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a b s t r a c t

The development of zeolites possessing dendritic features represents a great opportunity for the design of
novel materials with applications in a large variety of fields and, in particular, in the energy sector to
afford its transition towards a low carbon system. In the current work, ZSM-5 zeolite showing a dendritic
3D nanoarchitecture has been synthesized by the functionalization of protozeolitic nanounits with an
amphiphilic organosilane, which provokes the branched aggregative growth of zeolite embryos.
Dendritic ZSM-5 exhibits outstanding accessibility arising from a highly interconnected network of
radially-oriented mesopores (3 – 10 nm) and large cavities (20 – 80 nm), which add to the zeolitic micro-
pores, thus showing a well-defined trimodal pore size distribution. These singular features provide den-
dritic ZSM-5 with sharply enhanced performance in comparison with nano- and hierarchical reference
materials when tested in a number of energy related applications, such as VOCs (toluene) adsorption (im-
proved capacity), plastics (low-density polyethylene) catalytic cracking (boosted activity) and hydrogen
production by methane catalytic decomposition (higher activity and deactivation resistance).
� 2023 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published
by ELSEVIER B.V. and Science Press. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Materials with dendritic nanoarchitectures have recently
attracted considerable attention with a number of ground-
breaking findings being achieved over the past 10 years [1]. They
possess 3D branched superstructures with outstanding accessibil-
ity due to the presence of a highly interconnected network of radi-
ally oriented pores [2].

The development of dendritic nanomaterials is undergoing fast
progress, extending from pure silica to other compositions (tita-
nium, carbon, bio-active glass and hybrid solids) [1–3]. Accord-
ingly, the terms Dendritic Fibrous Nano Particles (DFNP) and
Dendritic Mesoporous Silica Nanospheres (DMSNs) have been
recently coined [2,3]. The relevance of these materials relies on
their high porosity and accessibility, being explored as supports
of a number of guest molecules and functionalities [1,4–6]. In the
past years, an increasing number of articles have been published
concerning the use of dendritic materials in a variety of fields:
catalysis, water treatment, solar-energy harvesting, energy storage,
self-cleaning antireflective coatings, surface plasmon resonance-
based ultrasensitive sensors, CO2 capture and biomedical
applications [1]. Accordingly, they have been recently considered
the ‘‘rising stars” of mesoporous materials [3].

On the other hand, zeolites represent a very relevant type of
crystalline microporous solids with important industrial applica-
tions as catalysts, adsorbents, supports, and ion-exchange agents
[7–9]. Despite the high number and diversity of uses already avail-
able, the research in zeolites is not levelling off but, on the con-
trary, there is a fast-expanding interest in zeolite science and
technology. This is a consequence of their exceptional properties:
crystallinity, high surface area, uniformmicropores, shape selectiv-
ity, strong and tunable acidity, adjustable hydrophobic/hydrophilic
properties, high hydrothermal stability and diversity of structures
and compositions.

However, most zeolites possess pore sizes below 1 nm, which is
an important drawback for the processing and/or supporting of
bulky species. This limitation has motivated an intense research
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effort during the past years aimed at the preparation of zeolites
with enhanced accessibility [10–13]. Thereby, a variety of strate-
gies have been pursued, such as those based on the synthesis of
nano- and hierarchical zeolites [14–17]. Likewise, a number of
zeolite structures have been synthesized in bidimensional form
[18–21]. The performance of these new types of zeolitic materials
usually overcomes those of conventional zeolites [22]. However,
new and disruptive concepts of zeolites showing outstanding
accessibility are yet required in many applications and fields, as
it is the case of the energy sector in its transition to a low carbon
system.

Previous studies adapting the synthesis methods of DFNPs to
zeolites have been based on the direct combination of microemul-
sion systems with zeolite-seed crystallization. The materials so
obtained (named as fibrous zeolites), although exhibiting interest-
ing properties, show hybrid core–shell structures, in which the
dendritic shell consists of amorphous silica [23–25]. Besides, as a
rare example, the synthesis of fractal MTW zeolite has been
reported based on dendritic growth via twinning-plane induced
crystallization [26].

Therefore, the development of dendritic zeolites remains a
relevant scientific and technological challenge. In this way, the
present work reports the synthesis and properties of ZSM-5 zeo-
lite with a fully crystalline 3D dendritic nanoarchitecture, which
provides it with outstanding accessibility and textural features,
as well as with remarkable performance in a number of energy
related applications as both adsorbent and catalyst. ZSM-5 is
one of the most important zeolites due to its relevant industrial
applications in oil refining, petrochemistry, biomass conversion
and pollutant removal [27–29]. Accordingly, the development
of ZSM-5 zeolite with dendritic features is expected to have a
remarkable impact on a variety of fields and in particular in
the energy sector.
2. Experimental

2.1. Materials synthesis

The experimental procedure and conditions used for the syn-
thesis of dendritic ZSM-5 were taken from previous literature
works [30,31] on the preparation of hierarchical ZSM-5 by means
of the so-called seed-silanization approach but employing in this
case TPOAC as silanization agent. Thus, dendritic ZSM-5 samples
were synthesized first mixing fined milled aluminum isopropoxide
(AIP, Sigma-Aldrich, 98%) with tetrapropylammonium hydroxide
(TPAOH, Sigma-Aldrich, 40 wt% in water) at room temperature
and 300 r min�1 of stirring in a round bottom flask until complete
dissolution of AIP. Then, a proper amount of tetraethyl orthosili-
cate (TEOS, Sigma-Aldrich, 98%) was added submerging the flask
in an ice-bath during a few minutes, being then stirred at room
temperature for 40 h until complete hydrolysis of the silicon
source. The molar composition of the initial precursor solution
was as follows: Al2O3: 60 SiO2: 11 TPAOH: 1500 H2O. The alcohols
produced as hydrolysis by-products were removed at 75 mbar and
50 �C in a rotatory evaporator. The clear precursor solution was
precrystallized under reflux and stirring (300 r min�1) at 90 �C
for 20 h. When the precrystallization was completed, the bottom
flask was once again submerged in an ice bath for stabilizing the
protozeolitic units prior to the addition of dimethyloctadecyl [3-
(trimethoxysilyl) propyl] ammonium chloride (TPOAC, Gelest, 60
wt% in methanol). TPOAC was incorporated in a proportion of
5 mol% regarding the initial Si content, which provoked the clear
solution to turn into a milky-like mixture in a few seconds, indicat-
ing the spontaneous formation of an emulsion. The reactive mix-
ture was maintained at 0 �C and 300 r min�1 for 6 h. Then, the
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flask content was loaded into a 25 mL Teflon-lined autoclave reac-
tor, being crystallized under different temperatures (150 �C or
170 �C) and times (1–10 days). Thereafter, the autoclaves were
cooled down by immersion into an ice bath to suddenly interrupt
the crystallization. Two well different phases were found when
the autoclaves were opened, a whitish supernatant gel and a white
solid phase in the bottom of the Teflon container. At short synthe-
sis times, the whitish supernatant gel was an amorphous material
that evolves into a non-dendritic ZSM-5 zeolite as the hydrother-
mal treatment progresses. The white solid phase contained the
dendritic zeolite sample and it was mechanically separated,
washed with distilled water, centrifuged at 11,000 r min�1 for
three times, and dried at 100 �C overnight.

The as-synthesized samples were subjected to a two-step calci-
nation treatment. The first step was carried out under nitrogen
flow, heating the sample up to 400 �C (1.8 �C min�1), being kept
constant for 4 h. The second calcination step was performed under
an air flow by heating up to 550 �C (1.8 �C min�1) and then keeping
this temperature constant for 5 h. The samples were identified as
d-ZSM-5 (Xd – Y �C), where X and Y are the corresponding crystal-
lization time and temperature, respectively.

To investigate the effect of the TPOAC order addition, a sample
was synthesized following the procedure above described but
incorporating the amphiphilic organosilane at the beginning of
the gel preparation and omitting the precrystallization step. The
corresponding gel was hydrothermally treated at 170 �C for 7 days.

In order to assess the effect of the gel concentration, two
additional samples were synthesized increasing the initial H2O/
SiO2 molar ratio to 37.5 and 50. In these experiments, the molar
composition of the initial precursor solution was as follows:
Al2O3: 60 SiO2: 11 TPAOH: x H2O, being ‘‘x” adjusted to 2250
and 3000, respectively. Another sample was synthesized with
the aim to check the role of TPA+ cations with a molar composi-
tion of the initial synthesis gel of Al2O3: 60 SiO2: 13.75 TPA:
1500 H2O. The 2.75 mol excess of TPA referred to the conven-
tional synthesis concentration was added as tetrapropylammo-
nium bromide in order to not disturb the synthesis pH. This
sample was denoted as ZSM-5 (1.25 TPA). Also, an additional
sample was synthesized with 10 mol% of TPOAC, this sample
was denoted as ZSM-5 (10 TPOAC). Finally, a zeolitic sample
denoted as ZSM-5 (2.5 NaOH), prepared with the following gel
molar composition: Al2O3: 60 SiO2: 11 TPAOH: 1500 H2O: 1.5
NaOH was synthesized in order to evaluate the effect of the
presence of Na+ cations. The synthesis procedure for all of these
samples was the same as above described, the crystallization is
performed at 170 �C for 7 days.

A commercial nanocrystalline ZSM-5 sample (n-ZSM-5), pur-
chased from Clariant, and a hierarchical ZSM-5 sample (h-ZSM-
5) were used as references. The latter was synthesized using a
procedure similar to the above described for the dendritic sam-
ples starting from the same gel composition (Al2O3: 60 SiO2: 11
TPAOH: 1500 H2O) but replacing TPOAC by N-
phenylaminopropyl trimethoxysilane that was added in 5 mol%
regarding the initial Si content. Moreover, for the h-ZSM-5 sam-
ple the final mixture was maintained under reflux at 90 �C and
300 r min�1 for 6 h. In this case, no noticeable physical changes
were detected in the flask liquid content after the addition of the
silanization agent. The resulting solution was transferred to a
25 mL Teflon-lined autoclave reactor and crystallized at 170 �C
for 7 days. The synthesis products consisted of a clear liquid
supernatant over a solid white powder in the bottom of the
autoclave. The entire content of the Teflon vessel was cen-
trifuged (11000 r min�1) and washed with water three times.
The resulting solid was dried overnight (100 �C) and then
subjected to calcination using the same procedure as above
indicated for the dendritic ZSM-5 samples.
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2.2. Materials characterization

A powder Empyrean PANalytical diffractometer with Cu Ka
radiation (k = 1.5406 Å) was employed for recording the wide-
angle X-ray diffraction patterns of the calcined samples.

Thermogravimetric TG/DTG analyses were performed using an
SDT 2960 instrument, loading an alumina crucible with ca. 7 mg
of the sample that was heated up to 700 �C (5 �C min�1) under
100 mL min�1.

Transmission Electron Microscopy (TEM) and High angle annu-
lar dark field scanning TEM (HAADF-STEM) images were collected
using a JEOL F200 CF (200 kV) microscope. This instrument was
also employed for the acquisition of tilt series of both TEM and
dark-field STEM images of dendritic ZSM-5 particles over an angu-
lar range of ± 68� with an increment of 2�. Alignment and process-
ing of these images to obtain the movies included in the
Supporting Video files were performed with the ImageJ software.
Moreover, dark-field STEM micrographs were visualized using Par-
aview 5.10.0 open-source software [32]. Images initially recorded
in TIFF format were read and represented with the ‘‘Turbo” rain-
bow color map using the same upper and lower limits, which have
subsequently been scaled between 0 and 1. Limits were chosen
once all images were analyzed to achieve the highest contrast
and avoid color saturation. Finally, tomographic reconstruction
from tilt series of dark-field STEM micrographs in TIFF format
was made with the open-source Tomviz software package (version
1.10.0) [33,34]. Tomogram was processed to identify the dendritic
ZSM-5 particle and microscope mesh support, represented using
the Viridis and Magma color maps, respectively; and visualize
internal particle morphology. Particle slices were represented
using the ‘‘plasma” color map, with upper and lower limits being
selected to achieve the best contrast at the particle boundary.

Aluminum and silicon content of the calcined samples were
determined by ICP-OES with a Perking Elmer Optima 7300AD
equipment. Fourier transform infrared (FTIR) spectra were mea-
sured with a resolution of 4 cm�1 in JASCO-4600 instrument
equipped with a TGS detector. The type and the concentration of
the acid sites were investigated by adsorbing a basic probe mole-
cule (pyridine) and monitoring the changes by FTIR (Brønsted acid
sites: 1545 cm�1, e = 1.67 cm lmol�1; Lewis acid sites: 1455 cm�1,
e = 2.22 cm lmol�1) [35]. In a typical experiment, a self-supported
wafer (10 mg cm�2) was prepared and activated in-situ under vac-
uum at 450 �C for 4 h. Subsequently, pyridine was adsorbed at
150 �C and a thermal desorption study was carried out from
150 �C to 450 �C following the procedure published elsewhere
[36]. The external Brønsted acid site concentrations were evalu-
ated by adsorbing 2,6-di-tert-butylpyridine (DTBPy) as a probe
molecule (eBext = 5.3 cm lmol�1) [37] following the same proce-
dure described above and maintaining an adsorption–desorption
equilibrium intervals of 60 min.

Argon physisorption analyses were performed at �186 �C on a
Micromeritics 3Flex instrument. The samples were subjected to
degasification at 350 �C and under vacuum for 5 h. BET equation
was used for the calculation of the surface area, whereas the NL-
DFT model was applied to obtain the pore size distribution in the
micro- and mesopore ranges and determine the contribution of
the different levels of porosity to the textural properties. The total
pore volume was calculated at a relative pressure of 0.99.

Solid-state 27Al MAS NMR spectra of the calcined samples were
analyzed on a Bruker Advance III/HD 500WB spectrometer using a
double-bearing MAS probe (DVT BL4) at a magnetic field of 11.75 T
and a resonance frequency of 130.3 MHz. Previous to the analyses,
the calcined samples were saturated in water vapor for 16 h. Spec-
tra were recorded at two different spinning rates 10 kHz (2400
scans) and 13.5 kHz (16000 scans) by applying single p/12-
pulses (0.6 ls) with a recycle delay of 1 s. The spectra were refer-
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enced to the external 1 M aqueous solution of Al(NO3)3. The eval-
uation of the experimental spectra was carried out with the
TopSpinTM 3.2 NMR software package from Bruker BioSpin GmbH.

2.3. Adsorption and catalytic tests

2.3.1. Toluene adsorption–desorption and adsorption-regeneration
tests

Toluene adsorption–desorption measurements were carried out
using an intelligent gravimetric analyzer (IGA-100, Hiden Iso-
chema ltd.). The IGA instrument consists of a fully computerized
microbalance equipped with an ultravacuum system and pressure
and temperature controls, which allow accurate measurement of
the weight of the samples as a function of the time. The weighing
resolution of the balance is 0.1 lg. Previously to the experiments,
the sample (� 40 mg) was degassed under a vacuum of < 10-7 mbar
at 400 �C for 3 h. During the experiment, the equilibrium pressures
were maintained at the set point by the admittance/exhaust valves
controlled by the computer software with an accuracy range of
0.02%. The sample temperature was controlled using the water
batch or the heating furnace with an accuracy of 0.1 �C. The
adsorption and desorption isotherms were measured at 30 �C,
using toluene as a probe molecule, and increasing or decreasing
the equilibrium pressure step by step. Approximately 40 points
of equilibrium pressures were recorded during the isotherm exper-
iments. The real-time curves of weight uptake changing were also
recorded for each equilibrium pressure.

On the other hand, a series of ten adsorption-regeneration
cycles followed by a final toluene adsorption–desorption isotherm
were performed with one of the dendritic ZSM-5 samples to check
its stability. In each cycle, the material was saturated with the
adsorbate that was subsequently removed by combining high vac-
uum (1 h at 30 �C) and thermal (heating at 5 �C min�1 up to 400 �C,
this temperature being kept constant for 2 h under vacuum) treat-
ments. After the completion of the ten cycles, the toluene adsorp-
tion–desorption isotherm was again recorded at 30 �C.

2.3.2. LDPE catalytic cracking
Low-density polyethylene (LDPE) catalytic cracking tests were

performed in a stainless-steel stirred batch reactor. In a typical
assay, the reactor was loaded with a physical mixture of 10 g of
LDPE pellets and 0.1 g of calcined catalyst. The tested catalyst sam-
ples were d-ZSM-5 (7d – 150 �C), d-ZSM-5 (10d – 150 �C), h-ZSM-5
and n-ZSM-5. The reactor was closed and heated up to 340 �C
under a nitrogen flow (30 mL min�1) at atmospheric pressure.
Reaction conditions were maintained for 2 h under stirring. The
effluent gaseous stream was passed through an ice condenser to
recover the liquid fraction, while the non-condensable gases were
collected in a gas sampling bag. Both liquid and gas products were
quantified, whereas the amount of residue remaining inside the
reactor was weighted for closing the mass-balance.

Liquid and gas products of LDPE catalytic cracking reactions
were analyzed in a Varian CP-3800 GC gas chromatograph,
employing a 100 m length � 0.25 mm i.d. Chrompack CP SIL PIONA
capillary column and FID detector, by the injection of 0.5 mL of the
gas fraction and 0.4 lL of the liquid product. Conversions were cal-
culated considering exclusively the product fraction that leaves the
reactor with the N2 flow.

2.3.3. Hydrogen production by catalytic methane decomposition
The activity of the zeolitic samples in catalytic methane decom-

position (CMD) was evaluated using a simultaneous DSC-TGA ther-
mobalance (TGA-DSC, Mettler-Toledo). As reactive gas, a synthetic
CH4 + CO2 mixture with a volume ratio of 60:40 (v:v) was selected
in order to mimic biogas composition. The zeolitic sample was
loaded into a 150 lL alumina crucible, which was subsequently
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introduced into the thermobalance. Reactions were operated under
temperature-programmed and isothermal conditions. Before the
tests, zeolites were dried at 250 �C with nitrogen. In the case of
isothermal reaction tests, the dried samples were heated under
100 mL min�1 of nitrogen flow until reaching 965 �C. Then, the
reaction was initiated by feeding the synthetic biogas with a flow
rate of 50 mL min�1, recording the increase of sample weight along
the time due to the deposition of carbon co-produced over the cat-
alysts. In the case of temperature-programmed tests, after drying,
the samples were purged under a biogas flow of 50 mL min�1,
and the temperature was increased from 50 �C to 1100 �C with a
constant heating rate of 10 �C min�1, being kept constant at
1100 �C for 60 min. In these tests, the threshold temperature was
determined at the point in which a 0.05% increase in the catalyst
weight takes place. Moreover, blank reactions with an empty pan
were also carried out, verifying that the contribution of the thermal
decomposition of the CH4 + CO2 mixture was negligible.
3. Results and discussion

3.1. Synthesis of dendritic ZSM-5

The strategy here applied for the synthesis of dendritic ZSM-5 is
based on the emulsion templated aggregative growth of protoze-
olitic nanounits previously functionalized with an amphiphilic
organosilane.

Firstly, the formation of zeolite embryos is induced by precrys-
tallization of the synthesis gel provoking interactions between the
zeolite structure directing agent (SDA: tetrapropylammonium
cations, TPA+) and the aluminosilicate species. In a recent work
[36], we have concluded that these zeolite embryos consist of
sub-colloidal particles having simultaneously TPA+ molecules in
two configurations: trapped inside and adsorbed over the outer
surface of the nano-particles. Thereafter, the amphiphilic organosi-
lane (TPOAC) is added to the synthesis gel. Under specific condi-
tions and compositions, the hydrophobic nature of the C18 chain
in the TPOAC molecule leads to the formation of an emulsion, in
which the interface is stabilized by the already formed embryonic
zeolites. Following this synthesis strategy, a number of ZSM-5 sam-
ples have been prepared using different crystallization tempera-
tures (150 – 170 �C) and times (1 – 10 days).

TEM images in Fig. 1, taken on samples prepared at different
crystallization temperatures and times, reveal that in all cases
these materials are formed by oval-shaped particles, with sizes
ca. 800 – 1600 nm for the largest dimension and 600 – 900 nm
for the smallest one, consisting of aggregates of nanounits with
sizes about 10 nm. In contrast with hierarchical ZSM-5 samples
prepared with other types of organosilanes or using other synthetic
strategies, the nanounits are not randomly assembled but they
show a marked radial pattern within the particles. In addition,
the occurrence of a high degree of branching, which is a typical fea-
ture of dendritic systems, can be clearly observed in the TEM
images, where tree-like nanostructures become evident. In the
same way, the voids existing between nanorods generate a radially
oriented porosity, which is expected to facilitate strongly the
access to the internal part of the particles. Another interesting find-
ing is the occurrence of zones within the dendritic aggregates with
a low population of nanounits. These cavities or vesicles are clearly
appreciated in the inner part of most particles showing sizes in the
range 20 – 80 nm. As far as we know, this is the first time that the
occurrence of a dendritic nanoarchitecture has been reported for
ZSM-5 zeolite.

TPOAC has been earlier used in the literature [38,39] for the
preparation of hierarchical ZSM-5 zeolites, but lacking dendritic
features. A key step of the synthesis procedure here applied, which
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is omitted in previous works, involves the precrystallization of the
gel prior to the introduction of the organosilane in order to induce
the formation of zeolite embryos. Thus, the characterization of a
sample prepared by the addition of TPOAC in the initial synthesis
step (Fig. S1) confirms that the dendritic nanoarchitecture is not
formed when this precrystallization treatment is not applied. The
material so obtained consists of a ZSM-5 sample in which the
nanounits are randomly aggregated. Moreover, the XRD pattern
of this sample shows the presence of some amorphous material,
denoting that the early incorporation of the organosilane affects
not only the crystal growth step but also inhibits, at least in part,
the formation of the zeolite nuclei.

Furthermore, a series of preliminary experiments were carried
out to determine how a number of parameters related to the gel
composition affect the appearance of the dendritic morphology
(see Fig. S2 and Fig. S3). In this way, one of the key factors is the
degree of dilution of the gel. This effect has been confirmed by
the preparation of samples varying the water content of the syn-
thesis (H2O/SiO2 ratio in the range 25 – 50), while keeping constant
the rest of the parameters. As illustrated in Fig. S2, the materials
obtained using more diluted gels exhibit fewer dendritic features,
which tend to disappear progressively with the increase of the
H2O/SiO2 molar ratio. In contrast, the results shown in Fig. S3 indi-
cates that the dendritic nanoarchitecture is also observed when
increasing the TPA+/SiO2 ratios, i.e. the enhancement of the content
of the zeolite SDA is a less critical aspect than that of the water
content. However, increasing too much the TPOAC content leads
to a less uniformmaterial in terms of particle size and morphology.
Finally, adding NaOH to the synthesis gel provokes the formation
of a material consisting of both dendritic and non-dendritic parti-
cles. These results indicate that the gel composition should be care-
fully controlled to obtain high-quality dendritic ZSM-5 samples.

3.2. Physico-chemical properties of dendritic ZSM-5

The dendritic ZSM-5 samples are fully crystalline as it can be
appreciated in the wide-angle XRD patterns of Fig. 2, displaying
the characteristic peaks of the MFI structure with a high intensity
and resolution. The crystallinity of these materials is also corrobo-
rated by the intense electron diffractions patterns appreciated in
the TEM measurements (Fig. 2g). Likewise, high resolution TEM
images, taken over the outer part of the aggregates, denote the
presence of the diffraction fringes corresponding to the MFI struc-
ture (Fig. 2h). The orientation of the diffraction signals is the same
through relatively large zones of the dendritic array, which means
that the effective size of the crystalline domains is larger than that
of the nanounits, explaining the well-defined X-ray pattern of the
dendritic ZSM-5 samples. These findings demonstrate that the syn-
thetic strategy here developed leads to the formation of fully crys-
talline dendritic ZSM-5 materials, even when reducing the
crystallization time to 1 day, whereas crystalline/amorphous com-
posites are absent, unlike it occurs during the synthesis of the so-
called fibrous zeolites by growing dendritic amorphous silica
around zeolite seeds [23,24].

As shown in Fig. S4, d-ZSM-5 samples prepared at different
crystallization temperatures exhibit quite similar both TG/DTG
profiles and overall weight losses (34 – 40 wt%, referred to the ini-
tial sample weight). According to the results obtained in previous
works [36,40], the DTG peak at c.a. 460 �C can be assigned to
quaternary ammonium species encapsulated within the zeolite
micropores, whereas signals at a lower temperature (in the range
200 – 350 �C) would correspond with the thermal decomposition
of TPOAC molecules, as well as with the removal of TPA+ species
adsorbed on the external surface of the nanounits.

The dendritic nanostructure provides these materials with sin-
gular textural properties. This is illustrated in Fig. 3, which displays



Fig. 1. TEM micrographs of d-ZSM-5 (1d – 150 �C) (a), d-ZSM-5 (1d – 170 �C) (b), d-ZSM-5 (7d – 150 �C) (c), and d-ZSM-5 (7d – 170 �C) (d, e, f, and g) samples.
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for different dendritic ZSM-5 samples crystalized at 150 �C the
argon adsorption–desorption isotherms at �186 �C, as well as both
the pore size distribution (PSD) and the cumulative pore volume
obtained applying the NL-DFT method. In the same way, Fig. S5
displays the Ar (-186 �C) adsorption–desorption isotherms, PSD
and cumulative pore volume of equivalent samples crystallized
at 170 �C. A complex isotherm curve, with three adsorption zones
at distinct relative pressure ranges, is observed in all cases showing
the presence of different levels of porosity in the same material.
This fact is clearly denoted in the PSD, which exhibits a well-
defined trimodal porous structure. Thus, in addition to the peak
at about 5.5 Å corresponding to the zeolitic micropores, a relatively
81
narrowmesoporosity (SP1) is present in the range 30 – 100 Å (peak
maximum at about 50 – 60 Å). The size of these mesopores is larger
than those generated from C16 - C18 alkyl chain surfactants in
MCM-41 materials (about 30 – 35 Å), suggesting the participation
of micelle aggregates as templates of the dendritic mesoporosity,
similar to what has been earlier reported during the formation of
DFNPs [41]. Likewise, the occurrence of larger mesopores (SP2),
with a peak maximum of about 200 Å and extending even beyond
the meso-macropore limit, is observed in all the dendritic ZSM-5
materials. This last porosity can be associated with the large cavi-
ties appreciated within the particles in the TEM images. For both
synthesis temperatures, the peak at about 50 – 60 Å in the PSD is



Fig. 2. X-ray diffraction patterns of dendritic calcined d-ZSM-5 (1d – 150 �C) (a), d-ZSM-5 (1d – 170 �C) (b), d-ZSM-5 (7d – 150 �C) (c), d-ZSM-5 (7d – 170 �C) (d), d-ZSM-5
(10d – 150 �C) (e), and d-ZSM-5 (10d – 170 �C) (f) samples, and electron diffraction (g), high-resolution TEM (h) of calcined d-ZSM-5 (7d – 170 �C) sample.
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narrower for the samples prepared at a short synthesis time
(1 day), denoting that the dendritic nanostructure evolves along
the hydrothermal treatment, as commented below when dis-
cussing the changes in the textural properties.

In order to get further insights into the different levels of poros-
ity present in dendritic ZSM-5, the samples were also investigated
by HAADF-STEM and tilt series acquisition of both TEM and
HAADF-STEM micrographs. The images shown in Fig. 4(a and b)
and Fig. S6, obtained using dark-field mode and processed accord-
ing to a rainbow-type color map, evidence a core–shell organiza-
tion of the dendritic nanostructure. In the central part of the
particles, the nanounits show a more random branched arrange-
ment, whereas the radially-oriented nanostructures are preferen-
tially located in the outer zones. More information about the
connection and distribution of both zones has been derived by
tomographic reconstruction from the tilt series images of a single
particle (Fig. 4c and d). Thus, as evidenced by the cross-section
image in Fig. 4(d), the large cavities tend to be located mainly on
the border between both zones. This result points toward a com-
plex synthesis mechanism, which will be the subject of further
studies. Moreover, the high degree of connectivity existing
between radially-oriented channels and cavities can be clearly
appreciated in the cross-section image, as well as in the tilt series
acquisitions (see Supplementary Video file) that provides a 3D
visualization of the dendritic nanoarchitecture.

The high connectivity between the multi-level pore system con-
fers these materials with outstanding accessibility. This is expected
to facilitate sharply the transport of molecules during their appli-
cation as catalysts, whereas the trimodal porosity provides voids
at different scales for the incorporation of other active phases or
components.

As seen in Table 1, the dendritic ZSM-5 samples synthesized
during 1, 7, and 10 days exhibit BET surface areas with larger val-
ues (between 476 and 630 m2 g�1) than conventional ZSM-5
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(about 400 m2 g�1), having a large share of mesopore/external sur-
face area. Likewise, important variations can be appreciated in the
textural properties associated with the mesoporosity. Thus, the
overall mesopore volume varies between 0.390 and 0.809 cm3

g�1, revealing that it is affected by the crystallization temperature
and time. In this way, the d-ZSM-5 (1d – 150 �C) sample shows the
highest contribution of the secondary porosity, which also
increases the total pore volume, reaching values up to 0.945 cm3

g�1. For this last material, the average pore volume share corre-
sponding to the multi-level porosity (micropores / mesoporous
channels / cavities) is c.a. 15% / 66% / 20%. In overall, a clear trend
to decrease the contribution of both types of mesopores along the
synthesis time can be appreciated at both temperatures, denoting
that the dendritic nanoarchitecture evolves towards more compact
configurations during the hydrothermal treatment. Likewise, sam-
ples prepared at 150 �C present larger pore volumes for both sec-
ondary mesoporosities than those crystallized at a higher
temperature. On the other hand, it can be envisaged great possibil-
ities for using dendritic ZSM-5 zeolites as supports of other phases
and components, allowing their distribution over the trimodal
porosity and facilitating the preparation of hybrid and multifunc-
tional materials.

The generation of the dendritic nanostructure does not nega-
tively affect the Al incorporation, which is an important aspect
regarding potential applications as an acid catalyst. In this way,
the Si/Al ratio of the dendritic ZSM-5 samples (Table 1) lies in
the range 33 – 37, being just slightly higher than that of the gel
(31.5), which denotes that both Si and Al are incorporated into
the zeolite in a relatively similar extension. 27Al MAS NMR spectra
of calcined d-ZSM-5 samples have been used to get insights about
the Al coordination (Fig. S7). The major peak at about 54 ppm cor-
responds with tetrahedral Al, whereas just a minor contribution of
octahedral extra-framework species (peak at 0 ppm) is detected.
The values of the full width at half maximum (FWHM) of the



Fig. 3. Argon adsorption–desorption isotherms (a, c and e) and NL-DFT cumulative pore volume and pore size distribution (b, d and f) of dendritic ZSM-5 samples (-186 �C).
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tetrahedral peak are about 6.8 – 6.9 ppm, which agrees well with
those of highly crystalline ZSM-5 zeolites [42,43]. Therefore, 27Al
MAS NMR spectra demonstrate that the features of the Al coordi-
nation in the dendritic ZSM-5 materials are very similar to those
typically found in high-quality ZSM-5 samples, with a prevalence
of tetrahedral framework species.

3.3. Toluene adsorption properties

The potential application of dendritic ZSM-5 materials for the
removal of VOCs (volatile organic components) has been assessed
bymeasuring theadsorption–desorption isothermsof toluenevapor
at 30 �C (Fig. 5), which is one of the typical components of gasoline.
To that end, the behavior of sample d-ZSM-5 (1d – 150 �C), selected
due to its high overall pore volume, has been comparedwith those of
two referenceMFI materials: nanocrystalline and hierarchical ZSM-
5 (n-ZSM-5 and h-ZSM-5, respectively). The main physicochemical
properties of the reference samples areprovided inTable S1 showing
they present a significant (n-ZSM-5) or large (h-ZSM-5) share of
external/mesopore surface area, hence they can be considered as
materials exhibiting also high accessibility.

As it can be appreciated in Fig. 5(a), the n-ZSM-5 sample exhi-
bits a type I isotherm, according to the IUPAC classification, quickly
reaching a plateau at a relative pressure of 0.1 followed by a small
increment of adsorption capacity with increasing pressure. On the
other hand, the isotherms of d-ZSM-5 (1d – 150 �C) and h-ZSM-5
samples correspond with type IV, showing an initial increase of
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adsorption capacity at low relative pressures and the presence of
strong hysteresis loops. The maximum adsorption capacity of
toluene, measured at a relative pressure of 0.9, was 52% on d-
ZSM-5, whereas samples n-ZSM-5 and h-ZSM-5 only adsorbed 13
and 26%, respectively. Furthermore, at an intermediate relative
pressure (P/P0 = 0.6), d-ZSM-5 adsorbed 43% of toluene, while the
mass adsorbed by n-ZSM-5 and h-ZSM-5 were just 12 and 23%,
respectively. Therefore, the adsorption capacity of toluene on d-
ZSM-5 (1d – 150 �C) was much higher than that of the reference
materials. This increase in the adsorption capacity can be attribu-
ted to the presence of a trimodal porosity and a high total pore vol-
ume in the dendritic ZSM-5 samples, as above concluded from the
Ar adsorption isotherms. Accordingly, these results denote that
dendritic ZSM-5 samples present a high potential for the develop-
ment of adsorbents in VOCs removal processes.

Since lifetime is an extremely important factor in the use of an
adsorbent, adsorption-regeneration cycles followed by toluene
adsorption–desorption isotherm were carried out to estimate the
lifetime and stability of the d-ZSM-5 sample. Regeneration was
accomplished by subjecting the material at a temperature of
400 �C for 2 h under vacuum in each cycle. As shown in Fig. 5(b),
after a total of 10 adsorption-regeneration cycles, the toluene
adsorption–desorption isotherm was practically the same as that
in the first cycle. Thus, just a small decrease in the maximum
adsorption capacity (less than 0.5 wt%) was appreciated. These
results are indicative of the high stability of d-ZSM-5 along the
successive adsorption-regeneration cycles.



Fig. 4. HAADF-STEM images of d-ZSM-5 (1d – 150 �C), processed according to the rainbow type color map (matter density increase from blue to red) (a and b); tomographic
reconstruction volume (c) and cross-section (d).

Table 1
Si/Al ratio and textural properties of dendritic ZSM-5 samples.

Sample Si/Al SBET
a (m2 g�1) Smic

b (m2 g�1) Smes+ext
c (m2 g�1) VT

d (cm3 g�1) Vmic
e (cm3 g�1) VSP1

f (cm3 g�1) VSP2
g (cm3 g�1)

d-ZSM-5 (1d � 170 �C) 35 495 178 317 0.708 0.11 0.488 0.110
d-ZSM-5 (7d � 170 �C) 37 476 236 240 0.537 0.147 0.233 0.157
d-ZSM-5 (10d � 170 �C) 33 484 227 257 0.584 0.142 0.282 0.160
d-ZSM-5 (1d � 150 �C) 27 630 218 412 0.945 0.136 0.626 0.183
d-ZSM-5 (7d � 150 �C) 36 538 232 306 0.687 0.145 0.315 0.227
d-ZSM-5 (10d � 150 �C) 34 526 226 300 0.663 0.141 0.334 0.188

a BET, bmicropore and cmesopore/external surfaces.
d Total, emicropore and f,gsecondary mesopore volumes (VSP1 < 100 Å and VSP2 � 100 Å).

Fig. 5. Adsorption-desorption isotherms of toluene at 30 �C over d-ZSM-5 (1d – 150 �C) and references samples (a). Toluene isotherms over d-ZSM-5 (1d – 150 �C) before and
after 10 cycles of adsorption-regeneration treatments (b). (Filled symbols, adsorption; open symbols, desorption).
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3.4. Catalytic activity for LDPE cracking

The high accessibility of dendritic ZSM-5 samples makes them
very interesting materials as catalysts in reactions suffering from
strong steric and diffusional limitations [12,22]. This is the case of
the catalytic cracking of polyolefinic plastics due to the bulky nature
of the polymeric molecules. Previous literature works have found a
good correlation between the catalytic activity of ZSM-5 zeolite and
the amount of mesoporous/external surface area [44,45]. In addi-
tion, polyolefin cracking is currently a process of high relevance as
a route for the valorization of waste plastics. Two of the dendritic
ZSM-5 samples prepared in this work (d-ZSM-5 (7d – 150 �C) and
d-ZSM-5 (10d – 150 �C)) have been tested in the catalytic pyrolysis
of low-density polyethylene (LDPE), being selected based on their
high accessibility and suitable acid properties. In addition, the refer-
ence samples (h-ZSM-5 and n-ZSM-5) were tested in the same con-
dition. These last materials exhibit a relatively high share of
external/mesopore surface (Table S1), which means they present
also a high accessibility for the cracking of the LDPE molecules.

Polyolefin cracking reactions are catalyzed by acid sites, with a
relevant role being played by Brønsted acidity [46] as it promotes
the formation of carbenium ions through the addition of a proton
on the polymer macromolecule [47]. The acid sites in conventional
ZSM-5 zeolite samples (having crystal sizes in the order of several
microns) are mostly Brønsted centres that arise from protons bal-
ancing the [AlO4]- tetrahedra, their concentration being directly
related to the Al content. However, upon calcination, some alu-
minum atoms are extracted (in part or totally) from the framework
forming Lewis acid sites, which may also contribute to the LDPE
cracking through the formation of carbenium ions by means of
hydride abstraction from the polyolefin [47].

The acidity of both selected and reference ZSM-5 samples has
been investigated by pyridine-FTIR (Fig. S8a and b) and DTBPy-
FTIR (Fig. S8c) measurements. Dendritic ZSM-5 samples exhibit a
lower concentration of Brønsted acid sites (BAS) in comparison
with the reference materials. At least in part, this fact could be
assigned to variations in the Si/Al ratio (34–36 in the dendritic
samples versus 30 in the reference zeolites). However, both
d-ZSM-5 zeolites possess a content of Lewis acid sites (LAS) higher
than that of the reference samples. Therefore, these significant dif-
ferences in the content and distribution of acid sites can be related
also to the larger share of external/mesopore surface area of the
dendritic samples in comparison with n/h-ZSM-5 materials. This
Fig. 6. LDPE catalytic cracking over dendritic, hierarchical and nanocrystalline ZSM-5 sam
Brønsted and total acid sites (a). Selectivity to primary cracking products (C2-C5 hydroc
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finding is in agreement with previous literature reporting a reduc-
tion of the Brønsted/Lewis ratio in ZSM-5 zeolite as the external/
mesopore surface is increased since the latter favors the conver-
sion of BAS into LAS during the calcination treatment [48]. In any
case, it is interesting to note that the d-ZSM-5 samples exhibit a
strong acidity as indicated by the presence of pyridine adsorbed
on both Brønsted and Lewis acid sites after evacuation at 350 �C.

The results shown in Fig. 6(a) clearly denote the effectiveness of
the dendritic nanoarchitecture in the catalytic cracking of large
molecules like LDPE. The dendritic ZSM-5 samples lead to quite
higher plastic cracking activities than both reference materials
when using either the Brønsted acid sites or the overall acid sites
concentration as reference. Thus, the LDPE converted per unit of
BAS + LAS concentration is about three fold higher for the dendritic
zeolite samples than in the case of the nano-crystalline ZSM-5. This
result can be assigned to the larger mesopore/external surface of
the former. In the same way, the better performance of the den-
dritic ZSM-5 samples regarding the hierarchical one can be related
at least in part to their higher mesopore/external surface area
(248 m2/ g�1 for h-ZSM-5 sample versus 300 – 306 m2 g�1 for den-
dritic samples). However, this variation is not enough to account
for the observed strong enhancement of the catalytic activity
exhibited by the dendritic ZSM-5 samples in comparison with
the hierarchical one. In this way, the determination of the relative
concentration of external Brønsted acid sites by DTBPy-FTIR indi-
cated that the dendritic samples showed a quite more accessible
acidity than both reference zeolites as can be appreciated in
Fig. S8(c). This fact, together with the large size and high connec-
tivity of the mesopores in the dendritic samples, are the main fac-
tors responsible for their outstanding activity in this reaction.

Light olefins are the main products of the LDPE catalytic crack-
ing for both dendritic and reference ZSM-5 materials. They are pri-
mary products obtained by end-chain cracking reactions, which
are promoted by the strong ZSM-5 acidity. Once formed, light ole-
fins can undergo a variety of transformations leading to larger ole-
fins, paraffins, isoparaffins, naphthenes and aromatics.
Accordingly, the product distribution by carbon atom number
obtained in the LDPE catalytic cracking (Fig. S9) denotes two main
contributions: i) light hydrocarbons (C2-C5, mainly olefins) formed
by cracking reactions at the end of the polymeric chains, and ii)
gasoline range hydrocarbons (C6 – C10) produced from the primary
cracking products, mainly through oligomerization, cyclization,
aromatization and isomerization reactions.
ples (T = 340 �C; P/C (w/w) = 100). LDPE mass converted referred to the amount of
arbons) (b).



María del Mar Alonso-Doncel, C. Ochoa-Hernández, G. Gómez-Pozuelo et al. Journal of Energy Chemistry 80 (2023) 77–88
Unexpectedly, the dendritic ZSM-5 samples exhibit a selectivity
pattern more similar to that of the nanocrystalline sample than the
one observed for the hierarchical zeolite. Likewise, it can be appre-
ciated in Fig. 6(b) that the overall selectivity towards end-chain
cracking products (C2-C5 hydrocarbons) varies according to the fol-
lowing trend: n-ZSM-5 (90%), d-ZSM-5 (66–75%) and h-ZSM-5
(63%). The comparison between the two reference samples follows
the expected variation, i.e. the material with higher catalytic activ-
ity (h-ZSM-5 > n-ZSM-5) exhibits also a lower selectivity towards
primary cracking products (h-ZSM-5 < n-ZSM-5) as it has been ear-
lier observed in the literature [40]. However, this is not the case
when assessing the results obtained with the dendritic ZSM-5 sam-
ples. Considering the quite superior activity of the latter in com-
parison with the hierarchical ZSM-5 sample, one would expect
that the extension of secondary reactions is significantly favored
over d-ZSM-5 materials. On the contrary, the results in Fig. 6(b)
denote that the dendritic samples are more selective for the pro-
duction of C2 – C5 hydrocarbons than the hierarchical zeolite. This
apparently anomalous result can be considered as a consequence
of the singular multi-level porosity of the dendritic ZSM-5 samples,
with large mesopore dimensions and a high degree of connectivity,
which favors the outwards transport of the light olefins and paraf-
fins formed in the primary cracking reactions, thus attenuating its
subsequent conversion. As a result, the dendritic ZSM-5 materials
allow the LDPE cracking reactions to proceed with a sharp
enhancement in the selectivity towards primary products.

3.5. Catalytic activity for hydrogen production through methane
decomposition

Methane decomposition (CH4 (g) ? C(s) + 2H2 (g)) is a reaction
with high interest for the production of clean hydrogen, i.e. free of
CO2 emissions since the carbon so formed is stored in solid form.
Moreover, when applied to bio-methane or biogas, the overall
Fig. 7. Methane catalytic decomposition tests over d-ZSM-5 (1d-150 �C), n-ZSM-5 and
carbon formation in isothermal (T = 965 �C) experiments (b), reaction rate (r) versus carb
and reaction rates at 12 h for the isothermal tests (d).
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carbon balance can be negative, having a CO2 fixation effect.
Accordingly, biogas decomposition is one of the few processes that
may induce a negative carbon balance.

The use of catalysts for methane decomposition (catalytic
methane decomposition, CMD) boosts the reaction rate affording
to work at temperatures significantly below that required in the
thermal methane decomposition (over 1300 �C). Methane decom-
position involves the co-production of a great amount of carbon,
representing 75 wt% of the methane being reacted according to
the stoichiometry, which is deposited over the catalyst. Unlike it
occurs with coke formation during the transformation of organic
compounds, the generation of carbon during CMD cannot be
avoided since it is one of the two main products obtained in the
reaction. Therefore, one of the major challenges in CMD is the
development of catalysts with a strong resistance to deactivation.
In this way, the CMD process can be also employed as an acceler-
ated deactivation test to determine the ability of the catalysts to
withstand the deposition of high amounts of carbon. In a previous
work [49], the catalytic activity of different pure silica materials,
including two samples of silicalite-1 (pure silica MFI zeolite), have
been assessed for CMD, showing it is largely determined by their
porous properties. This result has prompted us to investigate the
performance in CMD of dendritic d-ZSM-5 (1d – 150 �C), selected
due to its large total pore volume as it may facilitate the formation
and growth of carbon deposits, being compared with those of the
reference n-ZSM-5 and h-ZSM-5 materials.

The three materials were first assayed in the CMD reaction
under temperature-programmed conditions (Fig. 7a), which
allowed the determination of the threshold temperature (Tth), i.e.
the minimum temperature for the reaction to proceed. The tests
were performed in a thermobalance feeding a CH4 + CO2 mixture,
which allows the reaction progress to be continuously monitored
through the increase of the catalyst weight provoked by the carbon
deposition on the catalyst surface (WCdep). Both d-ZSM-5 and
h-ZSM-5 samples: carbon formation in temperature programmed experiments (a),
on deposition ratio (WCdep/Wzeolite) in isothermal tests (c), overall carbon deposition
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h-ZSM-5 materials present close Tth values (Tth,h = 915.5 �C and Tth,
d = 918.2 �C for h-ZSM-5 and d-ZSM-5 (1d – 150 �C), respectively),
which are significantly lower than that of the
n-ZSM-5 (942.7 �C), showing that this parameter is determined
mainly by the mesopore/external surface area. This can be
connected with the occurrence on the mesopore/external surface
of a great concentration of terminal silanol groups, which have
been identified in previous work as precursors of the actual active
sites (Si-C moieties) [49].

On the other hand, important differences were appreciated in
the performance of the three catalysts under isothermal conditions
(T = 965 �C). In these tests (Fig. 7b), the dendritic ZSM-5 exhibits
clearly a superior activity in comparison with the reference mate-
rials, leading to higher carbon deposition ratios at both short and
long reaction times. The marked change in the slope of the curve,
present in Fig. 7(b) for the d-ZSM-5 (1d – 150 �C) sample at about
1 h of time on stream, can be related to its narrow SP1 mesopore
size distribution (see Fig. 3) since it has been earlier also observed
in CMD for materials having uniform mesopores (SBA-15 and
CMKs carbons) [49,50].

The profile of the curves in Fig. 7(c), representing the reaction
rate versus the carbon deposition ratio, provides additional infor-
mation about the ability of the samples to withstand the carbon
deposition. The increasing initial reaction rate is probably origi-
nated by the progressive formation of the Si-C sites, although some
autocatalytic effects induced by the own carbon deposits cannot be
neglected, in agreement with previous literature [51]. At longer
reaction times, the reaction rate starts decreasing due to the accu-
mulation of the carbon deposits over the surface and porosity of
the catalysts. In this way, in the case of the d-ZSM-5 sample the
two signals observed in this curve would correspond with the fill-
ing of the two types of mesoporosities present in this sample: radi-
ally oriented mesopores and cavities. Two contributions can be
also observed in this figure for the h-ZSM-5 sample, although in
this case highly overlapped, which can be assigned to the relatively
broad pore size distribution present for this material in the meso-
pore range (Fig. S10).

Interestingly, at long times on stream (12 h), the dendritic ZSM-
5 sample still retains a significant activity in spite of having been
subjected to a higher carbon deposition ratio than the reference
materials. This can be also seen in Fig. 7(d) which compares the
values of the reaction rate and the carbon deposition ratio for the
three materials after 12 h of time on stream.

The methane decomposition activity depends not only on the
mesopore volume available for the formation of the carbon depos-
its but also on the mesopore size. Since n-ZSM-5 is formed by
nanocrystals with sizes in the range 40 – 80 nm, the intercrys-
talline spaces are quite larger than the mesopores present in the
h-ZSM-5 sample. Accordingly, the latter becomes blocked in a
higher extension as the carbon deposits are accumulated at long
reaction times in comparison with the nanocrystalline sample.
The quite superior performance of the d-ZSM-5 (1d – 150 �C) sam-
ple can be linked to its large pore volume and high connectivity
between the different types of mesoporosity, which facilitate the
growth of the carbon deposits towards the outer part of the zeolite
particles, thus attenuating their deactivation effects. This result
shows the high potential of dendritic ZSM-5 materials for the
development of catalysts in processes suffering from strong car-
bon/coke deposition phenomena.

4. Conclusions

ZSM-5 zeolite with a dendritic 3D nanoarchitecture has been
synthesized by hydrothermal crystallization of zeolite embryos
previously functionalized with an amphiphilic organosilane. Den-
dritic ZSM-5 is formed by a radial-oriented assembly of small
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nanounits (10 nm) that extends, with significant branching, across
the zeolite particles. Although the mechanism of the crystallization
of dendritic ZSM-5 zeolite will be studied in future works, it can be
envisaged that it follows a quite complex process in which the for-
mation of a fine emulsion plays a fundamental role in directing the
branched and radial aggregative growth of the zeolite nanounits
into a dendritic nanoarchitecture.

The dendritic ZSM-5 samples exhibit singular properties, show-
ing a well-defined and highly interconnected trimodal porosity:
zeolitic micropores, mesoporous channels and meso-macroporous
cavities. The highest total pore volume (0.945 cm3 g�1) corresponds
with thematerial obtained at 150 �C and1day of crystallization. As a
consequence, dendritic ZSM-5 possesses a quite enhanced adsorp-
tion of toluene vapor in comparison with reference ZSM-5 samples,
showing its high potential for VOCs removal applications.

Investigation of the samples by HAADF-STEM, tilt series acqui-
sition and tomographic reconstruction evidence the high degree of
connectivity existing between cavities and radially-oriented chan-
nels. This fact imparts these materials with a remarkable accessi-
bility to facilitate the transport of molecules during their
application as catalysts.

The dendritic nanostructure provides ZSM-5 zeolite with out-
standing catalytic activity for LDPE cracking, while maintaining a
high selectivity towards primary products (C2-C5 hydrocarbons)
since their outwards transport is favored by the large size and high
connectivity of the multi-level porosity. These products correspond
mostly with light olefins that could be used as raw chemicals, thus
promoting the chemical recycling of polyolefinic plastic wastes, in
addition to the production of fuels.

Likewise, dendritic ZSM-5 has shown a good performance in the
generation of hydrogen by methane catalytic decomposition,
retaining a significant activity at long reaction times even after
being subjected to strong carbon deposition. These results can be
attributed to the large pore volume and high connectivity between
the different types of mesoporosity in this material, which facili-
tate the growth of the carbon deposits towards the outer part of
the zeolite particles, thus attenuating their deactivation effects.
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