Fuel 373 (2024) 132356

Contents lists available at ScienceDirect

Fuel

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/fuel

Full Length Article , 1) :
Assessing the recyclability of spent fluid catalytic cracking catalyst for e

sustainable dry reforming of methane

Ahmed Abotaleb“, Nada Abounahia®, Sjood Makeen ”, Janarthanan Ponraj °,
Mabkhout Al Yarabah®, Francesco Ferella“, Alessandro Sinopoli

@ Qatar Environment and Energy Research Institute, Hamad Bin Khalifa University, P.O. Box 34110, Doha, Qatar

b Department of Chemistry and Earth Sciences, College of Arts and Sciences, Qatar University, Doha, P.O. Box 2713, Qatar

¢ HBKU Core Labs, Hamad Bin Khalifa University, P.O. Box 34110, Doha, Qatar

4 Department of Industrial and Computer Engineering and Economics, University of L’Aquila, P.le E. Pontieri 1, Monteluco di Roio, 67100 L’Aquila, Italy

ARTICLE INFO ABSTRACT

Keywords: Spent catalysts are a significant source of metal-containing waste, and their disposal can pose environmental and
Dry reforming of methane economic challenges. Recycling these spent catalysts can not only reduce waste but also recover valuable metals,
Zeolite which can be used as raw materials for synthesizing new catalysts, as well as produce substrates for other in-
l;sscécif:bﬁ?:;ly“ dustrial catalytic applications. Here we explore the recycling of spent fluid catalytic cracking catalysts (FCCCs) to

obtain zeolite-based materials. Such substrates have been further doped with nickel via wet impregnation
method to generate fresh catalysts for dry reforming of methane (DRM) reaction. Comprehensive analyses,
including X-ray diffraction (XRD), BET surface area, scanning and transmission electron microscopy (SEM and
TEM), Ho-temperature programmed reduction (Hp-TPR), NH3-temperature programmed desorption (NH3-TPD),
and Ni dispersion via Hp-pulse chemisorption, were employed to characterize these catalysts. The performance of
these recycled zeolite materials was evaluated and benchmarked against commercial zeolites. Our findings reveal
that acid-leached, recycled zeolite obtained from spent FCCC catalyst results in the highest overall CO5 and CHy4
conversion among the studied catalysts, as well as exhibiting a high stability over 20-hour testing, underscoring
the potential of recycling strategies in catalyst production.

Fluid catalytic cracking catalysts

1. Introduction

Sustainability is a holistic approach to meeting the current global
needs without jeopardizing the capacity of next generations to satisfy
their own needs. This involves responsible resource managment, envi-
ronmental guardianship, and the promotion of social fairness.
Embracing sustainability aims to create a balanced and harmonious
coexistence between human activities and the natural world [1]. The
guidelines for sustainability have been indicated in the 2030 Agenda for
Sustainable Development, adopted by all United Nations Member States
in 2015 to achieve the seventeen goals described in the final document
[2]. Technology is crucial in helping us to develop greener, less energy-
intensive processes for many of the agreed goals.

Circular economy is another concept developed in recent years and
derived from the awareness of our planet’s limited or scarce natural
resources. Based on that, the linear economy, i.e., production, use, and
disposal of, is not viable anymore, instead a circular approach is now
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required, i.e., based on a loop that links the production of goods to their
final recycling and reuse.

The strict circular approach foresees the recycling and reuse of ma-
terials to produce the same original product. Nevertheless, this is not
always possible, as sometimes the current technologies cannot restore
the identical original properties needed for a working and affordable
item. For instance, manganese recovered from spent alkaline batteries
could not be electrolytically active to manufacture new batteries, but
such recycled MnO; could be used as a pigment in paint and ceramic
industries or as a feedstock for other manganese compounds [3]. Hence,
the meaning of circular economy is now broader and is focused on
recycling as many recovered materials as possible in the manufacturing
processes, limiting the fraction incinerated or disposed of directly.
Nowadays, each productive sector is looking for technological solutions
to reduce its environmental footprint, including the refining ones, which
is among the most polluting.

Over the past few decades, the expansion of the industrial,
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commercial, and agricultural fields has led to an increased production of
petrochemicals, refined fuels (including gasoline, diesel, kerosene, jet
fuel, and naphtha), and intermediary materials. This growth has spiked
the need for catalysts in refining processes. Although some catalysts can
undergo regeneration through specific thermal processes using nitrogen,
air, or oxygen, repeated regenerations may ultimately diminish their
catalytic effectiveness irreversibly. Other types of catalysts, like those
used in fluid catalytic cracking (FCC), are prone to contamination by
heavy metals like nickel and vanadium, rendering them unable to be
regenerated and necessitating periodic replacement with fresh catalysts
[4]. The incorporation of rare earth oxides (REO) in FCC catalysts was
motivated by the pursuit of more efficient and thermally stable products
that exhibit improved yield performance. The concentration of REOs has
progressively increased over the years and currently averages between
3-5 % by weight [5].

FCCCs are typically based on zeolites, especially type X, type Y and
ZSM-5, these are characterized by different silica—alumina ratios and
different ions on their surface. Some recycling routes were proposed in
the past for spent FCCCs, such as partial replacement of cement in
mortars, as new catalysts for other catalytic processes after regeneration
or treatments, for zeolite production or the sole extraction of cerium and
lanthanum [6]. Nevertheless, the current market prices can not justify
the exclusive extraction of La and Ce from spent FCCC, given their
relatively low concentration. As a result, such catalysts accumulate in
huge heaps next to the petrochemical plants and are thus disposed of
occasionally. For example, Bapco’s plant in Bahrain, refining 267,000
barrels of crude oil per day, produces around 100 tonnes/month of
exhaust FCCC [7]. In Europe, this kind of catalyst is collected by
authorized companies whose services, e.g., collection from petrochem-
ical plants, safe transportation, and final disposal into landfills for haz-
ardous waste, now cost 300 to 450 Euro/tonne. FCC catalysts are among
the few not currently recycled because of their low intrinsic value.
Nevertheless, Rare Earth Elements (REEs) have been included in the
recently updated list of 27 critical raw materials disclosed by the Eu-
ropean Commission [8]. This underscores the imperative for their
recycling in the near future by every country that wants to face the
technological challenge of the green industrial revolution.

The group of Ferella has reported the recovery of cerium and
lanthanum from spent FCCCs by leaching with sulfuric acid, where
around 80 % of the REEs were recovered [9,10]. Nevertheless, the
environmental problem is not solved yet, despite the recovery of REEs,
as more than 95 % of the material’s mass is still there as a solid residue
after the leaching stage. It is possible to take advantage of such a residue
to produce synthetic zeolites. These are crystalline microporous alumi-
nosilicates consisting of tetrahedral SiO4 and AlO4 with an oxygen atom
acting as an interconnecting bridge between the tetrahedra [11], widely
used in many industrial processes like water treatments, several catal-
ysis and gas adsorption [12]. One of the first research group that pro-
poses such a technique was the group of Basaldella in 2006 [13]. With
this technique, the produced zeolites were mainly characterized by Na-A
or as Na-X crystalline phases [5]. An accurate study demonstrated the
economic profitability of such an entire recycling process that recovers
La and Ce as a mixed oxide and produces synthetic zeolites [12]. It is
worthy of note that spent catalysts are a significant source of metal-
containing waste, and their disposal can pose environmental and eco-
nomic challenges. By recycling these materials, not only is waste mini-
mized, but valuable metals are reclaimed. These recovered metals can
serve as essential raw materials in the manufacture of new catalysts or
for various industrial uses.

Owing to their distinctive physical and chemical attributes, zeolites
have garnered extensive interest and application as catalysts in a range
of industrial operations, notably in the process of methane reforming.
[14] In this regard, dry reforming of methane (DRM) has been a focal
point of research for numerous years, driven by the rising global need for
hydrogen, environmental conservation, and the conversion of abundant
global natural gas reserves into fuels and other hydrocarbons [15]. DRM
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is a valuable process to produce industrial demanded syngas, an
important mixture of CO and Hp (ratio of unity). However, DRM requires
a conspicuous amount of energy, with reaction temperatures ranging
from 550 to 900 °C, resulting in high coke formation and catalyst
deactivation [16].

CO3 + CH4 — 2CO + 2Ho.

Noble metals (such Ru, Rh, Pd and Pt) and Ni-based catalysts are
frequently used as DRM catalysts. However, the widespread use of noble
metals has been constrained by their expensive pricing and sinterization
issues [17]. Ni-based catalysts are distinguished by their abundancy, low
price, and high activity; however, carbon deposition and Ni sintering are
still major concerns for their utilization in DRM at high temperatures.
Therefore, considerable research attention for employing more effective
supports with high surface area and thermal conductivity has recently
taken place. These supports materials are also designed in order to
minimize the coke formation and sintering, to increase catalyst lifetime.
For usage in DRM, nickel catalysts with several support materials, such
as MgO, TiO,, Aly03, SiOy, MOFs, and various types of zeolites were
studied [11,18-22].

Zeolites have been found to be an effective support catalysts for
methane reforming due to their well define pore structure, plentiful
supply, chemical/thermal stability, and high surface area (approx.
460-800 mz/g), and acidity [11,19,32]. The acidic sites on the zeolite
surface can promote the adsorption and activation of methane mole-
cules, while the microporous structure of zeolites can provide confine-
ment and selectivity to the reaction intermediates, leading to higher
activity and selectivity in the methane reforming process [11]. The
incorporation of Ni metal on zeolite supports can provide several ad-
vantages such as improved thermal stability, better metal dispersion,
and enhanced reaction selectivity [23].

Zeolites can also regulate the formation and distribution of reactive
intermediates and control the coke deposition on the catalyst surface
[11]. In addition, previous findings indicated that the specific choice of
zeolite materials as catalyst support might impact both the hydropho-
bicity of the resulting catalyst as well as on the location and reducibility
of Ni nanoparticles [33-35]. Indeed, zeolite-supported nickel (Ni) cat-
alysts are emerging as highly effective in methane reforming, thanks to
their robust catalytic properties. Particularly, ZSM-5 zeolites are bene-
ficial as support for Ni-based catalysts because their high silicon to
aluminium (Si/Al) ratios, which contribute to the essential acidity and
spatial confinement needed for the reactions. Research has not only been
confined to ZSM-5 but has also extended to other zeolite structures like
beta, Y, and SAPO-34, exploring their capability to enhance methane
reforming. [11,16]. Pinheiro et al. [24]and Frontera et al. [25]empha-
sized the use of these zeolite supports for the production of hydrogen by
dry reforming of methane, indicating the versatility of zeolites in cata-
lytic applications. In a novel approach, Wei et al. [26] developed a sil-
icon carbide (SiC) coating on zeolites using hydrothermal synthesis,
which, in a 30-hour dry reforming of methane (DRM) test, revealed that
their honeycomb-like Ni/S-1/SiC catalysts exhibited superior activity
and longevity. Meanwhile, Kweon et al. [27] introduced a method for
synthesizing Ni-containing beta zeolite (Ni-BEA) through a single-step
interzeolite transformation of nickel silicate, using it as a catalyst for
dry methane reforming and finding it effective at stabilizing metallic Ni
clusters via defect hydroxyls. Additionally, Najfach et al. [28] have been
examining the role of manganese in zeolite-supported Ni catalysts for
dry reforming of methane, pointing out how zeolite composition plays a
crucial role in catalytic efficiency.

Further research is still needed to optimize the catalyst design and
improve the efficiency and selectivity of the process. Therefore, many
studies showed the introduction of a promoter along with nickel on
zeolites supports. Liang, Wang et al. and Liu et al. [29,30] have shown
how cobalt addition to different nickel-zeolite catalysts led to improved
stability against deactivation with maintaining higher activity over
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extended run times. Other promoters used were manganese [28], and
ceria-zirconia [31], which enhance properties like metal-support in-
teractions, basicity and nickel dispersion on zeolites supports. However,
to the best of our knowledge modifying the recycled synthetic zeolites
from spent FCCC as catalyst support for DRM has been rarely reported.
Fluid catalyst cracking is one of the main refinery processes that uses
massive catalysts and hence produces large amounts of spent catalysts as
metal-containing wastes that need to be disposed of. Therefore, recov-
ering spent FCCC could be a beneficial source for obtaining zeolite-based
materials to produce new catalysts [5]. The following sections are
showing the possibility of reusing the solid residue from spent FCCCs as
zeolites supports for Ni-based catalysts by comparing their structural
and textural properties to the commercial zeolites as well as their ac-
tivity performance in DRM.

In this study, we conduct a detailed comparison of the catalytic ef-
ficiency of recycled zeolite-based materials from spent FCCCs, both
before and after sulfuric acid treatment, with commercial zeolite cata-
lysts, specifically Beta Zeolite and ZSM-5. We impregnated four zeolite
samples with nickel salt. The produced catalysts, named Ni-ZSM5, Ni-
BetaZ, Ni-RFCC, and Ni-ARFCC, underwent thorough characterization
and were tested for dry reforming of methane. Techniques such as XRD,
BET analysis, SEM, TEM, H,-TPR, NH3-TPD, and TGA were used to
examine their properties and the impact of different zeolite supports.
The findings highlight how treatment types significantly influence the
catalysts’ activity and stability, impacted by factors like Ni dispersion,
reducibility, and the presence of active sites. Most importantly, this
research demonstrates the potential of utilizing recycled zeolites from
spent FCCCs as effective substrates for DRM catalysts.

2. Methodology
2.1. Materials and methods
Urea and Nickel(II) chloride hexahydrate 98 % were purchased from

Thermo Fischer Scientific and Sigma Aldrich, respectively. The two
commercial zeolites materials: Zeolite beta (SiO5/Al;,03 = 25, surface

Zeolite aqueous

@ mixture
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water.

min)

Muffle Box Furnace
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at room temperature for (20
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| =,
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area 580 m> /g) and Zeolite Socony Mobil-5 (ZSM-5) (Si05/Al203 = 30,
surface area 412 m? /8), were supplied by Alfa Aesar and were used in
the powder-ammonium form, while the recycled zeolites are referred as
RFCC, namely a spent fluid catalytic cracking catalyst (FCCC) from a
refinery located in the Persian Gulf and ARFCC: the latter is a synthetic
zeolite produced from the same spent FCCC via hydrothermal synthesis.
The spent FCCC sample was leached with 1.5 mol/L of H,SO4 with a
solid to liquid (S/L) ratio equal to 200 g/L, under constant stirring for 3h
at 80 °C. After filtration, the leach liquor underwent recovery of cerium
and lanthanum. The solid residue, instead, underwent thermal treat-
ment, which was carried out at 750 °C for 1.5 h with powdered sodium
hydroxide, followed by the hydrothermal activation at 95 °C for 12 h.
After cooling, the solid was manually crushed and accurately washed
with distilled water in order to remove caustic solution, until the water
reached a pH value around 7. After drying, the sample was ready for
nickel deposition. The detailed synthesis procedure is reported in Ferella
etal [5].

2.2. Catalyst preparation

The Ni-ZSM-5 and Ni-BetaZ were prepared by wet impregnation
method using Nickel(II) chloride hexahydrate as the metal precursor as
shown in Fig. 1. Specifically, 1 g of the commercial zeolites (Beta-zeolite
/ZSM-5) were dispersed in 100 mL deionized (DI) water and kept for
stirring at room temperature for 20 min at 600 rpm. The nickel salt
(nominal 15 wt%) solution was added dropwise to the zeolites aqueous
solution and left for stirring for additional 20 min. Impregnation was
followed by chemical reduction step to yield Ni metallic nanoparticles
on the zeolite materials surface using urea. Urea was added dropwise to
the nickel salt mixture in a 1:2.5 wt ratio over about 30 min, followed by
an hour of stirring. The mixture was then heated under reflux for 10 h.
Subsequently, the solid product was filtered, thoroughly rinsed until the
pH neared 7, and the impregnated samples were dried at 105 °C for 12 h
before calcination at 800 °C for 6 h. This method was also used for
preparing recycled zeolite-supported Ni-based catalysts, and the sam-
ples were denoted as Ni-RFCC for the commercial reused FCC sample,

= —= water out

Urea- added

drop wisely Condenser

—=» --— water in

Adding Urea with stirring
for 60 mins.

Heating to Reflux (10 hrs)

DI water

Centrifuge

Washing with DI water until
pH=7

Fig. 1. Schematic diagram of the preparation process for Ni@Zeolites catalysts by impregnation method.
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usually based on zeolite-Y, and Ni-ARFCC for the HSO4-treated syn-
thetic zeolite sample.

2.3. Catalysts characterization

For X-ray diffraction (XRD) analysis, a Shimadzu XRD-6100x dif-
fractor was employed, utilizing Cu-Ko (A = 1.5406 A) radiation, and set
to operate at 40 kV and 30 mA with a scanning speed of 7°/min,
covering a range from 3° to 90°.

Transmission electron microscopy (TEM) images were captured with
a JEOL 2010 microscope, operating at 200 kV. The sample preparation
for TEM involved dispersing the catalysts in ethanol, depositing droplets
on a copper grid, and allowing the ethanol to evaporate before inserting
the grid into the microscope. Moreover, scanning electron microscopy,
as well as actual Ni content on both as-prepared and spent catalysts, was
performed by SEM-EDS FEI Quanta650FEG for imaging and equipped
with a Bruker XFlash 6160 detector for EDS analysis.

Thermogravimetric analysis (TGA) of both fresh and spent catalysts
was performed using a Discovery TGA from TA Instruments. The cata-
lysts (~10 mg) were heated up to 900 °C at a rate of 10 °C/min with air
flow (20 mL min™)).

The X-ray photoelectron spectroscopy (XPS) measurement was per-
formed on a standard Thermo Fisher ESCALAB 250XI type XSP platform.
A monochromatic Al Ko anode X-ray beam is used with a beam energy of
1486.6 eV and an energy resolution better than 0.5 eV. The XPS spectra
are acquired with a 180° hemispherical electron energy analyser with a
normal emission angle and a beam incident angle of 45° to the surface
normal. High-resolution Cls, O1ls, Si2p, Al2p, Ni2p core level spectra are
taken with a pass energy of 20 eV and a step size of 0.1 eV. The energy
positions are calibrated with respect to the Cls at 284.8 eV. All the
measurements were conducted at room temperature in a UHV chamber
of 10'1° mbar.

Micromeritics ASAP 2420 analyser was used to determine the spe-
cific BET surface areas of the catalysts, which involved a pre-treatment
process of drying at 90 °C for 30 min and then degassing at 250 °C for 6 h
under vacuum to eliminate contaminants and moisture. The specific
surface area calculations were based on the BET equation, while pore
size distribution was analysed using BJH desorption. Measurements
were performed at 77 K.

Hj temperature-programmed reduction (Hz-TPR) experiments were
carried out using an AutoChem 2950 apparatus, equipped with a ther-
mal conductivity detector. The procedure involved pre-treating 50 mg of
catalyst in N3 (100 mL/min) at 300 °C for 60 min to remove impurities.
After cooling, catalyst was reduced in a 10 vol% Ha-Ar mixture (100 mL/
min), heating up to 800 °C at a rate of 10 °C/min.

NHj temperature-programmed desorption (NH3-TPD) was conduct-
ed to identify the acid sites on the catalysts, using the same AutoChem
2950 apparatus. This involved pre-treating 500 mg of catalyst in Ny
(100 mL/min) at 300 °C for 30 min, then saturating with NHz/He 10/90
vol% (100 mL/min) at room temperature for 30 min, followed by a flush
with He to remove excess NHs. The samples were then heated up to
800 °C in He, 10 °C/min ramp, with the NH3 desorption monitored via
the thermal conductivity detector.

Pulse chemisorption analysis was carried out using a Micromeritics
AutoChemllI 2950 station. In this procedure, the catalysts were posi-
tioned in a U-shaped stainless-steel reactor to evaluate their Ni disper-
sion. Initially, 50 mg of catalyst underwent reduction in a 10 vol% Hj-Ar
flow at 50 mL/min, heating to 750 °C at 10 °C/min, then purged with Ar
to eliminate residual Hy at 775 °C for an hour before being cooled to
room temperature. The chemisorption process took place at 35 °C, uti-
lizing a Micromeritics cryo-cooler to inject liquid nitrogen for temper-
ature control. The setup used a 0.5 cm?® injection loop and argon as the
carrier gas for Hy pulses (10 vol% Hj in Ar). The consumption of Hy
during the process was monitored via a thermal conductivity detector
(TCD) with a water trap, with all parameters, including sample tem-
perature, pulse injections, and TCD readings, being regulated and
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recorded through Micromeritics AutoChem software.
2.4. Catalytic evaluation

Evaluations of catalytic activity for the dry reforming of methane
(DRM) using Ni-zeolite catalysts were performed in a fixed-bed reactor,
sized with an internal diameter of 6 mm and a length of 300 mm. In each
test, 200 mg of the catalyst was placed in the MicroEffi reactor and
underwent in-situ reduction with 5 % Hy/Ar at a flow rate of 100 mL/
min at 800 °C, followed by cooling to 750 °C using argon. An equimolar
CH4/CO3 gas mixture was then introduced at 50 mL/min. The catalytic
efficiency was assessed at 750 °C, over 20 h and gas hourly space ve-
locity (GHSV) of 30,000 mL/h-g.,, analysing the output gases—CO, Hy,
CH4, and COp—via an online mass spectrometer. The analysis included
determining the conversions of CH4 and CO,, space-time yields for Hy
and CO, and the Hy/CO molar ratio, based on inlet and outlet flow rates
[36].

3. Result and discussion
3.1. Structural analysis

Catalysts’ XRD patterns are illustrated in Fig. 2. As seen in Fig. 2 (A),
both ZSM-5 and Beta zeolite supports show typical aluminosilicate peaks
between 7 and 30° [28]. While the main crystalline phase found in the
RFCC sample well matches with the standard zeolite-Y phases(5-35°)
[28,37]. Sample ARFCC revealed the typical pattern of zeolite Na-A.
This is caused by the chemical treatment yielding ARFCC, where RFCC
is first treated with sulphuric acid and the resulting solid calcinated with
NaOH. After doping the substrates with nickel, Fig. 2 (B), Ni-ZSM and
Ni-BetaZ samples generally retain the pattern of the pristine samples,
with the addition of three minor peaks at 37, 43 and 63° respectively,
ascribed to the presence of NiO. The main diffraction peaks of Ni-RFCC
were all maintained with a moderate loss of crystallinity, indicating no
major structural changes in the zeolite units after the incorporation of
nickel by impregnation method and calcination [38]. However, Ni-
ARFCC completely lost its crystallinity as result of the calcination step
after doping. Indeed, it has been reported that zeolite Na-A undergoes
dehydration and dihydroxylation, and consequent collapsing of its
crystal structure upon thermal treatment. This behaviour is in agree-
ment with the major drop in BET surface area moving from ARFCC to Ni-
ARFCC (see Textural properties section) [39]. In addition, Ni-RFCC and
Ni-ARFCC show diffraction peaks ascribed to nickel aluminate (NiAly04)
spinel peaks [35,40].

SEM images in the Fig. 3 reveal the distinct morphologies of various
zeolite samples. Fig. 3(a) shows the cubic shapes characteristic of
commercial ZSM-5 zeolite, while Fig. 3(b) captures the spherical parti-
cles typical of Beta zeolite [41,42]. In Fig. 3(c), the granular structure of
FCCC particles, predominantly made up of zeolite Y, is evident [5].
Lastly, image (d) exhibits crystals with the classic octahedral and cubic
structures associated with Na-X and Na-A zeolites, respectively, as seen
in the ARFCC sample [5]. As well depicted in the XRD characterization,
SEM images of the doped supports (Figure S1) show that all the samples
retained the same morphologies observed in Fig. 3, except for sample Ni-
ARFCC where the typical cubic structure of zeolite Na-A is no longer
visible.

The TEM-EDX analysis was conducted on the synthesized catalysts to
evaluate the nickel distribution on the zeolite structures, as depicted in
Fig. 4. Well defined nickel nanoparticles were not distinctly visible in the
EDX maps, indicating that nickel was evenly dispersed across the sup-
port structure. Notably, the analysis revealed nanosheets on all the
treated supports (Fig. 4 a to d), with no evidence of nickel agglomera-
tion. TEM images were used to calculate the Ni particles size and their
distributions by mean of an image processing software (see Table S3 and
Figure S4), revealing a log-normal distribution with average particles in
the 17 to 25 nm range.
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Fig. 2. XRD patterns of pristine zeolites samples (A) and Ni doped-zeolites catalysts (B).

3.2. Textural properties

Figure S2 and S3 present the nitrogen adsorption-desorption iso-
therms and pore size distributions for the catalyst samples, respectively.
Each isotherm is of type IV with a hysteresis loop, suggesting the pres-
ence of mesopores according to IUPAC classification [43]. The BET
surface areas and pore volumes for the nickel-doped catalysts are
compiled in Table 1, and those for the undoped catalysts are collected in
Table S1. The BET surface area of the doped commercial zeolites is
remarkably higher than that for the doped recycled zeolites with 555
and 391 m?/ g (for Ni-Beta, and Ni-ZSM) against 10 and 97 m?/ g (for Ni-
ARFCC, and Ni-RFCC) [39]. In general, after the nickel impregnation,
the BET surface area of all the metal-containing catalysts was similar to
those of the corresponding undoped zeolite samples, except for Ni-
ARFCC. The low surface area for Ni-ARFCC is attributed to the dehy-
dration and dihydroxylation induced by the calcination step after
doping (typical of zeolite Na-A), thus the collapse of the zeolite
structure.

The Hp-TPR experiments aimed to shed light on the reduction
behaviour of the produced catalysts, with Fig. 5 presenting the Ho-TPR
profiles for both commercial and recycled zeolite samples. The observed
peaks at temperatures under 400 °C typically represent the reduction of
NiO not integrated into the support structure, while those under 600 °C
may be attributed to interactions of NiO with the support, possibly
indicating the presence of surface NiAl,O4 spinel or NiO weakly inter-
acting with the support. Peaks occurring over 600 °C are associated with
the reduction of more complexly bonded metal oxide forms, such as

crystalline NiAloO4 spinel or strongly adhered NiO species [44-46].
Although nickel spinels can readily form through the reaction between
Ni and AlyOs, it is suggested that NiAloO4 spinel is not easily reduced to
Ni® species, leading to Ni sites that significantly interact with the sup-
port, which is a pivotal factor in the maintenance of Ni’s catalytic per-
formance during DRM processes [46].

For the Ni-ZSM5 catalyst, the main reduction was performed at
589°C, indicating a good interaction between the active metal and the
support. Two minor peaks at 58 and 230 °C confirmed the presence of
free NiO, as previously observed in the XRD. Similarly, Ni-BetaZ pre-
sented a structured profile with three distinctive peaks at 407, 488, and
620 °C suggesting a medium interaction between nickel and the zeolite,
plus a small peak at 47 °C characteristic of the presence of NiO. The
recycled zeolite Ni-RFCC exhibited two consecutive reduction peaks at
554 and 612 °C, whereas Ni-ARFCC showed a similar pattern but shifted
at higher temperatures (662 and 773 °C). The strong interaction be-
tween nickel and alumina in the recycled zeolite can be attributed to
their lower Si:Al ratio (approximately 1:1), compared to the commercial
supports (25:1 for BetaZ and 30:1 for ZSM-5). In Ni-ARFCC, the reduc-
tion peaks are shifted to higher temperature because the acid treatment,
together with leaching rare elements, typically causes the formation of
cavities and defects in similar materials. These are responsible for
strengthening the interaction between NiO and the substrate, and lead to
an increase of the interfacial area. Indeed, studies have shown that the
etching of silica and/or alumina within clay-based materials, such as
halloysites, induces defects and cavities. These features can trap Ni
particles, resulting in the creation of a robust metal-support interaction
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Fig. 3. SEM images of pristine a) ZSM-5, b) BetaZ, ¢) RFCC, and d) ARFCC.

Fig. 4. TEM-EDS analysis images of Ni-doped catalysts a) Ni-ZSM5, b) Ni-BetaZ, ¢) Ni-RFCC, and d) Ni-ARFCC.

[47-49]. respectively), exhibited greater hydrogen uptake. This can be correlated

Hydrogen consumption for the catalysts was determined, varying with their high initial catalytic activity, due to significant Ni loadings
between 29 to 70 cm®/g at standard temperature and pressure, and it is identified through H,-TPR. Notably, Ni-BetaZ recorded the highest Hy
detailed in Table 2. Catalysts with higher nickel content, particularly consumption and, accordingly, the highest Ni loading. This can be
commercial supports Ni-ZSM5 and Ni-BetaZ (15.26 and 23.51 Ni wt%, attributed to the relatively higher surface area, confirming that the order
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Table 1
Surface Area & Pore Size Analysis of the doped samples.

Fuel 373 (2024) 132356

Catalyst BET Surface Area, Sggr [m?/g] Micropore area [m?/g] Total Pore Volume, V, [cm®/g] Average pore size [nm]

Ni-ZSM5 391.21 257.73 0.368 13.45
Ni-BetaZ 555.08 361.58 1.021 18.62
Ni-RFCC 97.12 56.71 0.317 12.83
Ni-ARFCC 9.71 5.41 0.317 33.12

between 400-600 °C. Unlike the commercial supports, both recycled

— Ni-ZSM5 substrates Ni-RFCC and Ni-ARFCC exhibited an uncommon NHj3

Ni-BetaZ desorption profile, with intensity growing up to 350 °C and then

—— Ni-RFCC reaching a plateau (see Fig. 6). The composition of these two samples is

—— Ni-ARFCC quite complex, together with Al and Si they include small percentages of

TCD Signal (a.u.)/ Ni Loading (%)

N

T

T T T T T T T
0 100 200 300 400 500 600 700 800
Temperature (°C)

Fig. 5. H,-TPR Profile of the zeolite-supported Ni catalysts.

of Ni loading follows the same order of surface area: Ni-BetaZ, followed
by Ni-ZSM5, Ni-RFCC, and finally Ni-ARFCC.

Nickel dispersion, determined by Hy-Pulse Chemisorption and listed
in Table 2, ranges from 0.03 % to 0.47 %, with extremely low values for
the recycled samples Ni-RFCC and Ni-ARFCC due to the presence of
impurities and the relatively low surface area. This pattern aligns with
findings in similar studies on clay-based and mesoporous catalysts. For
example, our group obtained comparable values between 0.2 and 2.7 for
chemically treated halloysite-based catalyst [49], similarly Zhao et al.
reported values between 0.17 and 0.6 for modified HNTs [50]. More-
over, these findings from pulse chemisorption experiments indicate that
the catalytic reaction may not be solely influenced by the Ni dispersion
but it is expression of the combination between multiple physical and
chemical parameters specific to the substrate, the catalyst, and the re-
agents/products.

Nickel loading quantification, discussed earlier with an expected 15
wt% target, showed discrepancies in Ho-TPR outcomes due to the varied
adsorption behaviour of Ni®* ions on different zeolite supports. This is
indeed influenced by surface characteristics such as presence of terminal
groups, cavities, and other cations, as well as differences in surface area,
porosity, and water dispersion contributing to the distinct ways in which
nickel ions are adsorbed on different zeolite supports.

Ni-ZSM5 and Ni-BetaZ showed one major NH3 desorption peak, at
136 and 119 °C respectively, which is corresponding to typical weak
acid sites [51] followed by featureless desorption band of low intensity

Table 2
H,-TPR, NH3-TPD and Hy-Pulsechemisorption analysis.

V, Ti, Fe, La, etc. (see XRF analysis in Table 3), therefore we assume that
the presence of such impurities might affect the desorption profile of the
samples.

3.3. Catalyst activity & stability evaluation

Given that dry reforming of methane (DRM) is an endothermic re-
action, it requires high temperatures, typically between 627-1000 °C,
and atmospheric pressure to achieve equilibrium conversion, limit car-
bon buildup, and maintain stability [52]. The catalysts’ performances
were tested at 750 °C, where the conversion rates of CH4 and CO,, and
the Hy/CO ratio were determined. From Fig. 7, it can be noted that CO»
conversion exceeded that of CHy4 across all catalysts, with Ni-ARFCC
exhibiting the highest conversions of both gases and maintaining
exceptional stability with minimal coke formation over a continuous 20-
hour period. On the other hand, Ni-RFCC depicted the lowest overall
CHy4 conversion (11.67 %) and the lowest CO, conversion (15 %). In
terms of Hy/CO ratio, Ni-ZSM5, Ni-BetaZ, and Ni-ARFCC resulted in a
final average value of 0.75 (Fig. 7), as effect of the reverse water—gas

ElE —— Ni-ZSM5

8 T — Ni-BetaZ

T ] —— Ni-RFCC

o ] —— Ni-ARFCC
(2]

o

O

—

T T
0 100 200 300 400 500 600 700 800 900
Temperature (°C)

Fig. 6. NH3-TPD profile of the zeolite-supported Ni catalysts.

Catalyst H,-TPR Hy-Pulse Chemisorption NH;3-TPD SEM/EDS
Peaks (°C) Quantity (cms/g STP) Ni Loading (%) Ni Dispersion (%) Peaks (°C) Si/Al
Ni-ZSM5 58, 230, 589 45.77 15.26 0.47 136 34.70
Ni-BetaZ 47, 407, 488, 620 70.55 23.51 0.31 119 16.94
Ni-RFCC 554, 612 36.07 12.02 0.03 75 0.97
Ni-ARFCC 662, 773 29.41 9.80 0.06 78 1.24
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Table 3
XRF analysis of undoped recycled zeolites RFCC and ARFCC >

Concentration (wWt%)

Sample Na Al Si P Ti \Y Fe Ni La Ce

RFCC - 15.60 12.30 0.13 0.47 0.050 0.25 0.03 2.30 0.16
ARFCC 7.98 11.59 11.74 - 0.45 0.005 0.19 0.03 0.33 0.03

a) 100

] —a— Ni-ZSM5
90 —a— Ni-BetaZ
| —=— Ni-RFCC

80 - _
—=— Ni-ARFCC

70
60 +
50 +

40 -
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T T T T T T
0 200 400 600 800 1000 1200
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80

—=— Ni-ARFCC
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20
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Fig. 7. Catalytic performances of the studied catalysts a) CH4 conversion b) CO, conversion c¢) Hy/CO molar ratio.

shift reaction. In contrast, the Ni-RFCC showed a different performance, H50 = CO3 + Hy, which favours the presence of La and Ce, elements that
experiencing a significant drop in COy conversion with over a 30 % exist in this catalyst (see Table 3) [53].

decrease. Additionally, it exhibited a relatively higher Hy/CO ratio. Fig. 7 indicates that the Ni-ARFCC catalyst demonstrated a consistent
These two phenomena occurred due to the water gas shift reaction CO + performance, showing no significant loss in the conversion of CH4 and
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Fig. 7. (continued).

CO over a testing period of 20 h, which suggests stable catalytic ac-
tivity. Such behaviour and stability can be explained thanks to the
presence of sodium in the catalyst (~8 wt%, see Table 3). In fact, pre-
vious studies have demonstrated that the interaction with sodium has a
beneficial effect on supported catalysts, reducing the accumulation of
carbon on the spent catalyst’s surface. This suggests that sodium could
potentially extend the catalyst’s lifespan by avoiding coke deposition, a
factor that might otherwise result in catalyst poisoning [19]. Given that
sodium oxide is a potent base, the presence of sodium indicates the
existence of in situ basic sites on the Ni-ARFCC (derived from zeolite Na-
A), ensuring effective CO; activation. Whereas for Ni-RFCC, a significant
deactivation was observed, with the conversion dropping from 53 % to
12 % (CHy) and 51 % to 18 % (COy), after 20 hrs.

The greater initial methane conversion observed in the commercial
zeolite-supported catalysts and Ni-RFCC is linked to their higher Hy
consumption, as shown by Hy-TPR results, and their increased nickel
content. While all the samples showed similar initial CO5 adsorption
levels, the Ni-ARFCC sample displayed a minimal decrease in CO; con-
version, corresponding to —1.6 %, according to the data in Table 4.

3.4. Spent catalyst characterization

Following the 20-hour dry reforming of methane experiments, the
catalysts were cooled to ambient temperature, and then analysed using
TGA, TEM, and XPS to assess coke deposition (comparison of XPS
spectra of fresh and spent catalyst is depicted in Figures S8-S11). The
results are presented in Fig. 8, Fig. 9, and Fig. 10, respectively. Addi-
tionally, Table 4 lists the percentages of coke deposited on the catalysts
in terms of weight %, as determined by TGA, after the reactions at 750
°C. For all samples, excluding Ni-ARFCC, a significant weight % loss was
observed in the TGA profiles, occurring at temperatures ranging from

Table 4
Catalyst Performance Parameters.

105
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95 ~
90
X
= 851
ey
2
Q 80
=
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70 4 Spent Ni-ZSM5
—— Spent Ni-BetaZ \
65 4 — Spent Ni-RFCC
—— Spent Ni-ARFCC
60

-1 - r - r 1t - 1+ 1 1T *r T 7
0 100 200 300 400 500 600 700 800 900
Temperature(°C)

Fig. 8. TGA analysis of the spent catalysts.

450 to 550 °C and at 550-650 °C for Ni-RFCC. For Ni-RFCC, this suggests
the presence of a predominant morphology of deposited carbon coke on
the catalyst. Generally, the temperature of weight losses in the TGA
profile provides insights into the carbon type, while the intensity of
these signals indicates the quantity of formed coke. The temperature
range where the main loss was observed for the spent commercial zeo-
lites is associated with the temperature at which both amorphous carbon
and filamentous carbon forms coexist. In fact, the Cls XPS spectra for

Catalyst CH4 Conversion[%] CO;, Conversion[%] Coke formation [%] Average Ni particle size increase due to sintering [nm]
t =10 [min] t = 1200 [min] t =10 [min] t = 1200 [min]

Ni-ZSM5 47.31 21.04 53.07 38.84 9.8 +3.78

Ni-BetaZ 54.14 14.99 52.80 28.58 28.5 +6.56

Ni-RFCC 53.17 11.67 51.28 18.45 35.3 +8.55

Ni-ARFCC 42.78 30.78 47.46 49.18 1.2 +31.77
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Fig. 9. TEM images and EDX Nickel and Carbon elemental mapping of the spent catalysts.
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Fig. 10. XPS analysis and deconvolution of Cls peaks of a) Ni-ZSM5, b) Ni-BetaZ, ¢) Ni-RFCC and d) Ni-ARFCC.

these two catalysts are quite similar indicating the presence of both sp2
and sp3 carbon, typical of graphitic and amorphous carbon, respec-
tively. TEM images in Fig. 11 have confirmed the two morphologies.
Whereas the higher temperature indicated for the weight loss in Ni-
RFCC is more in favour of carbon filaments only, as confirmed in the
corresponding Cls XPS spectrum (Fig. 10), which presents exclusively
sp2 carbon, and TEM image (Fig. 11), which shows a tangle of carbon
filaments. Ni-ARFCC had a different behaviour compared to the other
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catalysts. We did not record significant weight losses, instead a minimal
weight gain was observed around 543 °C, attributed to nickel oxidation.
Small amount of carbon, deposited around the nickel have been
observed by TEM and confirmed by the XPS analysis.

The XPS analysis of the spent catalyst also revealed some interesting
features for Ni2p, Si2p, and Al2p signals when comparing fresh with
spent catalysts (Figures S8-S11). In particular, in the Ni2p profile for
spent samples Ni-RFCC and Ni-BetaZ, we observed an extremely weak
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Fig. 11. TEM images reporting the detail of the carbon deposition on the spent commercial catalysts (top) and on detached Ni nanoparticles for the spent samples Ni-

RFCC and Ni-ARFCC (bottom).

featureless signal, in agreement with the high coke deposition observed
for the two catalysts (Fig. 8), able to coat the nickel particles and shield
their XPS response. For spent samples Ni-ARFCC and Ni-ZSM5, Ni2p
spectrum is weaker than that for the corresponding fresh catalysts but
still visible, with the appearance of a peak at 851.3 eV attributed to the
formation of Ni-C bond. Despite low or no nickel has been detected by
XPS, nickel is still present in all the spent catalysts as depicted in Fig. 9
and Figure S12. When looking at the Si2p spectra of the spent catalysts,
we generally observed a shift of the main peak to lower energy, when
compared to the spectra of the corresponding fresh catalysts. This shift is
attributed to the formation of C-Si-O and Si-O-C bonds, again due to the
coke deposition. In fact, the shift in Si2p spectrum for spent Ni-ARFCC
was only minimal, in agreement its high catalytic stability and low
carbon formation. It is important to note that the silicon XPS spectra for
all the spent catalysts could have been affected by the presence of glass
wool, a silicon-based material used for packing the catalyst inside the
reactor. The presence of glass wool fibres has been observed in the SEM
images of the spent catalysts, with typical tubular silicon oxide forma-
tions (Figure S12). The profile of Al2p spectra of the spent catalysts have
been mainly affected by the drastic reduction in the Ni3p signals at 69.3
and 71 eV, which generally overlap with the Al2p peaks of the fresh
catalysts. As discussed for the Ni2p signals, the intensity drop for Ni3p
peaks is attributed to the deposition of coke on the nickel particles.
The weight loss percentages depicted in Fig. 9 well align with the
catalysts’ performance in terms of CHy4 and CO, conversion stability.
Specifically, Ni-ARFCC demonstrates minimal deactivation over 20 h,
correlating with the lowest coke formation, as confirmed by the minimal
weight loss in its TGA profile. The TGA analysis reveals that catalysts
using commercial substrates undergo more coke formation than those
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using recycled supports. It is worth mentioning that the TGA profiles of
the undoped and fresh catalysts are reflected in Figure S6 and Figure S7,
respectively. For those, it was noted that only one drop around 100 °C is
shown, indicating the moisture content.

TEM analysis in Fig. 8 confirmed the sintering effect on nickel within
the spent catalysts, highlighting the growth of nickel nanoparticles to
sizes as large as 130 nm. Analysis of particle size distribution, detailed in
Table S2, and Figure S5, indicated that the average size of nanoparticles
in spent catalysts was between 20 to 30 nm.

In Fig. 11 are reported TEM images that better depict the presence of
both amorphous carbon and carbon filaments in the spent catalysts.
These materials progressively build up on the support surface through
the transformation of active surface carbons over the course of the re-
action time, ultimately resulting in catalyst deactivation. Differently
from the commercial zeolites-based catalysts, for the spent Ni-RFCC and
Ni-ARFCC samples we observed detaching and lifting of Ni nanoparticles
from the catalyst surface, with potentially a combination of tip-growth/
base growth mechanisms.

In Ni-RFCC we observed carbon accumulation in the form of
MWCNTs (Fig. 11). Similar behaviour has been reported for DRM cat-
alysts containing LayO3 (pristine RFCC contains 2.3 wt% of La) [21,54].
Whereas in Ni-ARFCC, where most of the lanthanum has been chemi-
cally leached, we still observed Ni nanoparticle detachment with shell-
like deposition of carbon, also confirmed by the presence of carbon
sp3 peak in the XPS spectrum.

4. Conclusion

This study focused on the utilization of zeolite-based materials,
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particularly those obtained from spent fluid catalyst cracking (FCC)
processes, as catalyst supports for Ni-based catalysts in the dry reform-
ing of methane (DRM) reaction. Zeolites were chosen for their well-
defined pore structure, abundance, chemical/thermal stability, and
high surface area. TEM-EDX analysis showed well-distributed nickel
nanoparticles on the supports, and no significant agglomeration. The
BET surface area of the doped commercial zeolites was significantly
higher than that of the recycled zeolites, especially Ni-ARFCC, which
experienced a notable decrease in surface area due to dehydration and
dihydroxylation during the calcination step. Ho-TPR experiments were
conducted to investigate the reduction behaviour of the catalysts,
revealing different reduction profiles for the commercial and recycled
zeolite-supported Ni catalysts. The recycled zeolite-supported catalysts
exhibited higher reduction peaks at elevated temperatures, indicating a
strong interaction between nickel and alumina, attributed to the lower
Si:Al ratio in the recycled supports.

Catalyst activity and stability evaluation at 750 °C in the DRM re-
action showed varying performance among the catalysts. Ni-ARFCC
demonstrated the highest overall CO, and CH4 conversions, with
remarkable stability and negligible coke deposition over 20 h. In
contrast, Ni-RFCC exhibited the lowest overall conversions and higher
coke formation. The presence of sodium in Ni-ARFCC was suggested to
contribute to its stability by minimizing carbon deposition. TGA and
TEM analyses of spent catalysts confirmed the presence of mainly fila-
mentous carbon, with Ni-ARFCC showing the least coke formation and
stable performance. TEM analysis also revealed a modest sintering effect
on nickel nanoparticles in all spent catalysts.

In summary, the study highlights the potential of reusing zeolite-
based materials from spent FCCs as catalyst supports for Ni-based cat-
alysts in DRM. The choice of zeolite type, surface area, and interactions
between nickel and support materials significantly influenced the cata-
lyst’s structural, textural, and catalytic properties, providing insights for
further optimization in the development of efficient DRM catalysts.
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