystals changed with different amounts of CTAB
employed. The conventional ZSM-11 zeolite (figure 9A)
exhibits uniform prismatic-like crystals, characteristic of the
MEL structure. In the case of the CTAB-modified zeolites,
when its content was increased, a small amount of amorphous phase appeared. It should be noted that at the highest
amounts of CTAB (figure 9D and E), the formation of
mesoporous amorphous silica is noticeable. Therefore, the
excessive addition of the cationic surfactant in the synthesis
gel has a negative effect in the crystalline characteristics of
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Textural properties of the samples treated with various amount of CTAB.

Samples
ZSM-11 T
ZSM-11-4d-0.4
ZSM-11-4d-0.76
ZSM-11-4d-1
ZSM-11-4d-1.5

SBET (m2 g–1)

Sext (m2 g–1)

Vmicro (cm3 g–1)

Vmeso (cm3 g–1)

Vtotal (cm3 g–1)

Vmicro/Vtotal

282.9
264.3
320.1
370.1
539.3

85.2
72.0
212.9
300.8
457.2

0.129
0.147
0.073
0.047
0.044

0.066
0.096
0.310
0.376
0.579

0.195
0.243
0.383
0.423
0.623

0.661
0.604
0.190
0.111
0.071

and the inorganic species during the hydrothermal crystallization. The electrostatic interactions between the TBA?
cations and the aluminosilicate anions should be different
from that of the positively charged CTA? species.
Even more, during TBA? self-assembly some CTA? ions
could disrupt their strong interaction by their long chain
hydrophilic terminals, resulting in the formation of new
mesoscale micellar structures. The micelles interact electrostatically with the aluminosilicate anions, resulting in the
formation of mesostructure. At higher CTAB concentrations, the cationic hydrophilic surfaces of the micelles
increased, resulting in stronger interactions between the
zeolite subnanocrystals and the CTAB micelles [25]. As a
result, lower order and crystallinity was reached in the
materials.
Finally, when the cationic surfactant was removed by
calcination, the released space corresponds to the mesopores found in these materials.

3.4 Effect of NaOH addition in the generation of micro
and mesopores

Figure 9. SEM images of (A) conventional ZSM-11, (B) ZSM11-4d-0.4, (C) ZSM-11-4d-0.76, (D) ZSM-11-4d-1, (E) ZSM-114d-1.5 and (F) Al-MCM-41.

the micro and mesoporous ZSM-11. MCM-41 micrograph
(figure 9F) was added in order to compare morphologies.
Clearly, at the highest CTAB content, the material turned
quiet similar to a pure mesoporous material.
The combined results of XRD, N2 adsorption and desorption isotherms and SEM revealed that the addition of
mesoporous template in the synthesis gel has a significant
impact on the textural parameters, morphology and crystallinity of the hierarchical zeolites.
The function of the cationic surfactant (CTAB) could be
understood through the thermodynamic interactions that
occur between the organic surfactants (TBAOH and CTAB)

To understand the effect of alkaline medium on the formation of hierarchical ZSM-11 materials, three samples
were synthesized under hydrothermal crystallization at
140°C for 4 days in the presence of CTAB using different
amounts of NaOH. Additionally, the sample ZSM-11-4d-0
was synthesized but without the addition of the base. The
obtained materials were named as ZSM-11-4d-x, where
x represents NaOH/CTAB molar ratio (x = 0, 2.5, 5 and
12.5).
Figure 10 shows the XRD patterns of traditional ZSM-11
and hierarchical materials (ZSM-11-4d-x) prepared by different amounts of NaOH in the synthesis gel. It could be
observed that the sample prepared without NaOH addition
exhibits an amorphous pattern, suggesting that the CTABZSM-11 could not crystallize without the presence of
NaOH. The typical diffraction peaks of the MEL structure
in wide-angle XRD patterns were preserved for ZSM-114d-2.5 and ZSM-11-4d-5 zeolites. However, when NaOH/
CTAB molar ratio was increased from 2.5 to 5, the intensity
of the diffraction peaks gradually decreased in comparison
with those of the traditional ZSM-11.
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Figure 10. XRD patterns of traditional ZSM-11 and ZSM-114d-x samples.

As proposed by Do et al [36], dissolved aluminosilicates
condensed to form a quasi-solid gel due to NaOH incorporation in the synthesis mixture. The alkaline hydroxide
molecules catalyse T–O–T bonds breaking, generating
negatively charged T–O groups. These negatively charged
species electrostatically interact with the positively charged
surfactant micelles and the zeolite nuclei. Thus for this
reason ZSM-11-4d-0 sample did not show the expected
structure and crystallinity.
On the other hand, when NaOH/CTAB molar was
12.5, Mordenite was obtained. This result is in accordance to that reported by Burton and Zones [37]. Authors
studied the alkaline hydroxide concentration impact in
the zeolite crystallization rates. When alkaline hydroxide
concentration was too high, the structure directing effect
of the alkali could replace that of the TBA? organic
cation.
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The effect of NaOH incorporation was also studied by
means of N2 physisorption isotherms and pore size distribution curves, which are presented in figure 11.
As shown in figure 11A, NaOH-CTAB-modified zeolites
exhibit characteristics of type I and IV isotherms. An H1
type of hysteresis loop is also observed for ZSM-11-4d-5
sample and H3 type of hysteresis loop for ZSM-11-4d-2.5
zeolite, confirming the presence of micro and mesoporosity.
The corresponding BJH pore size distributions (figure 11B) are quite different for both NaOH-modified samples. As can be seen, the ZSM-11-4d-5 zeolite has a
narrower pore size distribution centred around 46 Å, while
the ZSM-11-4d-2.5 sample possess a broad pore size distribution centred at 32 Å. The textural parameters are given
in table 4.
Notably, the mesopore volume and SBET values for both
samples prepared with different amounts of NaOH are quite
similar, while the external surface (Sext) increased from 180
to 213 m2 g-1 when the molar ratio of NaOH to CTAB
increased from 2.5 to 5.
3.4a Evaluation of the alkali: In order to investigate the
effect of the base employed in the hierarchy of the zeolites,
four samples were prepared following the same synthesis
procedure but varying the inorganic salt employed: NaOH,
KOH, Ca(OH)2 and Na2CO3. Crystallization process was
the same for all the samples: 140°C during 4 days. The
materials were denoted according to the type of base as
ZSM-11-NaOH, ZSM-11-KOH, ZSM-11-Ca(OH)2 and
ZSM-11-Na2CO3, respectively.
The XRD patterns of the traditional ZSM-11 and the
modified zeolites are shown in figure 12. It can be observed
that the ZSM-11-Ca(OH)2 sample clearly exhibits the
diffractogram of an amorphous material. In contrast, the
XRD patterns of ZSM-11-KOH and ZSM-11-NaOH zeolites show the characteristic peaks corresponding to a

Figure 11. Effect of NaOH concentration in the synthesis gel. (A) N2 adsorption/desorption
isotherms and (B) pore size distribution curves.
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Table 4.
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Textural parameters of the NaOH-modified samples.

Samples
ZSM-11 T
ZSM-11-4d-2.5
ZSM-11-4d-5

SBET (m2 g-1)

Sext (m2 g-1)

Vmicro (cm3 g-1)

Vmeso (cm3 g-1)

Vtotal (cm3 g-1)

282.9
345.7
320.1

85.2
180.8
212.9

0.129
0.104
0.073

0.07
0.33
0.31

0.19
0.43
0.38

Figure 12. XRD patterns of the samples prepared with different
bases and inorganic salts.

typical ZSM-11 framework. However, in the pattern of
ZSM-11-KOH a slight widening in the base of the peaks
between 2h = 23° and 24° could be observed.
When aluminium is introduced in the SiO4 tetrahedral
network, negative charges are generated and should be
compensated by positive species. In this sense, cations play
an important role in charge balance of the zeolite framework. However, their participation is not limited to that.
Cations are fundamental to determine the final zeolite
product [38]. Juan et al [39] found that calcium could act as
zeolite synthesis inhibitor since calcium silicates could be
formed, limiting its formation. Thus, an amorphous material
was obtained in the ZSM-11-Ca(OH)2 synthesis.
When sodium or potassium hydroxides were employed,
structures were reached and crystallinity was optimal. Na?
and K? ions act as SDAs, favouring water, silica and alumina species interaction in order to obtain the zeolitic
structure [40]. However, it is possible to observe a relative
higher crystallinity of ZSM-11-NaOH than ZSM-11-KOH.
This fact could be assigned to the better capability of
sodium ions than potassium ones to stabilize the silicate
anions, limiting polymerization or reinsertion into the zeolite framework [41].
As depicted in figure 12, the intensity of the diffraction peaks of ZSM-11-Na2CO3 zeolite are smaller than
that of ZSM-11-NaOH and ZSM-11-KOH, indicating

lower crystallinity of the material. According to Visser
[42], hydroxide ions act as catalysts for silicon dissolution process. Thus, their presence favour zeolite’s nuclei
formation, resulting in a more crystalline material than
that obtained when carbonate was used (ZSM-11Na2CO3).
Nitrogen adsorption–desorption isotherms and pore size
distribution curves of the micro/mesoporous materials
synthesized with different bases are shown in figure 13.
According to the IUPAC classification, zeolites synthesized with different bases present a similar mixture of type I
and IV isotherms with a significant increase in the adsorption amounts at high relative pressure. Hysteresis loops at
P/P0 [ 0.44 are also present, suggesting the creation of
secondary porosity in these materials.
As shown in figure 13B, ZSM-11-NaOH and ZSM-11KOH present similar pore size distribution curves compared
to ZSM-11-Na2CO3. It could be seen that the pore size
distribution of the ZSM-11-NaOH is narrower than that of
ZSM-11-KOH; with a sharp peak centred around 46 Å,
while ZSM-11-KOH shows a peak around 49 Å. In contrast, the ZSM-11-Na2CO3 shows a broader pore size distribution, in the 15–120 Å range, with a maximum centred
around 53 Å.
The textural parameters of all these materials are summarized in table 5. It is possible to observe that ZSM-11NaOH and ZSM-11-KOH have quite similar textural
properties. However, the external surface and mesopore
volume of ZSM-11-KOH sample is slightly higher than that
of ZSM-11-NaOH, while the microporous volume of ZSM11-KOH is smaller than that of ZSM-11-NaOH. As proposed by Wijnen et al [43], tetraalkyl ammonium silicate
solutions employed cations as structure directors. In this
sense, authors probed that K? ions have higher silica dissolution rate than Na?. Therefore, mesopores formation is
favoured.
In the case of the sample treated with Na2CO3, textural
properties show higher values than those of hydroxidemodified materials. This observation is in accordance
with the previous analysis of crystallinity, where
hydroxide ions showed a better behaviour for zeolite
formation. In the case of the carbonate, a material less
crystalline but with higher hierarchization was obtained.
The results revealed a clear influence of the type of base
employed in the synthesis of micro/mesoporous ZSM-11
zeolite.
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Figure 13. (A) N2 adsorption/desorption isotherms and (B) BJH pore size distribution curves of traditional ZSM-11,
ZSM-11-NaOH, ZSM-11-KOH and ZSM-11-Na2CO3.

Table 5.

Textural properties of traditional ZSM-11 zeolite and the alkali-modified samples.

Samples
ZSM-11 T
ZSM-11-NaOH
ZSM-11-KOH
ZSM-11-Na2CO3

3.5

SBET (m2 g-1)

Sext (m2 g-1)

Vmicro (cm3 g-1)

Vmeso (cm3 g-1)

Vtotal (cm3 g-1)

282.9
320.1
323.8
363.5

85.2
212.9
253.2
264.3

0.129
0.073
0.050
0.066

0.066
0.310
0.322
0.351

0.195
0.383
0.372
0.417

Acidity characteristics

In order to assess the acidity characteristics of the obtained
materials and the effect of the employed treatments, the
traditional microporous zeolite (H-ZSM-11 T) and the
optimal hierarchical one (H-ZSM-11-4d-0.76) were evaluated by means of pyridine adsorption and further desorption
under vacuum at 400°C. Pyridine adsorption over acid
materials is a common technique to characterize the acid
sites nature and their strength by FTIR spectroscopy. The
technique is based on the observation of the vibrational
perturbations that undergo when this kind of probe-molecules adsorb on them.
Brønsted (B) and Lewis (L) acid sites concentrations
(lmol g-1 catalyst) were determined by means of the
intensity of the 1545 and 1455 cm-1 absorption bands,
respectively. The quantification was done using the literature data of the integrated molar extinction coefficients [44].
In terms of Brønsted acidity, no significant differences
were found between the traditional zeolite (60.9 lmol g-1)
and the hierarchical one (56.2 lmol g-1). However, in the
case of Lewis acid sites, H-ZSM-11-4d-0.76 sample showed
a considerable higher concentration. While microporous

zeolite presented 5.2 lmol g-1, the micro/mesoporous
material developed a 62 lmol g-1 concentration of Lewis
acid sites. This important increment could be related to the
mesoporous formation in the zeolite and to the greater
external surface. As proposed by Serrano et al [45], when
mesopores are formed in the hierarchical zeolites, a high
population of silanol groups cover the mesopore surface
area and Al atoms tend to generate Lewis acid sites rather
than Brønsted ones. Thus, these new Lewis sites are more
accessible and the contact with the probe molecule is easier.
These results evidence that the higher external surface of
the hierarchical zeolites not only provide a better access of
voluminous molecules to the active sites, but also offer new
acid sites.

4.

Conclusions

ZSM-11 zeolites were synthesized by a direct method
employing CTAB as cationic mesoporous former. Even
when the method is known for hierarchy of zeolites purposes, in this study several effects on materials properties
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were evaluated. In this sense, 4 days of crystallization were
determined to be the best period in order to reach ZSM-11
structure with the highest crystallinity levels. In terms of
temperature, a key factor on chemical process, 140°C was
the optimal value.
The cationic template content on the synthesis gel was
also studied. It was found that a maximum of 0.76 g is the
best quantity to reach the desired structure with good levels
of mesoporosity, but keeping ZSM-11 structure and crystallinity. Since CTAB use is always associated with NaOH
incorporation, the content of the alkali was also evaluated. It
was confirmed that in absence of the alkaline hydroxide, an
amorphous material was obtained. It was probed that its
presence is fundamental, not just for pH adjustment purposes, but for zeolite structure reach. In this sense, not any
base could be employed. It was found that in order to obtain
the best characteristics in terms of crystallinity, alkali
hydroxide should be employed. ZSM-11-NaOH and ZSM11-KOH showed quite similar textural and morphological
properties.
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