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ARTICLE INFO ABSTRACT

Keywords: Dimethyl ether (DME) conversion into light olefins (DTO) is a process that can lead to the sustainable production
Hierarchical zeolites of molecules like ethylene, propylene, and butenes, which are key building blocks in the chemical industry. Acid
DTO ) catalysts involved in the conversion of methanol and DME into hydrocarbons (MTO and DTO) are usually
;leg::ﬁovlaeggz affected by fast deactivation due to coke generation. In the present study, four hierarchical zeolites were syn-
Kinetics thesized with different Si/Al ratios according to two procedures: a post-treatment (named “etching™) of a HZSM-5

microporous zeolite with a solution of ammonium fluoride and hydrofluoric acid, and a one-pot bottom-down
approach involving an organosilane to induce mesoporosity during the hydrothermal synthesis. The samples
were characterized from a physico-chemical standpoint to assess crystallinity, textural properties, and acidity. All
the synthesized zeolites were then tested for about 14 h in the DTO process at a temperature range of 300-375
°C. Results showed that hierarchical zeolites with mild acidity have a very good stability, even when they are
tested at the highest temperature, at which conventional microporous samples deactivate quickly. Conversion of
80-90 % is achieved at 375°C and a space velocity of 1 gc;cehemolg 1, with propylene as the most abundant
product. Samples prepared via one-pot synthesis resulted in a greater propylene-to-ethylene ratio, partly due to

shape selectivity related to the pore size distribution.

1. Introduction

The urgency to mitigate climate change and reduce dependence on
fossil resources has driven the development of catalytic processes to
produce sustainable fuels and chemicals [1,2]. In this framework,
methanol (CH3OH or MeOH) and dimethyl ether (DME) have emerged
as versatile platform molecules for the synthesis of value-added products
[3-5]. These molecules can act as energy carriers or fuels in a broad
spectrum of applications [6-8]. In addition, MeOH and DME can be used
as intermediates in the production of light olefins.

Light olefins are unsaturated hydrocarbons with a carbon-carbon
double bond, including ethylene (CyHy4), propylene (C3Hg), and bu-
tenes (C4Hsg). Light olefins are key building blocks in the petrochemical
industry and are involved in various uses and production processes.
Most of the ethylene is used to produce low- or high-density poly-
ethylene (PE), polystyrene (PS), polyvinyl chloride (PVC), polyethylene
terephthalate (PET), ethylene oxide, ethylene dichloride, ethylbenzene,
acetaldehyde, and vinyl acetate [9]. Propene is involved in the
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manufacturing of polypropylene (PP), acrylonitrile, propylene oxide,
propanol, cumene, and acrylic acid [10]. The largest utilization for
butenes is the conversion into alkylate species, methyl tert-butyl ether
(MTBE), synthetic rubbers, and butadiene [11]. Global yearly produc-
tion volume in 2023 was equal to 229 Mt and 160 Mt for ethylene and
propylene, respectively [12,13], and the forecasted compound annual
growth rate (CAGR) is about 4 % for both platform molecules [14,15].

Industrial production of light olefins mainly exploits fossil-based
feedstocks via steam cracking, fluid catalytic cracking (FCC), and
paraffin dehydrogenation [16]. Most of the light olefins are generally
produced via steam cracking by using naphtha (ethane in some cases) as
feedstock of a furnace operating in the range 800-900 °C. This process is
strongly endothermic and energy-intensive, and the product gas is
characterized by a low propylene-to-ethylene (P/E) ratio. Catalytic
cracking instead employs a solid catalyst to convert long-chain hydro-
carbons, heavy oils, and residues into gasoline-cut and olefins as
co-products. The presence of a catalyst reduces the operating tempera-
ture (ranging between 485 and 550 °C) and enables the possibility of
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tuning the selectivity of products. The milder temperature allows con-
trolling the P/E ratio to obtain a value above 0.6 [16].

The growing need for de-fossilizing industrial production has driven
the development of methanol-to-olefins (MTO) and dimethyl ether-to-
olefins (DTO) technologies that convert methanol or DME over an acid
catalyst [17-20]. Green methanol could be produced through
Power-to-X [21-23] processes using captured CO, and renewable Hy
[24]. DME production requires an additional catalytic dehydration step
that can also be carried out in the same reactor, leading to a one-pot
synthesis [25-27]. If the reacting hydrogen is generated via electrol-
ysis by exploiting renewable energy sources (RES), sustainable pro-
duction of intermediate molecules and final products (i.e., light olefins)
occurs.

MTO and DTO are usually carried out in the temperature range
325-400 °C. The MeOH-DME (de)hydration reaction is considered the
first step during MTO/DTO, as it easily occurs over acid zeolites below
300°C [18,28]. MeOH and DME undergo similar reaction pathways,
usually described by the dual cycle hydrocarbon pool concept in the
presence of a zeolite or zeotype (such as SAPO-34) acid catalyst [29-31].
According to this mechanism, two linked cycles (alkene and aromatic
ones) occur in parallel, leading to the formation of different hydrocar-
bons. Besides light olefins or paraffins, heavier molecules are generated,
like poly-substituted aromatic hydrocarbons. These molecules are
commonly considered as coke precursors, leading to the formation of
large molecules that may clog the zeolite pores, progressively deacti-
vating the catalyst. The DTO route offers some advantages over the MTO
pathway, like faster reaction rates, reduced water formation, and lower
exothermicity, which may result in improved catalyst longevity and
selectivity towards light olefins [32,33].

As mentioned earlier, zeolites are widely employed as heterogeneous
solid acid catalysts in these processes due to their unique combination of
Brgnsted acidity and shape selectivity [19,34]. Owing to their extensive
application in MTO processes, SAPO materials have also been explored
for the DTO route [35]. Nevertheless, SAPO-34 suffers from fast deac-
tivation in both processes, primarily due to coke deposition within its
microporous framework. To overcome this drawback, hierarchical
structures have been synthesized, and the effect of induced meso-
porosity was in the direction of improving the catalyst stability [36].
Nanocrystals, instead, facilitate the diffusion of lighter products before
they can undergo further conversion into coke [37]. In addition, SAPO
catalysts generally show faster deactivation and a lower P/E ratio than
other zeolites/zeotypes in the DTO process [38,39].

Therefore, MFI-type zeolites have also been investigated for DTO,
with particular emphasis on the role of the Si/Al ratio, and thus the
acidity, on sample activity and stability [40]. Most of the published
works focused on commercial H-ZSM-5 catalysts formulated with
binders [41-43]. Moreover, to describe the complex reaction network
and deactivation pathways, lumped kinetic models have been proposed
[33,44]. Even for this structure, hierarchical ZSM-5 samples have pre-
sented higher stability and a greater P/E ratio [45]. ZSM-5 samples thus
stand out due to their versatile MFI topology, tunable acidity through
Si/Al ratio control, and excellent hydrothermal stability [45-47]. Its
three-dimensional topology of 10-membered ring (MR) channels allows
the formation and diffusion of hydrocarbon intermediates, making it a
promising candidate for the selective production of light olefins, aro-
matics, and gasoline-range hydrocarbons [48-51].

However, like any microporous crystal, conventional microporous
ZSM-5 suffers from mass transport limitations, particularly in the case of
reactions involving bulky intermediates or coke-forming precursors, as
the pore size can hinder the diffusion of reactants and products, leading
to the accumulation of heavy species and subsequent catalyst deacti-
vation [52]. To address these issues, integrating both mesoporous and
macroporous domains into the microporous crystalline framework, the
use of hierarchical zeolites has emerged as a promising strategy for
catalyst improvement. The incorporation of larger pores improves
accessibility to active sites, facilitates the removal of coke precursors,
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and reduces diffusion path lengths. As a result, hierarchical zeolites
typically exhibit enhanced catalytic performance, improved selectivity,
and prolonged stability under severe reaction conditions [53]. These
advantages are relevant in both MTO and DTO reactions, where rapid
removal of reactive intermediates can prevent secondary reactions such
as oligomerization and aromatization [54].

Hierarchical porosity in zeolites can be introduced following two
primary approaches: (i) top-down methods, such as post-synthesis
desilication or acid/base etching of preformed zeolites, and (ii)
bottom-up methods, where the mesoporosity is built during the syn-
thesis using templating agents such as surfactants, polymers, or orga-
nosilanes [55]. While both strategies can generate hierarchical
structures, they may result in different levels of crystallinity, mesopore
connectivity, and defect concentration. Therefore, the method of mes-
opore creation may affect the final acidity profile, framework stability,
and overall catalytic behavior of the material [56,57].

In our previous paper, four ZSM-5 samples having different Si/Al
ratios (25 or 50) with or without superficial passivation with a Silicalite-
1 layer have been synthesized, characterized, and tested for DTO to
assess activity, stability, and product distribution. Samples with higher
acidity presented higher initial conversion, but lower stability over time
[58].

In this work, four hierarchical zeolites with different acidity were
prepared according to two different synthesis approaches. The first
material was obtained by direct synthesis using an organosilane as an
additive, resulting in a bottom-up hierarchical structure [59-61]. The
second was derived from a ‘parent’ ZSM-5, which is treated with a so-
lution of hydrofluoric acid and ammonium fluoride (“etching” proced-
ure), following a top-down approach. For the same zeolite topology, by
following two different hierarchization routes, this study aims to eluci-
date how the nature of mesopore formation impacts the textural, acidic,
and catalytic properties of MFI-type zeolite in DTO. Apart from the
importance of exploring the catalyst potential for DTO process scale-up,
the proposed study also uses a model reaction scheme for studying the
interplay between pore architecture and catalyst performance in
acid-catalyzed processes. A deeper understanding of these structur-
e—function relationships is critical for guiding the rational design of
next-generation zeolite-based catalysts tailored for renewable feed-
stocks and sustainable chemical manufacturing.

2. Materials and methods
2.1. Synthesis of the catalysts

MFI-type zeolites with Si/Al ratios of 25 and 50 were synthesized
following a procedure reported elsewhere [62], and subsequently sub-
jected to a post-synthetic chemical etching treatment. Parent ZSM-5
zeolites in the as-synthesized form (0.5 g) were treated with a fluoride
solution consisting of a mixture of NH4F and HF [63]. Specifically, 2.5¢g
of NH,F were dissolved in 15 mL of a 0.5 mol L™ aqueous HF solution,
and the zeolite was then dispersed in the resulting buffer solution. The
suspension was stirred at room temperature for 6 min. After the treat-
ment, the solid was thoroughly washed with distilled water (to remove
residual fluoride species) and dried. The etched material was then ob-
tained in acidic form by primary calcination under nitrogen flow at
550 °C for 8h (5°C/min), removing the organic template, followed by
double ion exchange with an NH4Cl solution and a second calcination at
the same temperature. The etching procedure was carried out on zeolites
whose pores still contained the organic template used during synthesis;
as a result, the treatment primarily affected the pore openings on the
external surface of the crystals, rather than the internal channels. The
hierarchical catalysts obtained through chemical etching were used in
the catalytic testing (labelled as ETC_25 and ETC_50, according to the
Si/Al ratio of the parent material).

A hierarchical MFI zeolite with a nominal silicon-to-aluminum
atomic ratio of 25, labelled as HZ_25, was synthesized via a bottom-up
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approach. The synthesis began with the preparation of a clear solution
by mixing 29.2 g of tetraethyl orthosilicate (TEOS) as the silica source,
1.20 g of aluminum isopropoxide (AIP) as the aluminum source, 13 g of
tetrapropylammonium hydroxide (TPAOH, 40 wt% in water) as the
structure-directing agent (SDA), and 68 mL of deionized water. This
mixture was stirred at ambient temperature for 30 min to ensure com-
plete hydrolysis of the precursors. Following this step, the mixture was
heated and maintained under reflux with continuous stirring at 90 °C for
20 h to initiate the formation of the zeolite precursor gel. Afterward,
1.20 g of 3-aminopropyltrimethoxysilane (3-APTMS, 97 %) was added
to induce mesoporosity. The mixture was then stirred at 90 °C for an
additional 6 h to allow the interaction between the organosilane and the
silicate framework. The resulting gel was transferred into a Teflon-lined
stainless-steel autoclave and subjected to static hydrothermal crystalli-
zation at 170 °C for 5 days. Upon completion, the solid product was
recovered by centrifugation, thoroughly washed with deionized water to
remove residual organics and ions, and then dried overnight at 60 °C.
The dried sample was finally calcined in air at 550 °C for 5 h to remove
the organic templates and obtain the final hierarchical zeolite structure.
A second hierarchical zeolite with a higher Si/Al ratio (sample HZ_50)
was synthesized using the same procedure, with the only modification
being the amount of AIP, which was reduced to 0.75 g to achieve the
desired aluminum content composition [59,60].

2.2. Characterization of the catalysts

X-ray diffraction (XRD) analysis was carried out using a Miniflex600
diffractometer (Rigaku, Japan) within the 26 range of 5° to 50°, to
assess the crystalline structure of the materials and to evaluate the effect
of the post-synthesis treatment on the zeolite crystallinity.

The morphology of the calcined samples was investigated through a
field emission scanning electron microscope (FE-SEM) Zeiss Merlin
equipped with a Gemini-II column. The samples were covered with a
thin layer of Pt (about 5nm) to enhance their electron conductivity.
Besides morphology, the elemental composition was determined via
energy-dispersive X-ray spectroscopy (EDS, 15kV), in selected zones of
the catalysts.

Nitrogen adsorption-desorption measurements were conducted at
77 K using a Micromeritics ASAP 2020 porosimeter to evaluate the
textural properties of the samples. The surface area was calculated using
the BET model within the Rouquerol p/p° range. Micropore area was
determined via the t-plot method applying the Harkins—Jura thickness
equation and considering a thickness range of 3.5-5.0 A. The pore size
distribution was evaluated by applying the DFT method, using the N
adsorption kernel at 77 K (oxide cylindrical pores, Tarazona model).
Before analysis, the samples were degassed at 350 °C under vacuum (50
umHg) for 6 h.

Catalyst acidity was assessed via Fourier-transform infrared (FT-IR)
spectroscopy, using a Nicolet iS 10 spectrometer (Thermo Scientific,
USA) equipped with a DTGS detector. Approximately 25mg of each
zeolite sample was pressed into a 13 mm self-supporting pellet (pressure
of 2.7 tonocm_z) and thermally treated under vacuum at 400 °C for 2 h.
Spectra were then recorded at ambient temperature and under high
vacuum conditions (P 2 10 torr) to analyze the distribution of silanol
groups. For a more detailed assessment of surface acidity, the interaction
of deuterated acetonitrile (ds-acetonitrile) with acid sites was studied.
The probe molecule was introduced at its vapor pressure and allowed to
adsorb at room temperature. After the adsorption, the excess phys-
isorbed ds-acetonitrile was evacuated until vacuum conditions were re-
established (P ~ 10~ torr). The band at 2297 cm~! was attributed to
Brgnsted acid sites interacting with ds-acetonitrile, while bands between
2310-2323 cm ™! were assigned to Lewis acid sites. The quantity of each
type of acid site was estimated by integrating the corresponding IR
bands and applying the Lambert-Beer law, using extinction coefficients
of ¢ = 2.05 cm mmol ! (Brgnsted sites) and of ¢ = 3.6 cm mmol ! (Lewis
sites) [64]. In order to evaluate the ratio between strong and weak acid
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sites, the catalysts were characterized by ammonia
temperature-programmed desorption (NH3-TPD) analysis carried out
using a TPDRO1100 instrument (Thermo Scientific, USA) equipped with
a TCD detector. Approximately 100 mg of dried sample was loaded into
a linear quartz microreactor (4 mm internal diameter, 200 mm length)
and pretreated in a helium stream (20 mL/min) at 300 °C. After cooling
the system to 150 °C, the sample was exposed to an NHz/He gas mixture
(10 % v/v) at the same flow rate for 2 h to ensure full saturation. Sub-
sequently, the physically adsorbed ammonia was removed by flushing
with helium at 150 °C until the TCD signal stabilized. Finally, desorption
of chemisorbed ammonia was monitored by heating the sample from
100 to 700 °C at a rate of 10 °C/min under a continuous helium flow of
20 mL/min.

The amount of coke deposited over the spent catalysts after catalytic
tests was calculated via thermogravimetric analysis (SDT 650, TA In-
struments). The produced coke was associated with the weight loss in
the temperature range 150-850 °C [65]. A mass of 10 mg of spent zeolite
was dissolved using HF, and then soluble coke was extracted using
dichloromethane, and the mass spectrometry (GC-MS) analysis provided
qualitative information about soluble coke species generated during
experimental tests.

2.3. Experimental tests

Dimethyl-ether dehydration tests were carried out in a test bench
equipped with a temperature-controlled fixed-bed reactor (see figure S1
for apparatus layout). For each experiment, a mass of 50 mg of fresh
calcined zeolite was placed in a quartz tube reactor (inner diameter:
4 mm) and then inserted into a pressure-resistant stainless-steel jacket.
The operating temperature was controlled through an electric oven, and
a sealed thermocouple was properly placed to measure the temperature
of the catalytic bed. Before reaction, the catalyst was pre-treated under
an inert flow (5 NTP L-h ! of Nj) at 2 bar and 380 °C (+ 10 °C-min~") for
2h. After that, a 14-h endurance test was performed at the selected
temperature (namely 300 °C, 325°C, 350°C, or 375°C) and 2 bar by
feeding 3 %vol. DME/N, gas mixture from a certified gas cylinder,
keeping the condition of 1 gcafh-molal. The products of the reaction
were analyzed by employing a gas chromatograph (7890B GC System,
Agilent Technologies) equipped with two columns (HP-5 and HP-PLOT/
Q) and two detectors (FID and TCD). Other than the DME conversion,
this GC configuration allowed the quantification of methanol, Cy, C3, Cq4,
and Cs hydrocarbon species (both paraffin and olefins). Cg will refer to
lumped hydrocarbons with chains longer than 6.

The DME conversion ({py), the product yield (;), and the product
selectivity (o;) were respectively evaluated according to equations (1),
(2), and (3).

ﬁDME.in - r.lDME‘out

Comp = —— — (@)

NpME,in

_ Nciow _ Neifiou o)

== = -
Nepmein  Nepme MpMEin
Ticout Neimiou
Gl _ Lout L 1,0U (3)

TcpmEin — MepmEow  Neome (MpMEin — ToME.out)

n is the molar flow rate, while N¢; is the number of carbon atoms in
the considered species. DTO endurance tests performed at different
temperatures allow, at least, apparent kinetic parameters to be esti-
mated. A generic n-th order kinetic reaction rate and a d-th order kinetic
deactivation rate could be considered, as reported in equations (4) and
(5), respectively [66-68].

Tome = —KpeChue-a (4
da m
i —kg-C™, o 5)
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The experimental reactor could be modelled as a plug-flow fixed-bed
reactor with a constant flow rate. Under these hypotheses and consid-
ering a 1% order kinetic reaction rate (n = 1), if a 15t order deactivation
rate (d = 1) independent of the gas concentration (m = 0) is assumed, the
DME conversion can be described by equation (6) [66-68]. In addition,
the kinetic and deactivation constants can be described through an
Arrhenius expression as reported in equations (7).

’

Come =1 — eXP[ - kDME’T/’eXp(*kd't)] (6)

: , E, (1 1
e e (T - ﬁ) @)

The kinetic parameters were estimated by minimizing the quadratic
residuals between the experimental DME conversion and the modelled
DME conversion calculated with equation (6). The objective function
(OF) of the minimization was described according to equation (8):

OF = min[@DME.exp — Come, mod)z] (8
3. Results and discussion
3.1. Catalyst characterization

Fig. 1 shows the XRD patterns of the catalysts in their acid form. The
patterns show that the post-synthetic chemical etching treatment did not
compromise the crystallinity of the parent zeolites, which maintained
sharp and well-defined diffraction peaks. In contrast, although still
crystalline, the hierarchical materials (HZ_25 and HZ_50) synthesized
via the bottom-up approach exhibited noticeably lower peak intensities
compared to the post-treated samples.

Textural properties of the fresh catalysts are summarized in Table 1,
while adsorption/desorption isotherms are reported in Figure S2. All
samples exhibited a high specific surface area consistent with an MFI-
type zeolite structure. On the one hand, in ETC samples, an increase in
the Si/Al ratio led to a decrease in the B.E.T. specific surface area,
micropore area, and micropore volume, accompanied by a rise in the
external surface area. This trend suggests that higher Si content and the
etching treatment promoted the formation of additional mesoporosity,
which is consistent with the formation of a mesoporous or sponge-like
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Table 1

Results of the N2 physisorption measurements on the fresh catalysts.
Sample Spera SmicroD Sextb VimicroC ViorC

m® g)  m’oga)  @¥-ga)  (em’-ga)  (am’-ga)

ETC_25 423 263 160 0.202 0.292
ETC_50 374 159 214 0.169 0.271
HZ 25 493 270 223 0.215 0.378
HZ_ 50 437 302 136 0.202 0.331

2 Calculated by the multipoint B.E.T. method in the Rouquerol p/p° range
b Calculated by the t-plot method
¢ Calculated by the DFT method

structure observed in SEM images, as described in the next paragraph.
On the other hand, HZ samples showed more similar textural charac-
teristics at the variation of the Si/Al ratio. This indicates that synthesis
conditions, particularly the use of the templating agent, better preserved
the microporous structure, even at higher Si contents. Figure S3 shows
the cumulative pore volume versus the pore size for each sample, sug-
gesting a higher mesoporosity for the zeolites prepared via one-pot
synthesis (HZ_25 and HZ_50).

Fig. 2 presents the SEM images of the fresh ETC and HZ catalysts,
highlighting significant morphological differences between the two
synthesis routes. ETC samples exhibited two different regions: the first is
more irregular (see Fig. 2-a and Fig. 2-c), while the second has well-
defined, coffin-shaped crystals (see Fig. 2-b and Fig. 2-d). This dual
morphology is likely a result of the etching treatment, which modified
surface areas differently for different Si/Al ratios, creating a porous
texture alongside the original crystalline domains. It is worth stressing
that ETC_25 crystals have sharper edges and more regular facets
compared to the smoother and more rounded edges observed in the
ETC_50 sample. This difference could be ascribed to the higher Si/Al
ratio in ETC_50, which may affect the degree of crystallinity. In contrast,
HZ samples are composed of spherical particles with a relatively narrow
size distribution, centered around 300 nm, formed by the aggregation of
small, coalesced grains (see Fig. 2-e and Fig. 2-f). The different
morphology of HZ samples compared to ETC samples was ascribed to the
use of a different structure-directing agent for the synthesis. The
elemental distribution in all calcined samples was analyzed through
SEM-EDS maps of different areas of the samples. The distribution of Si,

Intensity (a.u)

HZ_50
HZ_25
.._j WN FTe.%0
W ETC_25
5 1 l0 1 ‘5 2‘0 2I5 3|0 3‘5 4|0 4I5 50

20

Fig. 1. XRD patterns of the investigated samples. For the sake of clarity, diffractograms are stacked to avoid overlapping.
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Fig. 2. FE-SEM images of fresh (a, b) ETC_25, (c, d) ETC_50 catalysts, (e) HZ_25, and (f) HZ_50 (magnification: 100 kX).

O, and Al was uniform and homogeneous in all samples for all areas
(Figure S4-S7).

Figure S8 shows the FT-IR spectra in the OH stretching region
(3800-3000 cm™), recorded at room temperature following a 2-hour
pre-treatment at 400 °C under vacuum. All FT-IR spectra shown have
been normalized with respect to the pellet density calculated as the mass
of the pellet divided by the area of the disk (with a radius of 13 mm). In
all samples, a band at approximately 3745 cm™! was observed, attrib-
uted to silanol groups on the external surface of the catalysts [69]. HZ_25
and HZ_50 samples seem to be the catalysts with the highest concen-
tration of silanols. Additionally, a broader band around 3610 em ™,
associated with acidic bridging Si-(OH)-Al groups, was detected in each
sample and exhibited higher intensity in ETC_25 and ETC_50 catalysts. A
further band at 3660 cm™! was particularly observed in the ETC_25
sample. This band is attributed to the presence of extra-framework
Al-OH species [70]. Finally, a small band at around 3780 cm™! was
detected for the ETC_25 sample, with this band attributed to weak OH
groups on extra-framework debris [70]. Figure S9 shows FT-IR spectra in
the OH-region recorded after ds-acetonitrile adsorption and 1 h out-
gassing at 150 °C. The figure highlights acid sites interactions with the
probe molecule. The bands at 3610 and 3660 cm ™' disappeared, indi-
cating that both Si-OH-Al bridges and extra-framework aluminum

species interact with deuterated acetonitrile. Meanwhile, the 3735 cm™?

band, corresponding to silanol groups on the external surface, remained
largely unchanged, indicating that these weaker groups do not partici-
pate in the interaction.

Figure S10 shows the spectra obtained after the interaction of the
analyzed samples with ds-acetonitrile in the wavenumber range
2400-2200 cm™!. Two main bands were observed: the first at
2320 cm_l, assigned to ds-acetonitrile coordinated to Lewis acid sites;
the second at 2290 cm_l, corresponding to Brgnsted acid sites.

The acid properties of the fresh samples are summarized in Table 2.
In both series (i.e., ETC and HZ), increasing the nominal Si/Al ratio led

Table 2

Acid sites distribution of the fresh catalysts.
Sample Si/Ala BASb LASb BAS-+LAS BAS/LAS

(umol - gea)  (umol - gei)  (umol - gea)

ETC_25 15.3 259 116 375 2.2
ETC_50 24.8 203 85 288 2.4
HZ 25 19.9 159 147 306 1.1
HZ 50 34.4 178 108 286 1.6

2 evaluated using SEM-EDS elemental maps.
b evaluated using FT-IR spectroscopy with Ds-acetonitrile as a probe molecule.
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to an increase in the actual one, consistent with a successful modulation
of the framework composition. In addition, a decrease in total and Lewis
acid sites (LAS) was observed, confirming that higher SiO5 content leads
to a lower acidity of the samples, particularly affecting the concentration
of LAS. The Brgnsted-to-Lewis acid site (BAS/LAS) ratio increased with
the Si/Al ratio in both series, indicating a relative enrichment of
Brgnsted acidity, which did not have a consistent trend with a rising Si/
Al ratio, suggesting that it may be less sensitive to framework compo-
sition or influenced by other structural factors. Overall, while the Si/Al
ratio approximately doubled, the total acidity decreased only slightly.
This behavior may be ascribed to the higher framework stability at lower
aluminum content, where the amount of framework Al, and thus
Brgnsted sites, remains nearly constant, whereas extra-framework Al,
responsible for Lewis sites, decreases significantly.

The profiles from NH3-TPD analysis are reported for each sample in
Figure S11. All the analyzed samples exhibited the characteristic
desorption profile of MFI-type zeolites, featuring a low-temperature
peak (100-350 °C) associated with ammonia desorption from weak
acid sites and a high-temperature peak (300-550 °C) related to strong
acid sites [71]. The peak temperatures are indicated in the figures. By
comparing samples prepared using the same procedure, it is evident
that, regardless of the specific synthesis method, those with a higher

80 -

70+

60 -

50~

40~

DME Conversion (%)

30-

Cumulated products selectivity (%)

(@,
8 13
Time on stream (h)
100+
90+

60

50

40

DME Conversion (%)

Cumulated products selectivity (%)
(3
=]

)
S
!

—_
S
I

~
(e
~
o
N

1 2 3 4 5 6 7 8 9 10 11 12 13 14
Time on Stream (h)

Catalysis Today 463 (2026) 115618

Si/Al ratio in the gel exhibited a lower total acidity. To gain insights into
the ratio between strong and weak acid sites, peak deconvolution was
performed using Peakfit software, and the corresponding area ratios
were calculated. The results, expressed as umol of ammonia per gram of
catalyst, are summarized in Table S1 in the Supporting Information.
These data have then been used to determine the ratio between strong
and weak acid sites. Results revealed that, unlike the other samples,
whose ratios consistently remained around 2.5, the HZ 25 sample
exhibited a higher value (x4.2), indicating a greater proportion of
strong acid sites per gram of catalyst.

3.2. DTO catalytic tests

The catalytic behavior of the hierarchical zeolites was evaluated by
performing stability tests at different temperatures. As can be seen by
comparing data from 300 °C to 350 °C (Figures S12-S15) and data at
375 °C (Fig. 3), all catalysts exhibited an increase in DME conversion as
the temperature rose, reaching values of approximately 90 % at 375 °C.
In more detail, ETC_25 showed a DME conversion increase from 15 % at
300 °C to nearly 90 % at 375 °C, while the HZ_25 was slightly less active
under the same reaction conditions. During the tests, ETC_50 and HZ_50
exhibited similar DME conversion trends. Despite a similar total
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Fig. 3. Time-on-stream DTO tests at 375 °C with different zeolites: (a) ETC_25, (b) HZ_25, (c) ETC_50 and (d) HZ_50. Reaction conditions: 2 bar and 1 gc,¢-h-molc 1
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concentration of acid sites, ETC_50 presented higher DME conversion
than HZ_50, suggesting that the global conversion may be affected not
only by the acidity (and the nature of acid sites) but also by textural and
structural properties. Furthermore, ETC_50 presents a higher concen-
tration of BAS than HZ_50. The arene cycle of the dual cycle hydrocar-
bon pool mechanism is favored by Brgnsted acid sites. If alkene and
arene cycles occur in parallel, a different distribution between Brgnsted
and Lewis acid centers may also affect the reactant conversion besides
the product selectivity.

According to NH3-TPD characterization, ETC_50 shows a slightly
greater amount of strong acid sites than HZ_50 (ratio S/W of 2.8 vs. 2.4),
which may be partly responsible for the higher reactant conversion. As
shown in Fig. 3, stability tests revealed significant differences at 375 °C:
HZ_25 exhibited a more stable performance compared to ETC_25, with a
lower decrease in activity. In addition, the high Si/Al ratio enhanced the
stability of both samples, mitigating the deactivation.

Hydrocarbon selectivity was strongly influenced by both reaction
temperature and catalyst morphology. ETC materials, characterized by a
more compact and microporous structure, favored the formation of light
olefins (Cy-C4) at lower temperatures, while at higher temperatures,
heavier hydrocarbons (mainly Cs;) were produced. In contrast, HZ
catalysts exhibited lower olefin formation and revealed a lower ethylene
selectivity and higher C3-Cs selectivity in all reaction conditions
compared to ETC samples. The lower amount of CyHy produced by
HZ_25/H7Z_50 samples may be related to a shape selectivity effect, as the
pore size distribution is more oriented towards mesopores. Another
aspect to take into account is related to the different distribution of acid
sites between Brgnsted and Lewis types. Zeolites prepared via the one-
pot synthesis (HZ_25 and HZ_50) present a greater share of LAS (see
Table 2), which could affect the ethylene production occurring via the
aromatic cycle of the hydrocarbon pool mechanism, while the heavier
olefins are generated through the alkene cycle via methylation and
cracking steps. According to the open literature, aromatic species for-
mation and reaction are favored by the presence of Brgnsted acid sites,
whilst a greater amount of Lewis acid sites would enhance the produc-
tion of olefins like propene and heavier, generated through the olefin
cycle [72]. Aromatics already produced via the arene cycle may thus
undergo dealkylation preferentially over Brgnsted acid sites. Therefore,
the lower ethylene selectivity for HZ 25 and HZ_ 50 can be partly
explained by their lower BAS/LAS ratio.

Methanol selectivity increased as the DME conversion decreased,
consistent with the fast kinetics of the rehydration step. HZ catalysts
consistently exhibited a greater P/E ratio compared to their ETC coun-
terparts. Moreover, catalysts with a lower Si/Al ratio showed faster

Table 3
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deactivation, highlighting the role of the acid site density in stability.
Lastly, the hierarchization method significantly affected the hydrocar-
bon product distribution, particularly in terms of ethylene and propyl-
ene yields.

The enhanced catalytic performance of hierarchical zeolites is
evident when compared with that of their parent zeolites, as reported in
our previous work. Although parent zeolites showed higher initial ac-
tivity and reached nearly complete DME conversion at high temperature
(i.e., 375 °C), they underwent rapid deactivation, in some cases halving
their activity within the same time on stream period [58]. In contrast,
hierarchical zeolites exhibit evidently improved stability under analo-
gous reaction conditions.

More in detail, the initial light olefins (Co—-C4-) selectivity, evalu-
ated at the first sampling of the reacted gas mixture and reported in
Table 3, increases as the reaction temperature rises, reflecting the
favored dehydration process at higher temperatures. As far as ETC
samples are concerned, ETC_50 consistently outperformed ETC_25,
indicating that the higher Si/Al ratio and modifications induced by the
etching treatment (i.e., higher BAS/LAS ratio, lower overall acidity, and
increased mesoporosity) favor the selective formation of light olefins. In
addition, the maximum value of olefins selectivity was identified at
350 °C for both ETC samples. On the contrary, HZ samples exhibited a
less evident difference between the two samples, suggesting that the
more uniform morphology and microporosity mitigate the impact on the
olefin selectivity. Hence, the synthesis technique affects the light olefins
distribution.

As the main olefin product of DME dehydration is propylene, a focus
on CgHg is thus crucial. The performance of all catalysts in terms of
propylene production at 375 °C is summarized in Table 4. ETC_50 stands
out with the highest propylene yield and production, outperforming
even the parent zeolite (i.e., ZSM5_50), as reported in the literature [58].
These results confirm the beneficial effects of etching treatment and
increased Si/Al ratio, which led to enhanced external surface area and a
higher BAS/LAS ratio, both of which promoted propylene formation. In
particular, the higher propylene yield of ETC_50 compared to ETC_25
can be partly linked to its higher BAS/LAS and the abundance of BAS in
the more diffusion-limited ETC structure. On the contrary, HZ catalysts
did not reach that level of performance, due to different acid site dis-
tribution and morphology. HZ samples indeed have a more open and
interconnected porosity that reduces the diffusional limitation, miti-
gating the effect of the relative abundance of acid sites. Accordingly, the
higher BAS/LAS ratio did not lead to enhanced propylene production.
This indicates that the effect of BAS/LAS on catalytic performance also
depends on the specific textural properties of the catalyst. The effect of

Initial light olefins (C2 _ - C4 _) selectivity evaluated at the 1 st gas sampling during each TOS (averaged values are reported between brackets). Selectivity is evaluated

in terms of converted C atoms.

Sample 300 °C 325°C 350 °C 375°C

ETC_25 37.5 % (36.6 %) 44.6 % (43.6 %) 56.6 % (53.0 %) 53.8 % (53.2 %)

ETC_50 47.0 % (41.9 %) 58.3 % (49.9 %) 60.0 % (58.5 %) 57.2 % (57.9 %)

HZ 25 39.0 % (39.3 %) 47.5 % (44.5 %) 52.4 % (49.4 %) 53.5 % (49.7 %)

HZ_50 35.2 % (34.4 %) 40.2 % (39.8 %) 49.4 % (49.2 %) 54.2 % (54.7 %)
Table 4

Propylene yield and productivity during TOS at 375 °C. For the sake of clarity, C3H6 yield and C3H6 specific productivity were evaluated at the first gas sampling

during TOS (the averaged values are reported between brackets).

Sample CsHe yield (%) C3He specific productivity (molcspe - kgene - h™) Total CsHg productivity (gcsme - e
ETC_25 24.3 (22.1) 82.7 (75.1) 43.5
ETC_50 32.4 (32.8) 107.9 (109.1) 75.1
HZ_25 28.3 (25.7) 95.3 (86.4) 51.4
HZ 50 28.1 (28.0) 95.1 (94.7) 55.3
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Table 5

Kinetic parameters for DTO process assuming n = 1, m = 0, d = 1 and TO = 300 °C.
Sample Koz, (mol - kg™ - h™) Ea (kJ - mol™) kar, (1) E4 (kJ - mol™) OF
ETC_25 8.33- 10! 108.6 8.89-107* 186.8 4.77 -1072
ETC_50 8.55 - 10! 114.5 5.64 -1078 550.5 1.24.1072
HZ_25 5.07 - 10} 113.7 2.47 -107* 179.2 1.26-107°
HZ_50 7.45 - 10! 96.2 5.03-10°8 534.6 9.24 1073

the Si/Al ratio on stability is also evident: the main difference between
the first and the average value during TOS occurs for samples with a
lower Si/Al ratio, as they are more affected by deactivation.

Tables S2-S4 in the Supporting Material provide insights into catalyst
performance and propylene production during TOS. Those data also
confirm a clear temperature-dependent increase in propylene produc-
tion, particularly for the ETC samples. This behavior highlights the
effectiveness of tuning both acidity and porosity to optimize light olefins
production from DME.

Table S5 reports the propylene-to-ethylene (P/E) ratio for all the
tests, calculated as the ratio between the molar flow rate of C3Hg and
CoHy. As already pointed out before, the two hierarchical samples syn-
thesized through a bottom-up approach (HZ_25 and HZ_50) show a
considerably higher value of P/E at each temperature; the alkene cycle
of the hydrocarbon pool mechanism seems to be thus favored for these
samples.

The results of simplified kinetic modelling (summarized in Table 5)
further support the discussed experimental findings, thus highlighting
the influence of both catalyst composition and structure on activity and
stability. The apparent pre-exponential factor of the DME reaction rates
suggests that ETC samples have more active sites than HZ samples; this is
consistent with the measurements of both the Si/Al ratios and the
Brgnsted acidity of the samples. Figure S16 presents

the calculated k7, as a function of the acid properties of the
samples. In more detail, the pre-exponential factor increases at greater
BAS/LAS, while it decreases as the LAS rises. As the amount of total acid
sites (BAS+LAS) is comparable for all samples, it may be inferred that
the conversion of dimethyl ether may occur (at least preferentially) on
Brgnsted acid sites. Furthermore, ETC samples exhibited an apparent
activation energy (E4) slightly higher than HZ samples, suggesting that
mass transport is facilitated in HZ samples. This fact was ascribed to the
different hierarchization techniques, but the acidity concentration
seems to prevail over the mass transport limitations. Concerning the
stability of the hierarchical samples, those with a higher Si/Al ratio (i.e.,
ETC_50 and HZ_50) showed significantly lower deactivation rates and
higher energies of deactivation, confirming an improved long-term
stability. It is worth noting that the pre-exponential factor for DME
dehydration (kpy; 1,) increased with the BAS/LAS ratio, suggesting that
a higher relative abundance of BAS favors the dehydration process. In
contrast, it also decreased as the concentration of LAS increased,
implying a possible inhibition effect of LAS due to the stabilization of
intermediates (e.g., heavy aromatics in the hydrocarbon pool). No
evident trends were observed between acidity and other kinetic pa-
rameters, indicating that they may be governed by other factors rather
than solely by acid site characteristics.

3.3. Spent catalysts characterization

Table 6 summarizes the specific coke production per unit of con-
verted DME during TOS at different reaction temperatures. It is worth
noting that it decreases by reducing the acidity of the samples, and it is
also lower than the specific coke production on the MFI-type parent
zeolites [58]. The samples exhibited a minimum specific coke produc-
tion at intermediate temperatures (325-350 °C), which may be related
to a temperature-dependent balance between DME conversion rate and

product distribution. The selectivity toward light olefins is rising, and
aromatization, which is responsible for the formation of coke precursors,
is not yet favored. At higher temperatures (i.e., T > 350 °C), the for-
mation of heavy hydrocarbons becomes more important, increasing the
amount of deposited coke, especially on strong acid sites. On the con-
trary, lower temperatures (T < 325 °C) may lead to longer residence
times of intermediates, favoring condensation pathways and slowing
down their desorption from the surface of the catalyst.

Those results could be rationalized by considering the acidity and the
morphology of the samples. ETC samples produced less coke than HZ
samples. More in detail, ETC_50 showed the lowest specific coke pro-
duction that could be ascribed to the low density of acid sites, high BAS/
LAS ratio, and a more open mesoporous structure. On the contrary,
ETC_25 and HZ samples exhibited highly specific coke productions that
were attributed to a more microporous structure of the samples, as can
be seen in Table 1. In addition, a higher acidity of the samples favors
catalytic activity and the formation of heavy hydrocarbons that occlude
the pores and quickly deactivate the catalyst. In conclusion, the meso-
porous structure obtained through the etching treatment seems to be
more efficient for mitigating coke formation and improving propylene
productivity, but micropores are still progressively clogged by heavy
species that reduce DME conversion during TOS. On the contrary, the
hierarchization technique did not avoid coking, but the wider and more
homogeneous porosities keep the DME conversion high under all reac-
tion conditions, exhibiting slow deactivation rates.

Figure S17 shows the chromatograms referring to the spent ETC_25
and HZ_50 samples (both tested at 350 °C). The two most abundant
soluble coke species that were detected are pentamethylbenzene and
hexamethylbenzene. Similar results were obtained for all the spent
samples.

4. Conclusion

Two different synthesis techniques were used to obtain hierarchical
zeolites with MFI structure, and samples were tested in the conversion of
dimethyl ether (DME) into olefins (DTO). The first one was a post-
treatment of the HZM-5 sample with NH4F and HF with the scope to
etch the zeolite surface (ETC), whilst the second one involved the use of
an additional organic structure directing agent (3-APTMS) during the
synthesis (HZ). Both procedures were used to synthesize samples with
different silicon-to-aluminum ratios, leading to the production of sam-
ples labelled as ETC_25, ETC_50, HZ_25, and HZ_50.

Pore size distribution revealed that both the synthesis techniques
were effective in inducing hierarchization. Moreover, HZ_25 and HZ_50
catalysts resulted in a lower ratio (1.1 and 1.6, respectively) between
Brgnsted and Lewis acid sites concentration (BAS/LAS).

Table 6
Specific coke production referred to the overall converted DME during TOS

; —1
(expressed N Mg oke 'gDME.conv)'

Sample 300°C 325°C 350 °C 375°C
ETC_25 0.612 0.197 0.153 0.205
ETC_50 0.257 0.093 0.072 0.143
HZ_ 25 0.826 0.345 0.194 0.180
HZ_50 0.672 0.297 0.184 0.191




F. Salomone et al.

At increasing temperature, the zeolites showed a slightly reduced
stability, especially the ones characterized by greater acidity. For
instance, DME conversion at 375 °C with ETC_25 changed from 87.8 %
to 65.0 % over 14 h of time-on-stream, whilst the other samples pre-
sented superior stability. At low temperature, methanol selectivity is
higher, due to faster kinetics for the methanol/DME reaction. Samples
prepared via etching (ETC_25 and ETC_50) resulted in a higher light
olefin (Co— - C4-) selectivity (up to about 58 %). On the other hand,
hierarchical zeolites prepared through the bottom-up approach (HZ_25
and HZ_50) showed improved stability. Furthermore, these latter sam-
ples produced a hydrocarbon mixture with a very low amount of
ethylene and a larger C3Hg/CoHy ratio (P/E), due to a different shape
selectivity and a different extent of the two cycles that constitute the
hydrocarbon pool mechanism, partly related to a different distribution
among Brgnsted and Lewis acidity.

The investigation revealed that tuning the MFI zeolites via hierar-
chization is an effective strategy to generate more stable catalysts in the
DTO process. Future studies should be focused on providing more in-
sights into the relationship between structure/acidity and stability/
product distribution, and potentially in the conversion of methanol into
olefins (MTO).
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