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ARTICLE INFO ABSTRACT

Keywords: Plastic waste management has become a pressing global issue. A viable and sustainable alternative to inciner-

Zeolite ation is the conversion of polyethylene into chemicals or fuels by through hydrocracking. To improve the cat-

x.efcleumar foam alytic performance during hydrocracking, bifunctional catalysts are required, in which the zeolite imparts the
1cKe!

acid function, and the metallic function is provided by a noble or transition metal, such as nickel. In this study,
acid supports were synthesized using two strategies, namely zeolitisation and desilication, for comparison. The
synthesized materials exhibited Si/Al molar ratios of approximately 10, hierarchical micro-/mesoporosities, and
a bifunctional character after incorporation of nickel up to 5 wt%. The materials were extensively characterized
by various techniques, including powder X-Ray diffraction, Ny sorption, acidity measurement, and scanning
electron microscopy. The characterization results showed that the desilicated HZSM5 zeolite was the most
effective support for nickel impregnation, leading to a quantitative conversion of High-Density Polyethylene
(HDPE) by hydrocracking and the formation of predominantly hydrocarbons with 5 carbon atoms. A clear
disparity in composition, with a prevalence of a gasoline-type fraction, was observable in the liquid phase from
HZSMS5 to Ni particles supported on hierarchical HZSM-5 (Ni@m-HZSM-5w). The hierarchy factor (HF), the
molar ratio between Lewis and Brgnsted acid sites, and the accessibility factor (ACI) were combined to form the
interplay factor (IF). The investigation resulted in materials with IF values between 0.35 and 7, and a positive
correlation between HDPE conversion and IF values is observed. In conclusion, this study suggests that the
desilication of HZSM5 zeolite is a promising route for the development of efficient catalysts for the hydrocracking
of plastic waste.

HDPE hydrocracking
Hierarchy factor
Accessibility factor
Interplay factor

1. Introduction

From food packaging to aerospace applications, plastic has become a
ubiquitous material in our daily life. However, due to the increased
production and consumption of plastic along with the poor manage-
ment, environmental pollution caused by plastic waste (PW) is
becoming a real threat that requires immediate attention to protect the
environment [1]. To develop a sustainable world, it is necessary to
carefully take into account the waste management hierarchy [2]. The

* Corresponding author.
** Corresponding author.

6R’s principle ("Reduce", "Repair", "Reuse", "Recover", "Remanufactur-
ing”” and "Recycling") offers a framework for achieving the Sustainable
Development Goals adopted by all the United Nations member states
[3]. Although reducing is the key strategy to avoid incorporating more
plastic into the environment, the American Chemistry Council pointed
out that plastic production is far from being reduced, and forecasts that
it will increase worldwide to 756 Mt by 2050 [4].

Despite the potential of recycling in minimizing energy and fresh-
water consumption, most post-consumer plastics cannot be used to
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satisfy the same product needs; thus post-consumer plastics are often
down-cycled [5]. Converting plastic waste into valuable chemicals or
building block molecules through chemical routes is an efficient way to
manage environmental concerns about plastic leaks and landfill disposal
[6]. Among the thermochemical routes, thermal pyrolysis is by far the
most commonly used one at semi-industrial and industrial scales [7,8].
However, several drawbacks remain to be overcome, such as a wide
range of product distribution, significant coke formation and high en-
ergy inputs required to achieve full conversion of plastics feedstocks.
Adding a catalyst (catalytic pyrolysis) results in a significant reduction
of the reaction temperature and time, which provides better control over
the hydrocarbon product distribution [9]. Nevertheless, the selectivity
toward monomers, gasoline or diesel fraction remains low [10]. Addi-
tionally, the high coke yields together with the high aromatic and
naphthene contents in the products obtained, even in the presence of
catalysts, hinders the scale-up of catalytic pyrolysis. Detailed analyses of
the state-of-the-art on these topics are provided in the literature [9,
11-15].

Hydrocracking (HDC) process is another promising pathway being
considered for transforming PW into high-quality liquid fuels or building
block molecules. HDC is considered by innumerable authors to be more
advantageous than thermal and catalytic pyrolysis, as such process
yields a highly saturated liquid product that can be directly used,
without subsequent processing, as a transportation fuel or as fuel oil
needed for power generation [16]. In addition, HDC occurs at lower
temperatures than catalytic pyrolysis. Moreover, the presence of Hy has
beneficial effects both by removing heteroatoms (Cl, Br, F, etc.), and by
giving extra lifetime to the catalyst through the reduction of coke
deposition. The HDC reaction generally proceeds over a solid bifunc-
tional catalyst, composed of an acid and a metallic source. The acid
function is responsible for cracking and isomerization reactions, while
the metal is responsible for hydro/dehydrogenation reactions [17].
Several types of bifunctional systems have already been tested for the
conversion of plastic in a reducing atmosphere, namely, metal supported
on zeolites (Pt/H-ZSM-5, Ni/H-ZSM-5, Pt/H-USY and Pt/H-Beta)
[18-21], alumina and/or silica-alumina (NiMo/Al;,03, Pt/SiO,,
NiMo/SiO2-Aly03) [22-24] as well as solid superacid catalysts
(Pt/ZrO5,-S04 and Ni/Zr0,-S04) [25]. Most of the authors showed that
catalyst features, especially the nature, number and strength of the acid
sites and the pore size architecture, play crucial roles in the reaction [9].
Some authors termed to this close interaction, between metal particles
and acid sites, as "site-intimacy", and is often related to better activities
and performance in different bifunctional catalyzed reactions [26-28].

Maximizing the catalytic conversion and products selectivity
through the design of hierarchical materials combining meso- and
microporous properties has been a key step in improving a broad range
of catalyzed reactions such as aromatization [29], alkylation [30],
among others, and thermal valorization of various feedstocks, including
biomass [31,32] and plastic wastes [33]. The micropore channels limit
the reaction kinetics by diffusion phenomena. The occurrence of
micropore channels and uncontrolled acidity can lead to undesirable
over-cracking reactions, which in turn decrease the production of
valuable products, and promote the deposition of coke. Bottom-up or
top-down approaches have been pursued to synthesize hierarchical
materials with superior catalytic properties, which are often directly
related to acidity properties and pore accessibility [34]. Researchers are
working to understand and establish meaningful relationships between
surface area, acidity (number/strength) of the catalysts and their rela-
tive performance in order to develop a more rational design. Tarach
et al. [35] are among the authors who took into account the accessibility
of the acid sites, in order to understand the results obtained for the
catalytic pyrolysis of Low-Density Polyethylene (LDPE). Using different
probe molecules, Tarach et al. combined successfully the acidity
strength factor (AS, measured by FTIR-pyridine), an accessibility factor
(AF, determined by the ratio of pyridine and n-propylamine adsorption),
and the hierarchy factor (HF, based on N3 adsorption results, introduced
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earlier by Peréz-Ramiréz [36]), to link the activity of the catalysts with
the intrinsic characteristics of the materials. Indeed, these authors were
able to establish that those three co-dependent features (AS, AF and HF)
control the performance of the catalyst, as shown by the straight lines
that could be drawn between the conversion and the coupled parameters
such as HF x AS or HF x AF.

The objective of the present paper was to design hierarchical mate-
rials through the partial conversion of alumino-silica mesocellular foams
(MCF) into HZSM5 nano-crystallites at the surface of MCF (“zeolitisa-
tion”), which has not been reported before. The physicochemical and
catalytic properties of those materials obtained by a “meso-to-micro-
porous” approach were compared to those of a reference material arising
from a controlled alkaline attack of HZSM5 (“micro-to-mesoporous”
approach) with similar Si/Al ratio. Micro-to mesoporous (i) and meso-to
microporous (ii) transformations were implemented in order to take
advantage of the acidity, the interconnectivity and the pore size of
mesoporous material for cracking processes and/or, HDC (after Ni
incorporation) of High-Density Polyethylene (HDPE). Results are be
discussed in the light of the intrinsic characteristics of the catalysts.

2. Materials and methods
2.1. Materials

The HDPE used in this work was supplied by Repsol. The polymer,
without additives, was received in a powder form with a molecular
weight (Mw) of 155,000 g/mol, a dispersity of 5.4 and a density of 0.95
g/cm>. The HZSM5 zeolite used as parent material for hierarchical
support preparation was acquired in ammonium form with a nominal
Si/Al ratio of 11.5 from Zeolyst (CBV 2314). Sodium hydroxide (NaOH,
99 wt%), nitric acid solution (HNOs, 65 wt%), Pluronic (P123),
aluminum isopropoxide (C9Ho103Al), trimethylbenzene (TMB), hydro-
chloric acid (HCl, 37 wt%), tetramethylorthosilicate (TMOS), tetrapro-
pylammonium bromide (TPABr), ammonium fluoride (NH4F) and the
metal salt, nickel nitrate hexahydrate (Ni(NO3)2.6H20) from Sigma-
Aldrich were used without further purification.

2.2. Catalyst preparation and characterization

2.2.1. “Micro-to-meso” approach (desilication)

The aim of this synthesis approach was to develop a microporous/
mesoporous hierarchical structure through the modification of a pre-
formed microporous zeolite in the protonic form (HZSMS5). The hierar-
chical zeolite was obtained by a desilication process, employing base
followed by acid treatments which was reported by Sartipi et al. [37].

First, the zeolite, in its ammonium form, was calcined at 500 °C for 5
h in a muffle furnace to obtain HZSM5 according to the method reported
by Costa et al. [38]. Then, 10 g of HZSM5 were treated for 1 h with a
solution of NaOH 1 M (8 mL/g of zeolite) at 70 °C under stirring at 500
RPM. The resulted suspension was quenched in an ice-water bath and
centrifuged at 7000 RPM for 5 min to recover the solid part. The su-
pernatant was separated, and the solid was washed thoroughly with
distilled water in the centrifugation tube. Then, the modified zeolite was
ion-exchanged 5 times with NH4NO3 0.2 M (50 mL/g of modified
HZSMS5) at room temperature to remove Na™. After the last centrifuga-
tion, the solid recovered (m-NH4ZSM5) was dried overnight at 60 °C
followed by another 12 h at 120 °C and calcined at 550 °C for 5 h in a
muffle furnace (0.5 °C/min) affording m-HZSMS5. Finally, m-HZSM5 was
treated with HNO3 1 M (28.6 mL/g of m-HZSMS5) at 70 °C for 2 h under
stirring at 500 RPM to remove extra-framework aluminum (EFAl) spe-
cies [39]. After quenching, using centrifugation, the recovered solid was
washed 10 times with deionized water until a neutral pH was achieved,
then dried, and calcined in a muffle furnace following the procedure
mentioned above, affording m-HZSM5w.
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2.2.2. “Meso-to-micro” approach (“zeolitisation”)

The aim of this synthesis approach was to produce a microporous/
mesoporous hierarchical support starting from a mesoporous material,
here a mesocellular alumino-silica foam (Al-MCF). The hierarchical
mesoporous material was prepared using controlled microwave heating
of AlI-MCF in the presence of fluorides and tetrapropylammonium bro-
mide in order to partially convert amorphous alumina-silica at the sur-
face into a HZSM5 deposit.

The Al-MCF was synthesized according to a protocol adapted from
the work of Daoura et al. [40], and considering a TMB/P123 wt ratio of
4, as described by Al-Naji et al. [41]. First, "solution A" was prepared as
follows: 4 g of Pluronic P123 were dissolved under stirring at 40 °C in
150 mL of HCI aqueous solution at pH = 1.5. After 2 h, 16 g of TMB was
added dropwise into the mixture under 1000 RPM stirring in order to get
a microemulsion. The mixture was left stirring overnight. In parallel,
"solution B" was prepared at room temperature by the slow introduction
(over 4 h) of 6.4 mL TMOS and 0.8 g aluminium isopropoxide to 10 mL
of a HCl aqueous solution at pH = 1.5 affording a theoretical Si/Al ratio
of 11.5. Finally, “solution B” was added to "solution A" and the resulting
blend was kept at 40 °C for 24 h under the same stirring rate. After that,
48 mg of NH4F was added and stirred for 5 min. Finally, the suspension
was transferred into a Teflon bottle and treated hydrothermally in an
oven at 100 °C for 24 h. Then, the synthesized material was separated by
vacuum filtration and washed abundantly with distilled water, dried at
60 °C for 15 h and calcined in a muffle furnace at 550 °C for 6 h (heating
rate 1 °C min’l).

“Zeolitisation” of Al-MCF was performed using a method developed
by Habib et al. [42] with adaptation as follows: firstly, the parent
Al-MCF (2.7 g) was impregnated by a solution made of 4 g of TPABr in
17 mL of distilled water. The impregnated solid was kept under mag-
netic stirring for 1 h followed by water removal. Then, water was
evaporated until dryness using a rotavapor equipment. The solid
recovered was further dried overnight at 60 °C. The solid, thus obtained,
was suspended in 54 mL of distilled water, and the pH was adjusted to 10
with 0.1 M NaOH. Later, the content of the resulting suspension was
transferred into 4 Teflon reactors and placed in an Anton Paar Synthos
3000 multimode microwave oven. ‘“Zeolitisation” was performed either
at 180 °C, 500 W for 4.5 h (Al-MCFz;) or at 200 °C, 1200 W for 4.5 h
(AI-MCFzp). After completing the reaction time and subsequent
quenching, the sample was filtered and rinsed with deionized water for
several times. Then, the material was ion-exchanged with NH4NO3 to
replace Na ™ by NHJ, and finally dried and calcined as mentioned early
in “micro-to-meso” approach.

2.2.3. Metal incorporation

Nickel(II) from an aqueous solution of Ni(NO3),.6H,O was incor-
porated within Al-MCFzx and m-HZSM5w supports using incipient
wetness impregnation. Hence, the volume of water used to dissolve Ni
(NO3)2.6H20 was equal to the total pore volume of m-HZSM5(w) or Al-
MCF (z; or z3). In both cases, the aqueous solution of Ni(II) (0.247
gNi_salt/gsup) Was added dropwise under mechanical stirring. Then, the
recovered greenish materials were air-dried at 60 °C during 24 h and
calcined at 500 °C under airflow of (4 x 10> mL/h-g STP). Before being
used, all the impregnated catalysts were reduced under hydrogen flow of
4 x 10° mL/h-g STP) for 2 h, at 500 °C. All the metal-based catalysts
were prepared with a theoretical Ni content of 5 wt% and identified
throughout the work as Ni@m-HZSM5w and Ni@AI-MCF(z; or z2) for m-
HZSM5w and Al-MCF(z; or z3) supports, respectively.

2.3. Catalysts characterization

The textural properties of the parent support and the synthesized
materials were characterized by Ny physisorption technique using a
Micromeritics TRISTAR 3000 instrument at —196 °C. Samples were
outgassed under high vacuum at 350 °C for 24 h prior to analysis to
remove any physisorbed species. The BET surface areas (Sggr) were
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determined through the application of the Brunauer, Emmett and Teller
equation [43]. Mesoporous surface area (Syeso) Was determined ac-
cording to the method described in Ref. [36]. The micropore volume
(Vmicro) Was calculated using the t-plot method [44], while the total pore
volume (Viota)) was determined from the adsorbed volume of nitrogen at
a relative pressure, P/P, = 0.99. The mesopore volume (Vpjeso) Was
obtained by the difference between Vot and Vyiero. The pore size
distribution was determined using the BJH-method.

The structures of the parent supports and the synthesized materials
were evaluated by Powder X-Ray diffraction (PXRD). PXRD analysis was
performed on a Bruker AXS D8 diffractometer operating at 30 kV and 30
mA, using Cu K, radiation (« = 1.541 A) as X-ray source. For low-angles,
the data were collected in the 20 range from 0.5° to 5° with a step of
0.02° and a counting time of 6 s/step. Wavelength-dispersive X-ray
fluorescence spectrometry (WDXRF) was used to determine Ni, Al and Si
contents in the samples. The equipment used was an Axios FAST
(PANalytical Zetium), where the source of radiation was Rh K, and data
was analyzed by SuperQ software. The acid properties of the samples
were analyzed by monitoring pyridine adsorption/desorption by
Fourier-transform infrared spectroscopy (FTIR). Before analysis, thin
discs of samples (4-11 rng/cmz) were prepared by compacting powder
at ~1 tons/cm?. Before pyridine adsorption/desorption experiments,
the wafers were treated under oxygen (260 mbar) at 450 °C (ramp: 2 °C/
min) for 30 min and then outgassed under a secondary vacuum at 450 °C
for 30 min. Wafers were then contacted with gaseous pyridine
(approximately 1.33 mbar) at 150 °C for 15-30 min to allow sufficient
diffusion of the probe molecules into micropores. The spectra were then
recorded following a desorption step of 30 min from 150 to 450 °C with
a Bruker Vector 22 spectrometer (resolution 4 cm’l, 64 scans). The
reported spectra were obtained after subtraction of the spectrum
recorded before pyridine adsorption and normalization at 10 mg/cmz.
The amount of Bronsted and Lewis acid sites (BAS and LAS) titrated by
pyridine was obtained using the molar absorption coefficient values of €
= 1.09 and 1.76 cm/pmol for the v;gp, vibration of protonated (Py-B) at
~1545 em ™! and coordinated pyridine (Py-L) at ~1450 em ™}, respec-
tively [45]. In order to determine the accessibility of the BAS by specific
probe molecules, temperature-programmed decomposition (TPD) of
n-propylamine was performed in a TGA/DSC thermal analyzer (model:
SDT Q600, TA Instruments). In a regular procedure, n-propylamine was
added to the dried samples, then the samples were degassed at 150 °C for
10 min to remove the physisorbed n-propylamine molecules. After that,
the samples were heated under flowing nitrogen (30 mL/min) at tem-
peratures of 150-700 °C with a heating rate of 10 °C/min. From the
amount of acid sites, detect by IR or by TPD, accessibility indexes have
been calculated using the following equations:

C,n(BAS) + C,,(LAS)
Co(Al)

C.(n — propylamine)
C,(Al)
(Equation 1)

ACl,, = and ACI,_p, =

with Cp(BAS) and Ci,(LAS) the weight concentration of Bronsted and

Lewis acid sites obtained from pyridine desorption at 150 °C, Cp(Al) the

weight concentration of aluminum in the solid and Cp,(n-Propylamine)

the weight concentration of amine adsorbed. From these two values, the

Accessibility Factor have also been calculated as follows:
ACL,,

ACl,y, = x 100
n—pro

(Equation 2)

Morphological analyses via Field Emission Gun Scanning Electron
Microscopy (FEG-SEM, Hitachi) were conducted using an acceleration
voltage of 1 kV and an emission current of 64000 nA for mesocellular
foams. Meanwhile, a Scanning Electron Microscope (FEGSEM Nano-
Nova 230 FEI) was used for zeolite materials with an acceleration
voltage of 3-5 kV. Transmission Electron Microscopy (TEM) images
were acquired at 100 kV using a JEOL 1011 instrument equipped with a
Gatan camera (S—A resolution). Prior to the measurements, the materials
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were dispersed in ethanol with ultrasounds and a drop was deposited on
a copper grid covered by a thin film of carbon. Theoretical metal
dispersion was measured following the procedure reported by Bond
[46], considering the nickel content reported by XRF and the particle
size from TEM analysis.

2.4. Hydrocracking (HDC) catalytic tests

The samples used for the hydrocracking experiments were prepared
using a compression molding. The HDPE and catalyst, both in powder
form, were mechanically mixed with a polymer-to-catalyst mass ratio of
80/20, and then heated in a molding press at 140 °C and under 3 tons of
pressure for 5 min.

The HDC tests were carried out in a 100 mL batch autoclave reactor
from Autoclave Engineering equipped with a magnetic stirrer, as
described in a work by Ref. [47]. The reactor was heated by an electric
furnace connected to a programmable temperature controller. The
temperature of the furnace was controlled via three K-type thermocou-
ples at three different zones of the furnace (upper, middle, and bottom).
Additionally, the temperature of the reaction zone was monitored by a
J-type thermocouple, placed in the reactor. The gas pressure in the
reactor was measured by a pressure gauge. The reactor was filled with 1
g of the sample, then the reactor was purged thrice with N5 to remove
oxygen from the reactor. Subsequently, the reactor was pressurized with
20 bar of hydrogen (Hy) at room temperature and heated (1.5 °C/min)
until 260 °C for 1 h, for the reaction to take place. The mass of gaseous
products formed during the reaction was determined after GC analysis
considering the total volume of gases discharged. The remaining prod-
ucts were recovered from the reactor and extracted with hexane in order
to remove the liquid fraction formed during the reaction. The solid
fraction, composed of the unconverted plastic, catalyst, and coke, was
dried overnight at 60 °C to evaporate the solvent. The yields of gas and
liquid products and the conversion of the process were determined ac-
cording to the following equations:

. Muppe — M, erted HDPE
Conversion (%) = e x 100

(Equation 3)
MypPE

_ MgGas

Gas yield (wt.%) x 100 (Equation 4)

MyppE

L Mproducts soluble in hex
Liquid yield (wt.%) — _products soluble in hexane . 1()()
MuppE

(Equation 5)

where myppr and Mynconverted HpPE are the weight of HDPE (g) used in the
experiment and the weight of HDPE (g) remaining in the reactor after
the reaction, respectively; mgqs () is the weight of total gasses product
collected. In all experiments performed, the mass balance was closed
with a range of 94-100%.

2.5. Products characterization

The composition of the gaseous fraction was analyzed by gas chro-
matography (GC) equipped with a flame ionization detector (GC-FID)
using a GC1000 DPC chromatograph and a capillary HP-PONA column
(50 m x 0.2 mm x 0.5 mm) from Agilent. This analysis allows separation
and identification of the gaseous components in terms of carbon atom
number. The liquid products were characterized by a simulated distil-
lation analyzer according to the ASTM D 2887 method. The system
consists of a Hewlett Packard 5890 gas chromatography equipped with a
FID detector and a DB-2887 capillary column (10 x 0.53 mm x 0.3 mm)
from Agilent. This procedure allows separation of the liquid hydrocar-
bons in the function of their boiling points. The solid fraction resulting
from the HDC reaction was analyzed through two thermogravimetric
analysis (TGA) cycles using a Setaram TGA-92 apparatus, in order to
quantify the amount of unconverted HDPE as well as the carbon deposit
over the catalyst. First, 20 mg of the solid sample containing unreacted
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plastic, coke, and the catalyst was heated to 500 °C at a heating rate of
10 °C/min and held for 1 h under nitrogen flow (30 mL/min), to remove
unreacted HDPE from the remaining components of the solid fraction.
The sample obtained from the first TGA cycle, consisting of coke and
catalyst, was then heated to 800 °C at a rate of 10 °C/min and held for
30 min in an air atmosphere (30 mL/min) to burn off all the coke
deposited over the catalytic system. The amount of unreacted HDPE was
determined by the difference between the final and the initial mass of
the sample in the first TGA cycle, while the amount of coke was deter-
mined by the mass difference obtained from the second TGA cycle.

3. Results and discussion

This section starts with a description on the evolution of the physi-
cochemical properties of the starting materials (with Si/Al > 10) toward
materials with hierarchical porosity is proposed. This was done for
HZSM5 and Al-MCF that were used, respectively, for the synthesis of m-
HZSMS5y and Ni@m-HZSM5yy ("micro-to-meso" approach) as well as Al-
MCFz1, Al-MCFz3, Ni@Al-MCFz; and Ni@Al-MCFz, ("meso-to-micro"
approach). The implemented protocols are derived from the literature.
The m-HZSM5w support was obtained by desilication in basic medium,
followed by acid treatment to remove EFAIl species as described by
Sartipi [37]. The Al-MCFz; and Al-MCFz, supports were synthesized via
treatment of the mesoporous alumino-silica under controlled hydro-
thermal conditions, using microwave, in basic medium and in the
presence of the templating agent of ZSM5 [38]. In the latter case, two
types of “zeolitisation” conditions were applied (Z1: 180 °C, 500 W and
Z2:200 °C, 1200 W). For both series, nickel was introduced up to 5 wt%
(4.5 wt% for Ni@m-HZSM5y and Ni@AIl-MCFz;, 4.3 wt% for
Ni@AI-MCFz2). In both cases, analyses were used to characterize the
acidity, the accessibility of the acid sites as well as the porosity hierar-
chization. These data were then used to explain the results of the cata-
lytic tests during the cracking of HDPE under reducing conditions.

3.1. Catalysts characterization

Fig. 1 shows the Ny sorption isotherms of the starting materials used
for the "micro-to-meso" and "meso-to-micro" approaches as well as those
of the synthesized materials with or without Ni. Textural properties of
the materials are provided in Table 1. As expected for microporous
materials, parent HZSM5 zeolite, with a MFI-structure, is characterized
by a plateau at low relative pressure (type-I shape according to IUPAC).
However, after desilication and acid washing steps on m-HZSM5w, the
shape of the adsorption/desorption isotherms changed from type-I to
type-1V isotherms corresponding to materials bearing both micro- and
mesopores. A remarkable hysteresis loop starting from P/Py = 0.42
suggests the presence of occluded or partially isolated mesopores [44].
Consequently, an increase of mesopore area and volume of 68 and 92%
respectively, was evidenced (Table 1). Meanwhile, almost no change in
the surface and volume of the micropores could be detected. As previ-
ously reported by Yang et al. [48], zeolite desilication processes lead to
mesoporous structure formation by partial destruction of micropores
walls. As shown in Table 1, Syeso/SpET ratio increased from 24% to 35%
and Veso/VTotal from 48% to 69% (calculated from the data in Table 1
as 100-Vicro/ VTotaD-

In their work, Tarach et al. [35] observed the negative effect of
alkaline treatment on the micropore volume. However, the results ob-
tained in our study indicate only a slight change. Fig. 1 shows that such
treatment is responsible for the formation of a new, broad pore size
distribution centered around 20 nm. The impact of the desilication
process on the hierarchical features of the attacked materials has been
described early by a set of contributions from Verboekend and
Pérez-Ramirez [47]. Those authors introduced the hierarchy factor (HF,
equation (6)) whose calculation takes in account the formation of the
mesopores as well as the preservation of the micropore volume.



S. Armenise et al.

300 1

B a)
w0 @, —— HZSM5
12 m-HZSMS,,
350 1 o 008

| —— Ni@m-HZSMS5,,

<

2

&

250 1

00

10 1
200 A Pore Diameter (nm)

150 4

100

Quantity Adsorbed (cm*/g STP)

T T T
04 0.6

Relative Pressure (P/P)

Quantity Adsorbed (cm®/g STP)

Microporous and Mesoporous Materials 356 (2023) 112605

1200 Cell Window

b)

1000

800

Pore Volume (cnv’/g nm)

600 10

Pore Diameter ()
AI-MCF
Ni@AI-MCF,, — Al-MCF,
Ni@AI-MCF,,— Al-MCF,,

400

200

T T T
04 0.6
Relative Pressure (P/Py)

T
0.0 08 1.0

Fig. 1. N, adsorption-desorption isotherms of hierarchical materials with or without Ni as well as their parents for a) “micro-to-meso” and b) “meso-to-micro”
approaches. Insets in each graph display the pore size distribution obtained from desorption branches (BJH model).

Table 1
Textural parameters of starting materials and their hierarchical derivatives with or without Ni based on Nj-sorption measurements.
Material Surface Area Pore Volume HF [36] ¢
(m*/g) (cm®/g)
Serr Sweso” Smicro” Swieso/SeET Vior” Vinicro Vinicro/ Vit
Zeolites
HZSM5 (CVB 2314) 411 97 313 0.24 0.25 0.13 0.52 0.12
m-HZSM5w 470 163 307 0.35 0.36 0.13 0.36 0.13
Ni@m-HZSM5y 425 225 200 0.53 0.45 0.14 0.31 0.16
Mesocellular Foams
Al-MCF 512 512 0 1.00 1.02 0.00 0.00 0.000
Al-MCFyz; 498 455 22 0.91 1.12 0.01 0.01 0.009
Al-MCFz, 216 186 30 0.86 1.13 0.01 0.01 0.008
Ni@Al-MCFz; 288 268 0 0.93 1.12 0.01 0.01 0.007
Ni@AIl-MCFz, 210 190 0 0.90 1.12 0.01 0.01 0.006

2 t-plot method applied to N, adsorption isotherm.
b Calculated at P/Py = 0.99.

¢ HF has been calculated according to reference [46] (equation (6)). For Ni samples the analysis was performed under oxidized form.

- (2)- (2

V/aml SBET
where Viicro and Vieta) are the volumes of the micropores only and of all
types of pores respectively, while Syeso and Spgr are the surface area of
the mesopores, and all types of internal and external surfaces measured
by the BET method. All of them are calculated using Ny adsorption/
desorption data. In the present work, the “micro-to-meso” approach
based on a desilication process led to a slight increase of HF (from 0.12
to 0.13) compared to the parent material. Nickel addition increased the
HF to a slightly higher value (0.16) which indicates Ni is not blocking
the pore entrance, which is consistent with well-dispersed metal parti-
cles on the surface. These values are in agreement with those obtained in
early works by Verboekend et al. [49-51] for HZSM5 zeolite.

The Nj sorption isotherms of the alumino-silica mesocellular foam,
Al-MCF (Fig. 1b), used as starting material in the “meso-to-micro”
approach are typical, especially the wide hysteresis loop for 0.5 < P/Py
< 1.0. The average values for the cell (D¢e)) and window (Dyyi,) di-
ameters, estimated by the BJH method applied to the adsorption and
desorption branches, were D = 20 and Dy, = 9 nm, respectively.
Based on the results displayed in Table 1, “zeolitisation” process per-
formed under the mildest conditions, 180 °C and 500 W, (Al-MCFz;) had
almost no impact on the textural properties of the parent AI-MCF. It was
thus decided to strengthen the conditions (higher temperature and
power (200 °C and 1200 W)). The resulting material, Al-MCFz,, was
characterized by a substantial decrease in the surface area (50%) and a
sharp increase of the average value of Dy, (14 nm), probably associated
with a partial collapse of the pore walls as a consequence of the “hot-

(Equation 6)

spots” generation by microwave irradiation, as reported by Wang et al.
[52]. However, in the two sets of “zeolitisation” conditions employed
here, no significant differences were observed for the micropores vol-
umes and surfaces compared to AI-MCF were obtained. The values of HF
were about 20 times less than those of the materials prepared by the
“micro-to-meso” approach.

Ni incorporation into m-HZSM5y and Al-MCFz, materials led to
some decreases in the micropore surface area. The total pore volume was
almost unmodified for mesocellular foams, but it increased by 25% after
the incorporation of Ni in m-HZSM5y.

Fig. 2 displays the PXRD patterns of the different materials. Classical
diffraction peaks characteristic of the MFI structure could be highlighted
for all samples used in the “micro-to-meso” approach (Fig. 2a). It is could
be estimated that ca. 60% of the crystallinity was maintained after
desilication as shown by the comparison of the intensity of the peak at 2°
- 23° for m-HZSM5yw and HZSMS5 (Fig. 2a shows different scale bars).
Samples loaded with Ni revealed, after calcination, the presence of NiO
species with diffraction peaks at 20 = 37.17°, 43.25°, 62.74°, 75.46° and
79.13° corresponding to the (111), (200), (220), (311), (222) lattice
planes expected for face-centered cubic NiO (JCPDS 89-7130).

As expected, AI-MCF is an amorphous alumino-silica. Its PXRD
diffraction patterns showed only a broad peak for 18° < 26 < 38°,
resulting from X-ray scattering. (Fig. 2b). After “zeolitisation” (Z1 and
72 conditions), no peaks corresponding to HZSM5 could be observed,
but NiO species could be evidenced in the case of calcined Ni@AI-MCFz;
and Ni@AIl-MCFz,. After the reduction procedure, only the peaks cor-
responding to Ni® species (20 = 44.6°, 52.00° and 76.35°) were detected
(Fig. S1), indicating that all Ni particles were in the reduced form for the
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Fig. 2. XRD patterns of hierarchical materials with or without Ni as well as their parents for a) “micro-to-meso” and b) “meso-to-micro” approaches. XRD analysis of
Ni samples was carried out on the oxidized form. Different scale bars are displayed in “Fig. 2a” to compare the intensity between PXRD patterns.

catalysis tests. The average size of NiO crystallites in Ni@Al-MCFz; and
Ni@AIl-MCFz, were estimated using the Scherrer equation to be in the
range of 8-14 nm. Such values are compatible with the deposition of Ni
particles inside the porosity and not only on the outer surface. It should
be noted that the average value of the size of Ni oxide crystallites

a) HZSMS

estimated by PXRD for Ni@m-HZSM5y was lower (about 8 nm).

The impacts of the desilication and “zeolitisation” treatments over
the morphological properties of HZSM5 and Al-MCF, respectively have
been investigated by SEM and TEM analysis of the Ni-free solids. In the
series of HZSM5-based materials (Fig. 3a-b), the main 2D morphology

b} m-HZSM5,,

d) AFMCFz;
|

Fig. 3. Scanning electron microscopy images of a) HZSM5; b) HZSMS5 after desilication and acid treatment; c¢) parent Al-MCF, and d) Al-MCFz, Magnification of
certain regions shows a detailed view of the impact of the treatments employed. Al-MCF did not show any appreciable change of morphology after the treatment used

to get AI-MCFy;.
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was maintained. The only difference was a homogeneous modification
in the surface roughness of the zeolite after the desilication process. In
the series of Al-MCF materials (Fig. 3c—d), the parent support showed a
typical morphology for classical foams structure with, apparently, 3D
interconnected channels with a regular, qualitatively, bi-modal distri-
bution of “pore-mouth”. After the most aggressive “zeolitisation” con-
ditions (“Z2”), an apparent increase in the roughness of the external
surface was also observed. The formation of additional small particles
(indicated by red arrows in Fig. 3d) probably indicates the nucleation of
solid parts at the expense of the mesocellular framework, following an
increase in the hardness of the “zeolitisation” conditions.

TEM analysis on the parent zeolite used in the “micro-to-meso”
approach (Fig. 4a) revealed crystals with homogeneous sizes of ca. 0.15
x 0.9 pm and a HZSMS structure characterized by an interplanar dis-
tance of 1.11 nm, as reported by Wu et al. [53] (Fig. S2). After desili-
cation, intra-crystalline mesopores appear to be present by the
observation of lighter areas within the crystals. (Fig. 4b).

TEM analysis of AI-MCF evidenced a very fragmented and porous
material with patterns similar to those reported previously [54]. As
expected, the material recovered after “zeolitisation” under the mildest
conditions, Al-MCFz;, did not appear to be very different (Fig. 4d).
Alternatively, images of the sample prepared under the hardest “zeoli-
tisation” conditions, Al-MCFz, (Fig. 4e), were quite different. Indeed,
Al-MCFz, did not appear to be as homogeneous as Al-MCFz;. Instead,
Al-MCFz, looks like a combination of a typical-opened mesocellular
foam and a denser solid structure, indicating probably inadequate dis-
tribution of the heating during microwave irradiation treatment. In a
previous study of our group [55], the optimization of conditions for

 a) HZSM5
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partially converting another mesoporous alumino-silica (Al-SBA-15)
into HZSM5 under microwave irradiation was successful. However, it
seems that these optimized conditions are not applicable to Al-MCF.
Based on the findings in this study, it is concluded that the “meso--
to-micro” pathway is much more difficult to control compared to the
“micro-to-meso” one. Previous work on “zeolitisation” performed by
other groups emphasized that a non-uniform distribution of heat/energy
inside the reactor vessel under microwave irradiation may strongly
affect zeolite crystallization [56]. In this work, the porosity of AI-MCFZ1
and Al-MCFZ2 is still dominated by mesopores since the hierarchy fac-
tors reached (Table 1) are too low (ca. 0.01) [57].

Fig. 5 shows the results of the TEM analysis of the materials recov-
ered after Ni deposition and before the reduction step. Similar to m-
HZSM5yw;, Ni@m-HZSM5yy (Fig. 5a) was characterized by the presence of
cavities (clear domains) generated during the desilication treatment
(Fig. 4b). Apparently, Ni incorporation in m-HZSM5y did not obstruct
the porosity. NiO nanoparticles were found to have a small average
diameter, i.e. about 4 nm (indicated by red arrows), which is consistent
with the pore size distribution established by BET analysis, thus con-
firming the possibility for nickel ions to diffuse into the pores network of
the zeolite hierarchical structure. In addition, other nanoparticles with
diameters lower than 1 nm located probably inside the micropores
channel of the zeolite are detected. Particle sizes much larger than those
reported for Ni@m-HZSM5 were revealed on the TEM images of Ni@Al-
MCFz; and Ni@AI-MCFz5 (Fig. 5b and c). The average dimensions for
these materials were about 9.5 and 9.0 nm, respectively, which is
consistent with the above-mentioned PXRD results. Here, it seems that
the cells (ca. 14 nm) of Al-MCF exert an influence on the Ni particle size.

b) m-HZSMS,,

Fig. 4. Transmission electron microscopy images of a) parent zeolite; b) zeolite after desilication/acid treatment; c) parent Al-MCF, d) Al-MCFz;, e) Al-MCFz,. (c,

d and e images were obtained by microtomy).



S. Armenise et al.

a) Ni@m-HZSMS5,,

. ‘;) &
|@AI'MCF21 w*
* g

Fig. 5. Transmission electron microscopy images of the Ni-impregnated cata-
lysts: a) Ni@m-HZSM5y; b) Ni@AI-MCFz; and c¢) Ni@Al-MCFz,. TEM images
for Ni sample were collected on the oxidized form.

Fig. 6a-b shows the characteristic FTIR spectra of the different ma-
terials after pyridine desorption at 150 °C. All the samples based on
HZSM5 or Al-MCF present six typical bands between 1400 and 1700
cm L. The two bands at 1634 cm™! and 1545 cm™! are attributed to the
Vga and vigp vibration modes of pyridinium ions associated with
Brgnsted acid sites (BAS). The bands at 1622 cm ™! and 1611 cm ™! are
characteristics of the vg, vibration mode of coordinated pyridine on the
strongest and weakest Lewis acid sites (LAS), respectively. The band at
1455 cm ™! is related to the v1gp, vibration mode of coordinated pyridine.
Meanwhile, the band at 1489 cm~! is attributed to the V19a Vibration
mode of coordinated and/or protonated pyridine.
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Alkaline and acid treatments on HZSMS5 led to a decrease in the in-
tensity of the characteristic bands of BAS (1545 cm_l). On the contrary,
a substantial increase in the band’s intensity attributed to the strongest
LAS (1622 crn’l) was observed, probably as an indication of the creation
of defects or the presence of EFAI [58]. Ni introduction also reduce the
intensity of the band characteristic of BAS (1545 cm’l). This was
accompanied with a significant increase in the intensity of the band
associated with weak LAS (1612 cm™1). In parallel, the band assigned to
coordinated pyridine (1455 cm 1) became the most intense part of the
FTIR spectrum. However, the “zeolitisation” of Al-MCF to Al-MCFz; 72
led to almost no change in the FTIR spectrum, thus corroborating the
low efficiency of such post-treatment in the present contribution. It must
be noted that the band’s intensity attributed to strong LAS (1623 em™ D)
is already predominant in the spectrum of Al-MCF, while it was not for
the H-ZSMS5 series. Later, especially after Ni introduction, strong Lewis
acid sites seemed to be replaced by weak LAS (1611 cm™!) as already
mentioned for Ni@m-HZSMS5,,.

According to the data shown in Table 2, the HZSM5 precursor is
characterized by a rather high concentration of BAS (625 pmol/g), and a
large fraction of these sites were shown to be strong, able to retain one-
third of pyridine up to 350 °C (Fig. S3.1). LAS were also present in
HZSM-5, but to a lower extent (60 pmol/g) which is mostly related to the
presence of EFAl species [59]. The desilication process followed by acid
washing led to a strong decrease of the concentration of BAS sites con-
centration (from 625 to 128 pmol/g), while LAS concentration signifi-
cantly strongly increased (from 60 to 148 pmol/g), with almost no
change of the Si/Al ratio. It seems that about one LAS is formed through
the disappearance of about five BAS, which is in agreement with earlier
results reported by Holm et al. [60]. Alkaline etching is known to be
highly selective towards silicon, but, in this work, the washing step,
which is used to extract aluminum atoms, was not accompanied by their
reinsertion, in line with previous results reported by Milina et al. [61].

Despite a similar Si/Al ratio, the mesocellular alumino-silica foam, as
well as its derivatives, were characterized by a much lower concentra-
tion of acid sites, especially of the BAS, compared to the materials ob-
tained from H-ZSM5. Regardless of the “zeolitisation” procedure
applied, the resulting samples displayed ca. 20 pumol/g of BAS, instead of
45 for the AI-MCF precursor. Additionally, all the BAS turned out to
possess low acidic strength, as they could not retain pyridine at 250 °C.
Importantly, all samples, including Al-MCF, presented a higher con-
centration of LAS compared to BAS (approximately 2-fold). Moreover,
all materials showed strong LAS, able to retain pyridine at temperatures
up to 450 °C (Fig. S3.2).

As mentioned above, the integration of Ni into m-HZSM5yy has also
strongly modified its acid properties. Re-oxidation of Ni(0) in Ni@m-
HZSM5w either into NiO or Ni2* with concomitant formation of H' or
H50, under the air treatment performed before FTIR measurements, is
very likely to happen. This is the reason why it could be observed that Ni
incorporation led to a decrease in the BAS concentration from 128 pmol/
g to 64 pmol/g, revealing the replacement of BAS protons by Ni%*
exchangeable cations [62] or some pore blocking by NiO. In parallel,
expectedly, the Ni introduction induced an increase of the LAS by
approximately 65% (from 148 pmol/g to 207 pmol/g). Such behaviour
was reported previously by our team during the incorporation of Ni over
SiBEA and HAIBEA and is associated with Ni species acting like Lewis
acids [38]. Trends were not so clear after Ni introduction onto Al-MCFz;
and AI-MCFzz.

As summarized in Fig. 7a, a significant increase in the mesopores
surface area at the expense of the BAS concentration was achieved by the
“micro-to-meso” approach. LAS became dominant but the overall acid-
ity was divided by 2.5, resulting in a Ni-based catalyst with 64 mmol/g
of BAS, 207 mmol/g of LAS and 225 m?/g of mesopore surface area.
With 16-27 mmol/g of BAS, 46-101 mmol/g of LAS and 190-268 m?/g
of mesopore surface area, Ni-based catalysts (Ni@Al-MCFz; and Ni@Al-
MCFzy) from the “meso-to-micro” approach were not significantly
different from Ni@HZSM5y. Results show that “zeolitisation” led to a
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Fig. 6. Representative FTIR spectra of pyridine desorption at 150 °C for hierarchical materials with or without Ni as well as their parents for a) “micro-to-meso” and
b) “meso-to-micro” approaches. FT-IR was measured after Ni reduction. The reported spectra were obtained after subtraction of the spectrum recorded before

pyridine adsorption and normalization at 10 mg/cm?.

Table 2
Physicochemical characterization of the catalysts employed on hydrocracking.

Acid site quantification

Material Si/Al Al content [pmol/g Pyridine adsorption "
ratio” cat]” [pmol/g cat]
Brgnsted Cp Lewis L/B n-Propylamine AClpy,° ACIL,. AF
CL Ratio, decomposition, pmd (%)°
150 250 150 250 AS ([:;;:;1 /g cat]
°C °C °C °C
Zeolites
HZSM5 10.8 1557 625 482 60 46 0.1 1701 0.44 1.09 40.2
m-HZSMS5y 11.0 1408 128 71 148 103 1.2 1898 0.20 1.35 14.5
Ni@m-HZSM5y 111 1400 64 32 207 145 3.2 1855 0.19 1.33 14.6
.5
Mesocellular Foams
Al-MCF 9.9 1668 42 nd 95 56 2.3 635 0.08 0.38 21.6
Al-MCFz; 6.1 2361 20 nd 45 28 2.3 365 0.03 0.15 17.8
Al-MCFz, 6.2 2339 25 nd 47 31 1.9 257 0.03 0.11 28.0
Ni@AI-MCFz; 7.7 1783 27 nd 101 60 3.7 524 0.07 0.29 32.0
“.5)
Ni@Al-fMCFZZ 6.6 2157 16 nd 46 25 2.9 332 0.03 0.16 17.6
(4.3)

# Measured by X-ray fluorescence.

b Measured by quantitative experiments of pyridine desorption at different temperatures.

¢ ACIpy, = Ratio between the amount of Brgnsted (Cg) + Lewis (Cp) sites determined by pyridine at 150 °C and the amount of aluminum in the samples.

d ACl,pr, = Ratio between Cppro and the amount of aluminum in the samples. nd = non-detected.

¢ Ratio between the amount of (Cp + Cp) measured by pyridine at 150 °C and the amount of n-propylamine measured by TPD (ACIpy,/ACIn_pm).f Concentration of Ni

measured by X-ray fluorescence.

twofold decrease in the overall acidity keeping the distribution of BAS
and LAS almost constant (Fig. 7b). Indeed, it seemed to have little
impact on the development of BAS and micropores. Last but not least,
the smaller sizes of the Ni particles measured on Ni@m-HZSMb5y,
compared to Ni@AI-MCFz; and Ni@AIl-MCFz, materials, is in good
correlation with the population of BAS, as suggested earlier by Wang

et al. [63].

In heterogeneous acid catalysis, the reaction kinetics can be limited
by the diffusion to and from active sites. In order to understand catalysis
results, especially for hierarchical supports, the definition of an acces-
sibility index (ACI) was shown to be useful. Pérez-Ramirez et al. [61]
defined such an index as the number of acid sites detected by the probe
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Fig. 7. Correlation between the amount of Brgnsted (BAS) and Lewis (LAS) acid sites (bars), and mesopore surface area Speso (continued and dotted line, for Z; and
Z, samples, respectively). BAS or LAS were calculated as the amount of acid sites measured by pyridine desorption at 150 °C (Cg or Cp) for hierarchical materials with
or without Ni as well as their parents for a) “micro-to-meso” and b) “meso-to-micro” approaches.

molecule divided by the total amount of Al in the material.

Table 2 displays the accessibility indexes for pyridine desorption
(AClIpy,). For Al-MCF, the ACIpy, value turned out to be very low while it
was about 0.44 for HZSM-5. Pyridine has a kinetic diameter of 0.57 nm.
In the case of the HZSMS5 series, it is possible that part of the micropores
was blocked, thus limiting the access of pyridine to the acid sites. Corma
et al. [64] also demonstrated by computational simulation that pyridine
itself may hinder the adsorption of other pyridine molecules due to its
steric bulkiness. It is worth highlighting that, after the desilication step
followed with the acid treatment, the uptake of pyridine did not in-
crease. In fact, the AClIpy, decreased despite the increase of the mesopore
surface area. Such results must be related to structures isolation or the
lack of interconnectivity within the microporous framework, making
these acid sites “partially inaccessible” for pyridine molecules knowing
that a similar explanation has been suggested by Holm et al. [60].

To clarify such a hypothesis, the adsorption-decomposition of n-
alkylamine was used to determine the accessibility of Brgnsted sites to
probe molecules with a lower kinetic diameter. Indeed, the application
of the temperature-programmed decomposition of reactive amines with
different kinetic diameters is an alternative to evaluate the accessibility
of the acid sites. Parrillo et al. [65] were the first to propose alkylamine
adsorption for the stoichiometric determination of BAS. Although there
was some controversies regarding the interpretation of the acid strength
obtained from these analyses, due to problems of re-adsorption and
diffusion [66,67], temperature-programed desorption or
temperature-programed decomposition of n-alkylamines is considered
to give a good estimate of the acid side density of a sample. In this work,
n-propylamine (ca. 0.52 nm) decomposition was used to allow the
determination of another accessibility index, ACly.pr. Whatever the
material considered, the use of n-propylamine allowed systematic
detection of more acid sites than pyridine. According to the data dis-
played in Table 2, ACI;.pro for parent HZSM5 showed a value of 1.09,
which is close to the value reported by Parrillo et al. [65] for HZSM5.
Considering this, ACI, pro should remain constant after desilication since
Si/Al ratio did not change. However, a slight rise of the ACI,.p0 was
observed in our case. Such discrepancy has been observed previously
[65] and was associated with the defects in the zeolite structure origi-
nating from incomplete or deficient Al reintegration into the zeolite
framework.

To summarize, the differences emphasized by the use of the two
probe molecules tested on the materials from the “micro-to-meso”
approach, with the increase of mesopores surface areas, indicate the
presence of acid sites accessible to n-propylamine, which seem to be
located in partially isolated mesopores regions that cannot be reached
by a bulkier molecule such as pyridine [66]. This is supported by: i) the
reduction of crystallinity observed after desilication (measured by XRD)
as well as ii) the reduction of the intensity of the pyridine absorption
band detected at 1545 cm ™! (measured by FTIR).

10

Due to its amorphous nature, AI-MCF was characterized by much
lower values of ACIypro and ACIpy, than HZSMS. In fact, all its de-
rivatives obtained by the “meso-to-micro” approach verified this trend
(ACIpy; and ACI, pro values < 0.08 and 0.38, respectively). In this series
dominated by mesopores, it proved to be difficult to highlight an
appreciable change of the accessibility of the acid sites.

Fig. 8 shows IR spectra of hydroxyl groups of all the materials before
and after desilication/“zeolitisation” treatments. The parent HZSM5 was
the only one presenting a very intense band at 3609 cm ™! related to the
bridged OH groups in Si(OH)AI at the origin of its strong Brgnsted
acidity, and mostly associated with the stretching mode of extra-
framework H' [27,67,68,69]. The second band, by order of intensity,
at 3743 cm ™!, is usually attributed to isolated Si-OH groups. Finally, at
3658 cm™ L, a third band is attributed to Al-OH of EFAL. m-HZSM5,, was
also characterized by the same three bands, but desilication has induced
a strong decrease in the amount of bridged ~OH groups evidenced by the
loss of intensity of the band at 3609 cm ! (ca. 80% compared to the
parent zeolite). Additionally, it induced the creation of a large number of
silanol groups. Indeed, the band’s intensity at 3743 cm™! is four times
higher than that for the parent HZSMS5. Finally, the comparison of the
spectra of treated and non-treated zeolites shows the creation of EFAIl
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INI@AI-MCF5 J
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Fig. 8. IR spectra (normalized at 10 mg/cm? of pellets) of the hydroxyl region
of hierarchical materials with or without Ni as well as their parents for “micro-
to-meso” and “meso-to-micro” approaches. (Recorded at room temperature
after thermal treatment at 450 °C for 0.5 h under 200 Torr of O, and 0.5 h
under secondary vacuum). Profile of the AI-MCF and its derivatives were
multiplied by 2.5.
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characterized by the band at 3658 cm™' which increased two-fold
compared to the parent zeolite. This observation agrees with the pyri-
dine desorption results monitored by FTIR. Incorporation of Ni into
m-HZSMS5,, did not induce strong modifications of the spectrum in this
region. However, a decrease of the amount of bridged OH groups could
be evidenced by the loss of intensity of the band at 3609 cm ™! (approx. -
50%) that could be related to H' exchange.

Al-MCF and the materials derived from “zeolitisation” were also
characterized by a very intense band at 3743 cm . According to the
literature [70], this band corresponds to Si-OH groups in a weak
interaction with an aluminum atom, giving rise to a lower acid character
than that in HZSM5. The “zeolitisation” process seems to have a
non-negligible effect on the amount of these OH groups (divided by 2 for
Al-MCFgy), in agreement with the acidity measurements done by pyri-
dine adsorption. However, regardless of the “zeolitisation” treatment, a
band at ca. 3610 cm’l, which is characteristic of Si(OH)AI (BAS of
HZSM5), was not detected. “Zeolitisation” under microwave radiation
only modified the Al-Si framework without significant formation of
zeolite. Ni incorporation decreased the number of OH groups by 5%,
compared to the “zeolitized” Al-MCF support. However, this variation is
relatively weak and should be considered with caution as it is close to
the measurement accuracy.

4. Catalytic test

The catalytic activities of the prepared materials by the “micro-to-
meso” and “meso-to-micro” approaches were tested, before and after Ni
impregnation process, with the HDPE hydrocracking reaction at 260 °C
for 60 min, under 20 bar of H and using 20 wt% of catalyst. The trend
presented in Fig. 9a has been organized according to increasing HDPE
conversions, showing that “zeolitized” materials, including the corre-
sponding Ni-based catalysts, are less active than HZSMS5 itself and the
materials resulting from its desilication. The HDPE conversion in the
presence of the hierarchical zeolite, mHZSM5y increased by 20%
compared to the pristine zeolite, changing from 67% to 87%. The
incorporation of Ni onto mHZSM5yy also induced a positive effect on the
overall performance of the catalyst, resulting in the full conversion of
HDPE. Such performances are superior to those previously reported by
our team for a Ni@HZSM5 zeolite tested under the same conditions
[Conversion = 95%, Yield in gas = 89.7 wt%, Yield in liquid = 4.9 wt%].

In this work, as suggested by Pérez-Ramirez [61,71] and in agree-
ment with Tarach et al., the hierarchy (HF) and accessibility (AF) factors
of the different materials have been merged and associated with the
acidity strength (AS or L/B), measured as the Lewis/Brgnsted ratio,
giving rise to the Interplay Factor (IF), which has benn calculated as

follows:
IF =HF x AF x AS (Equation 7)

Fig. 9a also displays the IF values, hence showing that IF and HDPE
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conversions follow similar trends. This “apparent” dependence reveals
that Lewis acidity (AS) and the hierarchical structure (HF) have a strong
impact on the catalyst’s performance (Fig. 9b), which is in agreement
with the work of Tarach. More analyses, e.g. operando characterization
techniques, would be required to draw further conclusions. Tuning the
acidity strength and the accessibility of the active sites by increasing the
mesoporosity without substantial loss of micropore surface area seems
to be the best strategy to achieve the desired catalytic performance. The
higher conversion of HDPE reached in the presence of the hierarchical
zeolite compared to the parent one could correspond to the lowered
diffusion path and the transformation of the strongest Brgnsted acid sites
into moderate ones, as shown by n-propylamine analysis. Considering
the large increase of LAS and the sharp decline of BAS recorded after
desilication in this work, it is unlikely that the superior performance of
the hierarchical zeolite, m-HZSM5yy, would be related to the increase of
the Brgnsted acidity due to some synergism or charge transfer of
Brgnsted sites with Lewis sites [72,73]. In our opinion, the higher con-
tent of aluminum atoms located in extra-framework position in
m-HZSM5yw may contribute to increase the adsorption/interaction of
HDPE molecules with OH groups near to the Al atoms in the framework
and improve the conversion of HDPE, as suggested earlier by Brunner
et al. in the catalytic cracking of hexane over dealuminated HZSM5 [74].

No reaction occurred with Ni@AI-MCFz; and Ni@AIl-MCFz, under
the reaction conditions applied, presumably due to their low content of
BAS (Table 2) which results in a low propensity to induce the activation
of C-C bonds cleavage [72]. In our case, the low microporosity gained
after the “zeolitisation” process was lost probably due to some pore
blocking. Our results show strong evidence that a compromise between
micro-mesoporosity, hierarchical accessibility and acid strength is
needed in order to properly guide the design of more efficient catalysts.

The effect of the acidity tuning could be highlighted through the
product yield distribution between the gas, liquid and solid phases
(Fig. 10a) as well as the distribution of the resulting hydrocarbons in the
gaseous (C; to Cs) (Fig. 10b) and liquid (Ce to Cy3.) (Fig. 10c-d)
products. Mesocellular foams recovered after “zeolitisation” led to a
higher yield of solids (char) than the other catalysts. Moreover, it has to
be noted that, considering the low number of acid sites present in these
materials and the high Hj-pressure conditions, solids recovered at the
end of those tests, done in the absence of Ni, should correspond to
mainly non-reacted HDPE. The non-appreciable variation of the textural
or acidity properties, including HF, AF and AS, between Al-MCFz; and
Al-MCFz, would explain why the yields of liquids and gasses are prac-
tically the same for both samples (Fig. 10a). The results obtained with
the Ni incorporation into the catalysts, show that Ni@Al-MCFz; and
Ni@AIl-MCFz were not better catalysts. It seems then that the structural
and textural parameters listed above are the determining features,
instead of the average size of the Ni particles, which was almost the same
for the hierarchical zeolite (effective catalyst) and mesocellular foams
(ineffective catalyst). Looking back to the values of mesopore surface
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Fig. 9. a) Correlation plot between the Interplay Factor (IF) of the solids and the HDPE conversion; b) Evolution of L/B, HF and AF. For the sake of clarity. Ni@Al-
MCFz;, Ni@AIl-MCFz, and Al-MCF samples were removed due to their low activity. (Conditions: 260 °C for 60 min under 20 bar of H,, using 20 wt% of catalyst).
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distribution by carbon atom number and by fractions, respectively.

area and acidity, the low catalytic performance could be related to the
loss of microporosity after nickel deposition by pore-blocking phenom-
ena, and poor acidity characteristics (in absolute terms). Several authors
have pointed out that cracking of linear alkanes over Brgnsted acid sites
occurs via protonation to give carbonium ions, leading to much faster
reactions than hydride ion abstraction over Lewis acid sites [73]. This
also explains the limited conversion of HDPE in the presence of the
mesocellular foam and its derivatives characterized by the lowest
Bronsted sites concentration.

Even though HZSMS5, the parent zeolite, was characterized by the
highest number of BAS, its activity turned out to be lower than that of its
hierarchical counterpart, m-HZSM5y. On one hand, BAS in the zeolite
micropores are the location for highly selective catalytic reactions but
they fail to affect molecules that are larger than the pore size. On the
other hand, small pore sizes and long diffusion path lengths reduce
transport efficiency and cause poor catalyst utilization and thus decrease
the catalytic rates. Clearly, the long polymer chains of HDPE cannot fit
easily to the small openings of the HZSMS5, being cracked on strong BAS
of the external surface. To decrease the likelihood of over-cracking re-
actions and subsequent coke formation, the loss of BAS can be controlled
through by (i) reducing their acid strength or converting them into LAS,
and (ii) creating a hierarchical structure by performing desilication.
Moreover, it could be observed that the yields of liquid decreased from
HZSM5 to m-HZSM5y, thus highlighting the formation of hydrocarbon
fractions with shorter chains. This could be explained by the promotion
of hydrogen transfer reactions by LAS, as reported by Muller et al. [75]
and Istadi et al. [76].

Slight differences in hydrocarbon distributions in both liquid and
gaseous phases obtained from HDC of HDPE could be observed, as
shown in Fig. 10a. Systems based on HZSM5 (with the highest conver-
sions of HDPE) led mainly to gaseous products and especially to Cs
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hydrocarbons, whose percentage increased from 46 to 51% after desi-
lication and to 54% after Ni deposition. The distribution of C;—-C4 hy-
drocarbons for such systems decreased with the increase of HDPE
conversion, i.e. with the development of mesoporosity (see HF values in
Table 1) and the diminution of the Brgnsted acidity. The presence of
lower hydrocarbon gases compounds is associated mainly with an end-
chain cracking mechanism, typical of a microporous (zeolite) structure
[77,781, which decreased from HZSM5 to mHZSM5w as the result of the
generation of mesopores by desilication. Similar distribution was re-
ported by Ding et al., who studied the HDC of HDPE over MFI-type ze-
olites [79]. There is a relationship between the pore size of the catalysts
and the tendency to form lighter hydrocarbons [80,81]. Almost 100%
gaseous products were produced with Ni@m-HZSM5,, but with no sig-
nificant changes for the hydrocarbon composition was observed upon Ni
incorporation.

Recent works on the hydrocracking reaction of LDPE over HY (30)
and HZSMS5 catalysts showed that the product distribution can be pore
shape-sensitive [82-84]. Large pore catalysts were shown to be able to
provide a higher yield of gasoline-range hydrocarbons, meanwhile
microporous catalysts led to the formation of C;—C4 hydrocarbons. For
all the materials in the series of the zeolite-based catalysts, the fraction
of C;-C4 showed similar trends (Fig. 10b). However, the Cs fraction
increased with the L/B ratio (see Table 2) indicating the contribution of
LAS in the promotion of gaseous products with heavier molecular
weights. Similar findings have been extensively reported in the litera-
ture. In comparison with HZSM5-derived solids, Al-MCF-based catalysts
led to a wider distribution of the products in the gas phase. Considering
the low concentration of BAS and large pore size of these mesocellular
foams, a gas products distribution more oriented towards heavier mo-
lecular weights (C4—Cs) was expected, but this trend was not followed.

Regarding the product distribution in the liquid phase, HZSM5 was
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characterized by the lowest selectivity for the production of the gasoline
fraction (Cg—C12) relative to the diesel one (C13+) which turned out to be
absent with all the other catalysts (Fig. 10c). HZSM5 desilication (m-
HZSM5w) led to a tremendous change of selectivity with 98% of gaso-
line (Fig. 10d). Ni impregnation (Ni@m-HZSM5w) led almost exclu-
sively to Cg and C; products. However, it is important to point out that
the liquid yield obtained over Ni@m-HZSM5w corresponds to a very
small part of the products obtained (3 wt%). Both AI-MCFz; and Al-
MCFgzs also led to a liquid product distribution centered on the gasoline
range, exhibiting a selectivity higher than 90%.

5. Conclusion

Two synthetic methods, based either on a "micro-to-meso" or a
"meso-to-micro" approach starting from HZSM5 and Al-MCF, respec-
tively, afforded micro/mesoporous hierarchical materials with ca. Si/Al
= 10 and HF values ranging from 0.006 to 0.16.

The microwave-assisted “zeolitisation” attempts on Al-MCF revealed
low efficiency for the partial conversion of Al-MCF into HZSM5 deposits
(very low HF values of c.a. 0.006) and, as the result, a rather low content
of Brgnsted and Lewis acid sites, leading to IF values lower than 1. On
the other hand, desilication of HZSMS5 led to a significant improvement
of IF (values higher than 1) as a result of i) the significant development
of mesopores, without decreasing too much the micropores, and to a
lower extent, ii) the increase of the Lewis acid content.

The corresponding solids impregnated or not with Ni (ca. 5 wt%)
were tested by the hydrocracking reaction of HDPE, thus emphasizing a
clear correlation between the HDPE conversion and the Interplay Factor,
especially the Hierarchical Factor and the Lewis/Brgnsted acid sites
ratio. The relatively high proportion of Lewis acid sites in the Al-MCF
materials is not decisive on its own since most of the solids prepared
in this work, including the best-performing ones in HDC processes, were
characterized by Lewis/Brgnsted values of the order of 3; neither was
the accessibility factor (comparison of the interaction with two bases of
different sizes, here pyridine and n-propylamine).

The solids obtained from the desilication of HZSM5 were found to be
the most active in HDC, leading to more than 80% conversion of HDPE
to gaseous products (C;—Cs fraction). The introduction of Ni enabled
100% conversion while suppressing coke formation. Furthermore, it was
found that, among the gaseous products generated, more Cs compounds
seem to be produced at the expense of compounds containing between 1
and 4 carbon atoms for the materials characterized by the highest IF
values. Interestingly, on the liquid phase product side, the desilication of
the zeolite led to a significant improvement of the selectivity for the
gasoline fraction at the expense of the diesel fraction. However, it should
be noted that the liquid phase is almost negligible especially when Ni is
added.

To conclude, this study highlights the desilication method of HZSM5
which involves different synthesis parameters (NaOH concentration,
duration of the attack, quantity introduced, size of the zeolite crystals)
that need to be optimized in order to improve the IF value and, who
knows, the performance of the materials obtained regarding HDC.
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