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Study of the catalytic deactivation during successive uses of ZSM-5 catalysts in bench-scale pyrolysis of low-
density polyethylene (200:20 g LDPE:ZSM-5) has been carried out in a semi-batch reactor at 450 °C. The cor-
relation between coke formation over catalyst properties and selectivity during pyrolysis is observed. The loss of
catalytic performances translates into a significant drop of aromatics and an increase of waxes in pyrolysis
products. The observed deactivation is due to the formation of heavy coke over the catalysts, causing surface
hindering, porosity blockage and acid sites diminution. The capacity of ozonation process to regenerate such

coked catalysts around 100 °C is demonstrated using a fixed bed reactor. Different times of exposure are
investigated to evaluate ozonation efficiency. By using this coke oxidizing treatment during 48 h, regenerated
catalysts recovered their initial textural and chemical characteristics (porous volume and acidity) as well as their
catalytic performances (similar aromatics proportion as the first pyrolysis).

1. Introduction

Global plastic waste production has been exploding during the last
decades due to the extensive use of plastics in our daily lives. Only
approximately 20% of generated plastic waste is recycled while the rest
is either discarded, incinerated or mismanaged [1]. Developing new
recycling processes to support the existing methods, consisting mostly in
mechanical recycling, is therefore of high importance to mitigate plastic
pollution and develop closed-loop recycling. Many chemical methods
have been investigated for the revalorization of plastic waste into
valuable products [2]. Among them, pyrolysis allows the conversion of
polymers into oils and base chemicals which can be used as fuels or
feedstock for chemical industry [3]. Use of catalysts in this process al-
lows the formation of high-value products at lower temperatures
compared to thermal pyrolysis, due to their cracking and rearrangement
properties [4]. The industrial development of plastics catalytic pyrolysis
is considered by using reactor configurations allowing continuous
plastic feed, such as fluidized and circulating bed, screw kiln or spouted
bed reactors [5-7]. Different catalytic materials, such as fluid catalytic
cracking (FCC) catalysts or zeolites, were investigated over the years to
study their impact on pyrolysis reactivity and selectivity [8-10]. Zeolite
catalysts have been intensively investigated as their wide range of
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geometries and acidity strength provide a great number of possibilities
in terms of obtainable products based on used feedstock. Among them,
ZSM-5 zeolites have been identified in the literature as an efficient
catalyst for pyrolysis as their properties promote the formation of mol-
ecules of higher interest [11]. However, industrial use of catalytic py-
rolysis remains restrained by an important coke formation over the
catalyst, leading to a rapid decrease of catalyst performances and
products quality [12]. Deactivation via coking consists in formation of
carbonaceous deposits, causing gradual surface hindering and porosity
blockage, leading to the diminution of accessible active sites and
therefore to loss of catalytic activity [13,14]. Despite heavy investiga-
tion over the years, coke formation remains a very challenging phe-
nomenon due to the complexity and diversity of coke molecule
structures. Mechanisms of coke formation and growth are known to
form light aliphatic coke (ratio H/C > 1) at moderate temperature,
turning into heavy polyaromatic clusters (ratio H/C < 1) via conden-
sation when longer exposed or at high temperatures [13,14]. Many
works intended to study coke formation during pyrolysis with various
catalysts and kind of reactors in order to mitigate coking, but the
deactivation remains present and leads to a relatively quick loss of
catalyst performances [15]. Therefore, the viability of catalytic pyrolysis
is driven by the possibility of reusing coked catalysts several times

Received 8 November 2023; Received in revised form 17 January 2024; Accepted 18 January 2024

Available online 20 January 2024

0926-860X/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:romain.richard@iut-tlse3.fr
www.sciencedirect.com/science/journal/0926860X
https://www.elsevier.com/locate/apcata
https://doi.org/10.1016/j.apcata.2024.119581
https://doi.org/10.1016/j.apcata.2024.119581
https://doi.org/10.1016/j.apcata.2024.119581
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcata.2024.119581&domain=pdf
http://creativecommons.org/licenses/by/4.0/

V. Daligaux et al.

keeping acceptable/exploitable products but also of regenerating the
catalysts to recycle them. Indeed, deactivation via coking is reversible in
most cases and catalytic properties and activity can be recovered with
different processes.

For combined economic and environmental concerns, regeneration
processes were developed in order to be able to reuse deactivated cat-
alysts, which are often produced from rare and/or expensive materials
[16]. While coke oxidation with air or oxygen is the most-used process at
industrial scale nowadays to remove coke, other methods such as gasi-
fication or hydrogenation can be found [17]. Different papers investi-
gated the regeneration and reuse of catalysts coked during pyrolysis,
using the “classical” process of coke combustion with oxygen over
400 °C, and proved that catalytic activity could successfully be recov-
ered after coke oxidation [18-20]. However, this process presents
important limitations because of its important energy consumption and
severe operating conditions that might degrade thermo-sensitive cata-
lysts. Some recent studies are focusing on the development of alternative
methods, such as advanced oxidation processes (AOPs), to achieve coke
removal and catalytic activity recovery with higher efficiency and lower
energy consumption in milder conditions [21,22]. Due to its recent in-
terest, very limited data can be found in the literature concerning
regeneration of coked catalysts using AOPs [23-25]. The ability of these
processes to restore catalytic activity is the main objective of these
studies so far and their energetic viability compared to combustion re-
mains to be investigated. Among these methods, ozonation presented
promising results in terms of coke removal around 100 °C [23]. On top
of the reduced temperature, such conditions are interesting for catalysts
regeneration to maintain catalytic structure and mitigate the apparition
of hot spots, which can lead to dealumination and depopulation of acid
sites over zeolites or other structural changes over more thermosensitive
materials [26]. However, few studies were found in which ozonated
catalysts are reused in initial process [27]. The objective of this work is
to investigate the capacity of the ozonation process to restore catalytic
activity at lower temperatures after deactivation with coke formation
during pyrolysis. In this work, ZSM-5 industrial catalysts are recycled
after regeneration via ozonation in order to compare their activity with
the fresh catalysts.

This work is embedded in the combined logic of development of new
catalytic processes answering to contemporary issues and circular
economy with catalytic material recycling. This study investigates the
deactivation and regeneration of catalytic material involved in innova-
tive processes: a deep comprehension of coke formation during pyrolysis
is achieved through analysis of liquid products and characterization of
solid catalysts, before investigating the regeneration efficiency of
ozonation as an innovative method for coke removal. The authors
identified catalytic pyrolysis of plastics in the literature as an easy-to-use
reaction allowing revalorization of plastic wastes which main drawback
is the important deactivation by coking [28,29]. Up to now, most of the
studies related to catalytic deactivation during pyrolysis of plastics are
limited to a single use of spent catalysts in the reaction. The aim of this
work is to reuse spent industrial catalysts more than once to reach a
better understanding of coke formation during pyrolysis and to conclude
about the eventual possibility to reuse extensively spent catalysts before
removing it for regeneration. Diaz et al. conducted similar study on coke
deactivation over HZSM-5 catalysts during oligomerization reaction,
followed by regeneration by coke combustion with air [30]. Use of
ozonation as an alternative method for coke removal intends to assess
catalytic recovery comparatively to classic coke oxidation conducted in
most studies. Such work aims to demonstrate the regenerating capacity
of ozonation prior to consider its energetic viability compared to com-
bustion in future investigations. Use of ozone indeed generates other
costs despite lowered temperatures: complete process energetic analysis
needs to be conducted to determine the industrial relevance of ozona-
tion. Different analytical techniques were used to characterize fresh,
spent and regenerated samples, such as elemental analysis, Ny adsorp-
tion/ desorption, FTIR-Pyridine or *C NMR, in order to provide a
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complete overview of coke deposition and its influence over textural and
chemical properties of zeolite. Their corresponding catalytic efficiency is
evaluated by a semi-quantitative GC-MS analysis of pyrolysis products.

2. Material and methods
2.1. Materials

Plastic feedstock used during the pyrolysis experiments is virgin low-
density polyethylene (LDPE) provided by Sigma-Aldrich. Catalytic ma-
terial used during the experiments are commercial HZSM-5 provided by
Tosoh Company. Characteristics and properties of polyethylene and
catalysts used during the experiments are presented in Table 1. The
proportion of alumina binder in the industrial catalysts was determined
by NMR of %Al and 2°Si. The Si/Al ratio value of diluted zeolites being
18 against 23 for pure crystals, binder proportion is estimated around
22%. Catalysts and polyethylene are used as received in their initial
form without further preparation step. For all the experiments, poly-
ethylene and catalysts are loaded in the reactor at ambient temperature.

2.2. Experimental setups and procedures

The catalytic pyrolysis experiments were carried out in a semi-batch
reactor (2 L capacity). The experimental setup scheme is presented in
Fig. 1. During a typical experiment, 200 g of polyethylene were loaded
in the reactor with 20 g of catalysts. This 10:1 mass ratio is identified in
the literature as a commonly used value, and therefore integrated in our
protocol [19,31]. In this work, plastics and zeolite were loaded in the
reactor in layers (symbolized by the letter “L”): polyethylene and cata-
lysts are placed in four successive layers of 50 g LDPE/ 5 g ZSM-5. After
sealing the reactor and inerting the atmosphere with nitrogen at 2 L.
min~!, sweeping is turned off and the reactor is heated up to 450 °C
during 40 min with electric resistances in shelves. The current regulation
implies an important heating rate of 40 °C/min and an overshoot of
30 °C: maximal temperature is therefore 480 °C before stabilization at
450 °C after 20 min. Most of the polyethylene degradation occurs
around 30 min of pyrolysis. After 40 min of heating, Ny circulation is
turned back on to sweep the decomposition components remaining in
the reactor. The gases formed during the catalytic cracking, after going
through another 2 L volume cylinder, referred as rearrangement level
later on, flow through two successive condensation stages connected by
insulated stainless steel tubing (4 mm internal diameter). The
cooling-down temperatures at the two stages are respectively 80 °C
(water) and 0 °C (ethylene glycol). The condensed vapors are subse-
quently collected as pyrolysis waxes and oils for analysis, while the
uncondensed gases are evacuated to extraction. After appropriate
waiting time for cool down (around 8 h), used catalysts are recovered
and collected for characterization. No other solid residues are observed
except coked catalysts meaning that polyethylene is entirely degraded.

Table 1
Properties of industrial catalysts and plastics.

Catalysts ZSM-5: HSZ-822HOD1A (Tosoh). Lot n°TZ-200805.

Binder Alumina
Shape Extrudate
Size (diameter x length) (mm) 1.5 x 2-6
Bulk density (kg/m®) 680
Grain density (kg/m3) ~ 1300
Alumina binder proportion (%) 22
Zeolite powder SiO5/Al;03 (mol/mol) NayO (wt%) 23 0.05
Polyethylene (LDPE) Product n°428043 (Sigma-Aldrich)

CAS number 9002-88-4
Shape Pellets
Size (diameter) (mm) 4-5
Material density (kg/m>) 925
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Fig. 1. Scheme of experimental setup for pyrolysis and illustration of the loading method in layers.

Thermal pyrolysis experiment is conducted using identical conditions
without catalysts for comparison.

The regeneration of spent catalysts is carried out in another experi-
mental set-up implementing a fixed-bed tubular glass reactor witha 10 g
capacity (14 mm internal diameter, 90 mm catalytic bed height).
Therefore, the 20 g of coked zeolites previously collected are regener-
ated in two separate runs using identical conditions. The ozonation
setup is presented in previous work using a different reactor configu-
ration with smaller capacity [32]. The catalytic bed is exposed to an
ozone gas flow (50-60 g/Nm3 at 100 L/h) at 100 °C. Different times of
exposition are investigated from 8 to 48 h. Ozone is generated onsite
thanks to a lab-scale ozoner (Trailigaz Labo 76 50 Hz) from pure and dry
oxygen (B50 Linde, purity > 99.5 vol%). After characterization, ozo-
nated catalysts are reused in a new pyrolysis run without any pretreat-
ment or reactivation step.

2.3. Analytical techniques

2.3.1. Pyrolysis oils characterization and catalytic performance

Liquid fractions of pyrolysis oils are analyzed by gas chromatograph
coupled with mass spectrophotometry (GC-MS). To complete determi-
nation of chemical composition, gas chromatograph Thermo Trace 1300
is used coupled with a TSQ 8000 Evo quadrupole detector. The GC is
equipped with a capillary column of dimensions 30 m long, 0.25 mm
internal diameter and 1.4 um thickness of diphenyl/dimethyl poly-
siloxane film (Rtx-502.2). Samples are diluted in heptane with a 1:20 vol
ratio before analysis. The initial oven temperature is 40 °C and is
increased up to 150 °C (24 °C.min " ramp, held 1 min), then to 250 °C
(12 °C.min"! ramp, held 20 min). The split injection temperature is
applied at 250 °C. The transfer line and ion source temperatures are
240 °C and 250 °C respectively. Mass data is acquired in full-scan mode
between 30 and 600 m/z. Molecules are attributed to corresponding
peak using NIST database.

No quantitative information is collected during the experiments as
the current version of the experimental setup does not allow to deter-
mine pyrolysis yields and complete material balance. Catalytic effi-
ciency is therefore measured by following the evolution of pyrolysis
condensed products nature. Proportion of aromatics and fractions of
molecules according to their number of carbons in the oils are used as a
descriptor of catalytic performance during pyrolysis. The term of cata-
lytic selectivity is consequently preferred to catalytic activity in this
work. The repeatability of this method and indicators was confirmed by
conducting different pyrolysis experiments with fresh catalysts in
identical conditions. Based on this study, the experimental error related
to aromatics proportion is + 5% and + 2% for the repartition between
the different fractions. The indicated values for the composition of py-
rolysis products, for spent and regenerated catalysts, are considered to
be embedded in this interval of confidence.

2.3.2. Catalysts characterization

Textural properties of fresh, deactivated and regenerated catalyst
samples are obtained with Ny-adsorption under vacuum (1 0 *107° Pa)
at — 196 °C using a BELSORP-Max apparatus (BEL Japan). From the
complete adsorption isotherms, main results are determined based on
different methods. Brunauer-Emmet-Teller (BET) equation is used for
surface area and global porosity. Microporous volume data is obtained
by Horvath-Kawazoe (HK) method [33]. Mesoporous volume is deter-
mined as the difference between total porosity and microporous volume.

Acidic properties of catalysts are analyzed with FTIR spectroscopy
using pyridine as probe molecule. Samples are pressed (10° Pa) into self-
supported discs (2 cm? area, 7-10 mg.cm™2) and placed in a quartz cell
equipped with KBr windows. A movable quartz sample holder permitted
adjustment of the pellet in the infrared beam for spectral acquisition and
placement into a furnace at the top of the cell for thermal treatments.
The cell is connected to a vacuum line for evacuation, calcination steps
(P residual: 10°3-10~* Pa) and for the introduction of probe molecules
(pyridine vapour phase at 150 °C). Spectra are recorded at room tem-
perature in the 4000-400 cm ™! range, with 4 cm™! resolution, on a
Nicolet Nexus spectrometer equipped with an extended KBr beam
splitting device and a detector for Fourier transform spectroscopy
(DTGS). Quantification of both Brgnsted and Lewis acid sites is deter-
mined by integration of IR spectra bands and by using molar absorption
coefficients of pyridine commonly accepted in literature: 1.67 cm.p
mol~! for the Brgnsted sites band (1545 cm’l) and 2.22 crn.pmolf1 for
the Lewis sites band (1455 cm 1) [34].

2.3.3. Coke quantity and nature

Elemental analysis of coked samples is performed by combustion at
1100 °C using Perkin Elmer 2400 Series II Flash Combustion Analyzer to
determine the carbon and hydrogen content. The results, given in weight
percentage with a + 0.1 wt% precision, are used as indicator of depos-
ited coke as it is the only source of carbon in the samples.

Comprehensive insight of coke molecules nature and structure is
given by the exploitation of solid-state '3C cross-polarization magic-
angle spinning (CP-MAS) NMR analysis. Spectra are recorded at ambient
temperature in a Bruker Avance III HD 400 (9.4 T) spectrometer. Sam-
ples are placed in 4 mm zirconia rotors with a MAS rotation speed of
10 kHz. Quantitative acquisition is made with 10 periods of cross-
polarization with a contact time of 1.1 ms separated with a repolariz-
ing time 'H of 0.5 s [35]. The recycling time is set at 1.5 s. The carbon
species present over the coked zeolites are identified with a simplified
multi Gaussian deconvolution (6 peaks). Each chemical shift is attrib-
uted based on literature research to particular carbon environment
[36-38]. Integration data of the deconvoluted peaks are used to deter-
mine their respective proportions and condensation degree similarly to
Chen et al. work [39]. Data is normalized based on carbon content ob-
tained by elemental analysis to have a quantitative approximation.
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3. Results and discussion
3.1. Catalytic deactivation during pyrolysis

In order to study the evolution of deactivation and progressive for-
mation of coke during pyrolysis, experiments were performed in five
successive runs where catalysts are reused without any intermediate
treatment. Analysis of pyrolysis products and used catalysts is performed
after each run. As mentioned in Section 2.2, the bed of catalysts and
LDPE pellets are initially structured by alternating layers (labelled L).
Coked catalysts indicated as L’ and L’ are experiments conducted with
identical conditions to study the repeatability of coking during catalytic
pyrolysis. The number added after this indicative letter corresponds to
the number of reuses in pyrolysis. As an example, L4 experiment is the
fourth reuse of ZSM-5 catalysts in pyrolysis. Collected samples (spent
catalysts and pyrolysis products) are named after this experiment
indicator.

3.1.1. Evolution of pyrolysis products selectivity

The compositions of pyrolysis products collected after the first
condenser (Stage 1 on Fig. 1) are presented in Table 2 for the successive
experiments (L1 to L4). Wax and oil fraction are there collected as a
unique homogeneous phase at 80 °C, which then turns solid by cooling
down until ambient temperature. Proportion of aromatics and fractions
of molecules according to their number of carbons are used as a
descriptor of catalytic performance in the oils during pyrolysis. Peak
area percentages were extracted from the total chromatogram to
determine the distribution of the products. The different fractions of
obtained molecules are sorted as follows: C7 to C9, corresponding to
gasoline, C10 to C14, representing kerosene components, and
C15 + molecules, often mentioned in the literature as heavy oils or
waxes [40]. The proportion of aromatics is also presented for each
fraction as well as the main products of interest: toluene and xylenes.
Complete list of identified products during pyrolysis using fresh catalysts
is provided in supporting information with corresponding peak area.

Compared to thermal pyrolysis of plastics, the addition of catalysts is
known to enhance the cracking of polymers and to allow the formation
of aromatic products via mechanisms of rearrangement, cyclization and
H-transfer [41,42]. The use of ZSM-5 zeolites has been extensively
studied due to their shape selectivity leading to the important formation
of light products and aromatics [43]. Such behavior is confirmed in this
study as the fraction of light oil (C7-C9) and aromatics is more important
using fresh catalysts compared to thermal pyrolysis [4,19]. Thermal
pyrolysis only presents 0.2% of aromatics and 40.1% of C7-C9 mole-
cules, while same experiment with fresh zeolites presents aromatics
proportion of 91.9%, and a light oil fraction (C7-C9) of 94.9%. Aro-
matics formed during pyrolysis of polyethylene are mainly molecules
containing 7 or 8 carbon atoms, therefore part of the aforementioned
light fraction. No aromatic products are identified in the wax fraction
(C15 +). As observed in Table 2, the repartition of obtained pyrolysis
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products changes during the successive reuses of catalysts. The total
proportion of aromatics decreases drastically, from 91.9% to 27.5%
after five successive pyrolysis reuses. This evolution traduces the pro-
gressive loss of catalytic performances, and especially the diminution of
zeolite rearrangement capacity. The cracking potential of ZSM-5 is also
affected by this decrease of catalytic performance as lower concentra-
tions of light oil products (C7-C9) is formed after successive reuses while
the proportion of kerosene products (C10-C14) increases. The
carbon-number distribution of molecules obtained during pyrolysis is a
typical indicator of catalytic performances for cracking [44]. A shift
towards higher carbon number is usually obtained when catalytic ac-
tivity decreases [31]. An important decrease of the light fraction (C7-C9)
is indeed observed during the five successive reuses as its proportion
drops from 94.9% to 69.8%. The evolution of monocyclic molecules
content in this fraction is mostly responsible of the global decrease of
aromatic products as an important loss of toluene and xylenes produc-
tion is observed. After the fifth catalysts reuse, the nature of obtained
products remains quite different from the composition of thermal py-
rolysis oils, suggesting that catalysts remain chemically active despite an
important loss of initial selectivity.

3.1.2. Influence of coking on catalysts characteristics

Textural and chemical properties of spent catalysts are given in
Table 3 alongside the evolution of carbon content and H/C ratio during
successive pyrolysis. These samples correspond to the used ZSM-5 cat-
alysts collected after each pyrolysis run presented in Section 2.1.1. The
properties are compared to fresh industrial ZSM-5 characteristics to
evaluate deactivation caused by coke deposition.

The formation of coke is illustrated by the apparition of carbon on
the catalysts with an increasing content as zeolites are reused and fur-
therly deactivated. Carbon content is expected to increase after each
reuse, but a different tendency appears. Whereas carbon content reaches
8.2 wt% after a single pyrolysis run (L1), its value fluctuates around 9 wt
%C with a maximum of 10.3 wt%C from the second to the fifth use. As

Table 3
Textural and chemical properties of fresh and spent catalysts after successive
runs of pyrolysis.

Property Fresh L1 L2 L3 L4 LS
Carbon content (wt%) - 8.2 6.5 8.3 10.3 9.9
Hydrogen content (wt%) - 1.0 0.6 0.4 0.7 0.4
H/C ratio (mol/mol) - 1.6 1.1 0.6 0.8 0.5
BET surface area (m%g ") 369.6 2317 1389 491 426 433
Total pore volume (cm>.g %) 038 029 023 013 018 0.16
Microporous volume Vpicro 0.17 0.11 0.07 0.03 0.02 0.02
(em®g™)
Mesoporous volume Vieso 0.21 0.18 0.16 0.10 0.16 0.14
(em®g™)
Bronsted acid sites (umol.g™') 294 191 103 31 10 4
Lewis acid sites (umol.g™1) 193 76 66 33 27 25

Table 2
Composition of pyrolysis fractions analyzed by GC-MS using spent and regenerated catalysts.
Condensed products distribution (%) Thermal Fresh L1 L2 L3 L4 RS R48
Identified 96.5 98.5 97.4 95.0 93.6 95.0 95.9 96.6
Aromatics ( £ 5%) 0.2 91.9 77.3 55.8 30.6 27.5 78.7 91.4
C7-C9 (Gasoline, + 2%)
Total 40.1 94.9 88.8 77.2 69.5 69.8 87.9 92.2
Aromatics 0.0 91.5 76.6 55.5 30.6 27.4 78.2 89.6
C10-C14 (Kerosene, + 2%)
Total 38.2 3.1 8.0 15.8 20.4 23.1 6.1 3.3
Aromatics 0.2 0.4 0.7 0.3 n.d. n.d. 0.5 1.8
C15 + (Heavy oils)
Total 18.2 0.5 0.7 2.0 3.6 2.1 1.9 1.2
Main products
Toluene - 26.8 28.8 20.8 17.1 15.4 15.3 18.5
Xylenes - 59.4 40.4 26.5 8.2 6.3 52.1 61.8
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illustrated on Fig. 2, carbon deposition and coke formation greatly affect
specific surface area, global porosity and acid sites concentration. The
evolution of total porosity takes into account the diminution of both
meso- and micro-pores volumes. Microporosity is the most impacted
with a 90% loss after five successive uses (compared to 33% diminution
for mesoporosity). This difference is due to the various deactivating
pathways: on top of coke micropore volume occupancy, micropores are
also subject to pore blocking. The location of carbon deposits formed
during pyrolysis are furtherly discussed in Section 2.1.3.

The evolution of acidity is decreasing accordingly to the textural
properties: Brgnsted sites, mostly located in zeolite microporosity, is
heavily impacted with a 99% loss after five pyrolysis. Due to their high
reactivity, Brgnsted sites are subject to important deactivation as coke
precursors are susceptible to react over such acid sites [45]. On the other
hand, Lewis sites are little impacted as they are mostly located on the
external surface of the crystals and alumina binder, thus in mesopores
[46]. Brgnsted sites are known to be the most chemically reactive lo-
cations during pyrolysis, for either molecule aromatization (H-transfer)
but also cracking (protolytic mechanism), while Lewis acidity only
promotes cracking (B-scission) at a lower extent [43,47]. The important
loss of Brgnsted sites is correlated with the decrease of aromatics pro-
portion in the pyrolysis oils (Section 2.1.1) while the smaller diminution
of Lewis sites explains the mitigated decrease of cracking performances.
Despite complete loss of Brgnsted acidity after the fifth experiment,
catalysts remain chemically active as products remain different from
thermal pyrolysis. Further reuse of the catalysts is expected to lead to a
complete deactivation, where catalysts become chemically inert.

In order to investigate the influence of coke deposits over catalytic
characteristics, the evolution of main properties is plotted as a function
of carbon load in Fig. 3(a, b). All the aforementioned samples are here
presented as well as 1’ and L” repeatability experiments. As expected
from typical deactivation behavior, a gradual loss of both microporous
volume and acidity with carbon load increase is observed. While most of
the points are embedded in a linear correlation, carbon content is
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Fig. 2. Evolution of catalysts textural and chemical properties due to coke
deposition during several successive runs of pyrolysis of LDPE.
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Fig. 3. Correlation between the analyzed carbon content with (a) micropo-
rosity, (b) free acid sites and (c) H/C ratio of all catalysts samples (fresh, spent,
regenerated and reused). H/C ratio values superior to 1.5 are attributed to
aliphatic coke. Benzene, naphthalene and pyrene-like coke structures have an
H/C ratio around 1.0, 0.8 and 0.6 respectively.

abnormally high for initial experiments (L1, L1"and L1"). This important
carbon deposition is attributed to the direct contact with molten poly-
ethylene, forming a carbon-rich envelope around the pelletized catalysts
or around zeolite crystals. The loading method generates heterogeneity
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in coked samples due to the differences of exposition between the layers
of catalysts: while three layers are mixed with LDPE, the top layer
fraction is located above the plastics (Fig. 1). It is suggested that the
three bottom fractions are dipped into molten polymers during the re-
action while the top layer is not exposed to liquid polyethylene by
staying at its surface. A different series of experiment not presented in
this work, where all catalysts were placed on top of LDPE, presented
lower carbon content (3.3 wt%C after one pyrolysis). The grains of this
fraction are therefore exposed mainly to pyrolysis vapors, which favored
diffusion leads to homogeneous coking. As the different layers cannot be
collected separately, the elemental analysis might be affected by the
difference of exposition. However, when furtherly reused the hetero-
geneity is mitigated as catalysts are mixed. After using the catalysts for
the fourth and fifth times, zeolite materials seem to be saturated with
coke: L4 and L5 carbon contents fluctuate around 10.0 wt% while
microporous volume and acidity remain constant. Microporosity is
completely either occupied or blocked, preventing any access to
Brgnsted acid sites. Further coke deposition can only occur in meso-
porous volume by reacting with previous coke structures or remaining
Lewis sites. Detailed considerations about coke location during deacti-
vation by pyrolysis of polyethylene, as well as nature of carbonaceous
structures, are discussed in the following paragraph (Section 2.1.3).

3.1.3. Nature and location of coke

A first approach for the determination of coke nature is provided in
Fig. 3.c. The evolution of H/C ratio obtained by elemental analysis
shows progressive condensation of coke structures as its value decreases
when pyrolysis number increases. While H/C is around 2 for the first
runs, indicating an important fraction of aliphatic coke, condensation
occurs for further reuses, forming benzene-like coke (H/C ~ 1), followed
by naphthalene and pyrene-like molecules (H/C ~ 0.5). A more precise
determination of coke nature formed over ZSM-5 catalysts is determined
by !3C NMR analysis. Obtained spectra for spent samples are presented
in Fig. 4. The attribution of different observed peaks with corresponding
deconvolution exploitation are presented in Table 4.

All samples present similar chemical shifts with two main domains:
18-35 ppm and 120-153 ppm. These zones are identified in the litera-
ture as aliphatic and aromatic carbons respectively [36-38]. The aro-
matic carbon area is the main domain observed on the NMR spectra. As
sensed due to the high operating temperature of pyrolysis (450 °C), coke

150 100 50 0
Chemical shift (ppm)

Fig. 4. Normalized 'C NMR spectra of the different coked samples (blue line:
initial spectrum; thin red lines: deconvoluted peaks; thick red: deconvoluted
spectrum; black line: baseline).
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Table 4
Nature and composition of coke structures formed during pyrolysis determined
by '3C CP-MAS NMR.

% NMR Deconvoluted Peak Area L1 L2 L3 L4 L5

Aliphatic carbon 284 434 261 211 17.7

Methyl (18-22 ppm) -CHs3 14.9 7.0 17.0 8.7 6.8

Linear alkane (25- -CHy 13.5 36.4 9.1 12.4 10.9
35 ppm)

Aromatic carbon 71.6 56.6 73.8 78.9 82.3

184 122 205 188 203

[
375 309 406 430 487

2-ring junction N 6.5 6.0 5.7 8.8 7.2
(138140 ppm) |

Non-substituted
(120-128 ppm)

N

3-ring junction
(128-132 ppm)

N
Substituted Z C/cal 9.2 7.5 7.1 8.3 6.1
(151 —153 ppm) |
N
Ratio aliphatic/aromatic 040 077 035 0.27 0.22
Condensation degree® 0.61 0.65 0.63 0.66 0.68

@ The condensation degree is calculated as the ratio between ring junction (d, €)
and total aromatic carbons.

formed is mainly heavy coke containing condensed carbons forming
clusters of polyaromatics. Indeed, the two peaks attributed to ring
junction (128-132 ppm and 138-140 ppm), being the most condensed
form, represent the majority of aromatic carbons. The average coke
structure formed is an agglomeration of condensed rings. During the
successive reuses of catalysts, the condensation degree of aromatic
carbons tends to increase due to the growth mechanisms of initial coke.
Chen et al. obtained similar behavior during the catalytic pyrolysis of PE
over Y-zeolite industrial catalysts in a fixed-bed [39]. The challenge of
this work resides in the fact that the successive pyrolysis runs are not
considered as a continuous process: both growth of initial structures and
additional deposition of coke has to be considered. Every sample also
presents a significant fraction of aliphatic coke (between 17.7% and
43.4%). This light coke is linear and branched alkanes or alkenes, such
as partially cracked polymers or intermediate reactants that did not
undergo aromatization. During PE cracking in a conical spouted bed
reactor, Castano et al. obtained similar mix of aliphatic and aromatic
coke over HZSM-5 catalysts [48]. It is important to remind that NMR
analysis are considering all coke structures regardless of their location.
Indeed, coke nature and/or size is susceptible to be different according
to its location within the porous matrix. Micropores are sterically
limiting coke development while its growth is not restrained in meso-
porous volume [49]. Location considerations therefore need to be
considered to gain better insights of coke formation during pyrolysis.
Determining the repartition between internal and external coke, i.e.
determining coke contained in microporous zeolite crystals and in
alumina binder mesoporous volume, is a complex challenge even up to
date. The external coke content is usually obtained by difference be-
tween total coke load and microporous coke. The latter is determined by
correlating micropores volume loss and an approximation of coke den-
sity. However, this method approximates that all lost micro-volume is
actually occupied by coke molecules which may be untrue as pore
blocking can occur, especially in microporous zeolites. In this deacti-
vation pathway, only pore mouth is covered by coke and its volume
becomes inaccessible while not occupied by deactivating species. In this
work, the authors intended to evaluate the contribution between actual
occupancy and pore blocking in microporosity loss. The average density
of coke for each sample is determined with the H/C ratio using equation
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given by Kuwata et al to consider the important fluctuation of coke
nature confirmed by NMR analysis [50]. Calculated coke density range
for all samples is between 0.84 g.cm’3 (L1) and 1.32 g.cm’3 (L5). This
range is in accordance with the value of 1.22 g.cm ™3, often used in the
literature as value for average coke density [51,52]. Using the calculated
coke density, the actual volume occupied by coke is determined with
carbon mass content. The proportion of pore blocking is then calculated
from the difference between this value and the apparent microporosity
loss. Complete results obtained using this method are presented in
Table 5. No pore blocking is observed after one pyrolysis but its
contribution appears after two or more uses of catalysts (between 40%
and 50%). While L5 sample shows an 88% loss of microporosity rela-
tively to fresh zeolite, half is due to pore blockage (49.8%). This
calculation considers that all coke is located in micropores. Volume
occupied by mesoporous coke is here neglected due to its limited evo-
lution. However, previous results showed that external coke has an
important role in the mechanisms of coke growth and should be
considered.

3.1.4. Conclusion on catalytic deactivation

Based on the experimental results, a comprehensive multi-step
approach is proposed to describe coke formation over catalysts. Fig. 5
summarizes and illustrates this suggested deactivation pathway of ZSM-
5 catalysts during pyrolysis of LDPE. The initial deactivation after the
first use of catalysts in pyrolysis presents an important fraction of coke
deposited at the surface of zeolite crystals (external coke). Consequently,
the microporous volume and acid sites are less impacted than expected
considering the coke content (Fig. 3.a and b). The high H/C ratio sug-
gests that these deposits are mainly aliphatic compounds. The heavy
coke formed during pyrolysis and exposed by NMR analysis is expected
to be mostly formed in zeolite crystals (internal coke). Elordi et al
demonstrated similar behavior when conducting cracking of poly-
ethylene with HZSM-5 in a conical spouted bed reactor [53]. When
reusing the catalysts, further coke is deposited and carbon load in-
creases. Mechanisms of coke growth appears on both internal and
external coke: initial coke deposited in the micropores or over the sur-
face condensates to form polyaromatic structures. The development of
internal coke causes the apparition of pore blocking. Additional light
coke is deposited on the crystals surface with the deposition of partially
cracked polymers. This phenomenon is particularly observed after initial
deactivation as reactivity is altered, enhancing aliphatic coke formation.
Further reuses show typical behavior of coke growth with a gradual
condensation of coke structures, surface hindering and porosity loss. At
advanced stages of deactivation, the formation of a heavy coke envelope
around zeolite crystals is suggested, blocking all access to microporosity
and Brgnsted sites. Even though part of Lewis acid sites remains avail-
able in mesoporous volume, cracking and rearrangement capacities are
heavily impacted due to the important contribution of Brgnsted acidity.
In order to recover catalytic performances, coke has to be removed with
a proper regenerating treatment. In the following section, the capacity of
the ozonation process to restore catalytic performances in pyrolysis and
characteristics is discussed.
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3.2. Ogzonated catalysts efficiency and properties

Coke removal was carried out by ozonation in a fixed-bed reactor.
First regenerated sample has been obtained by exposing L5 sample
(9.9 wt%C) to an ozone-enriched gas stream at 100 °C during 8 h (R8) to
assess the ability of ozonation to remove highly condensed coke.
Intending to achieve complete coke removal, ozonation in identical
conditions was conducted during 48 h (R48) from a coked sample con-
taining 5.3 wt%C. The ozonated catalysts (R8 and R48) were analyzed
to measure their properties. These two regenerated samples were then
recycled in two separate pyrolysis runs using the same experimental
conditions as at the first pyrolysis to assess catalytic selectivity recovery.
Pyrolysis products and reused zeolites were collected after reaction for
analysis (R8-P and R48-P).

3.2.1. Study of regenerated catalysts selectivity

The compositions of pyrolysis condensed products collected after
reuse of ozonated catalysts are presented in Table 2 alongside previous
samples. Similarly to Section 2.1.1, the repartition of obtained oils and
waxes is discussed according to their fraction (C7-C9, C10-C14 and
C15 +) as well as their aromaticity. The evolution of main products,
toluene and xylenes, is also presented.

The regenerating treatment applied during 8 h allowed to obtain
important recovery of cracking and rearrangement performances when
compared to spent catalysts capacity (L4 experiment), showing that an
important part of initial catalytic selectivity is restored. While the L4
experiment presented only 27.5% of aromatics and 69.8% of light
products (C7-C9), pyrolysis using R8 catalysts led to regained formation
of aromatics (78.7%) and gasoline fraction (87.9%). The obtained
composition is close to pyrolysis products of L1 experiment, where used
catalysts were coked once, suggesting that 8 h of ozonation exposition is
not sufficient to remove all deposited coke. Indeed, the lower pro-
portions of aromatic products and C7-C9 fraction traduces the incom-
plete regeneration of active sites. Nevertheless, the reuse of R48
catalysts yielded pyrolysis oils with identical composition to pyrolysis
with fresh catalysts, suggesting that catalytic efficiency is entirely
recovered. Both aromatics and light fraction proportions are similar:
91.4% of aromatic and 92.2% of gasoline products with R48 catalysts.
Similarily to combustion, complete regeneration of catalysts is difficult
to achieve and require important process times. The competition of coke
oxidation with ozone catalytic degradation is susceptible to extend
necessary time of exposition [32]. For industrial application, an opti-
mization of the recovery efficiency gain as a function of process time and
energy consumption would be relevant. The characteristics of regener-
ated catalysts after the different investigated ozonation treatments are
discussed in Section 2.2.2.

3.2.2. Catalytic properties recovery and evolution

Textural and chemical properties of regenerated and reused samples
are presented in Table 6. Fresh and L5 samples characteristics are
reminded for comparison purposes, being the departing samples before
pyrolysis and regeneration respectively. Regenerated (R8 and R48) and
reused samples (R8-P and R48-P) are included in the graphic correlation
comparing microporous volume and free acid sites fraction as a function
of carbon content (Fig. 3.a, b).

Table 5

Determination of pore blocking contribution in porous volume loss for the different coked samples.
Property L1 L2 L3 L4 L5 Ll L2 L3 L1 L2" L3"
Carbon content (Wt%) 8.2 6.5 8.3 10.3 9.9 6.3 7 8.4 8.7 6.4 8.3
H/C ratio (mol/mol) 1.6 1.1 0.6 0.8 0.5 1.9 0.9 0.6 1.7 0.6 0.5
Coke density (g.cm’s) 0.91 1.05 1.26 1.16 1.32 0.84 1.12 1.26 0.88 1.26 1.32
Actual coke occupancy (cm?) 0.09 0.06 0.07 0.09 0.08 0.07 0.06 0.07 0.10 0.05 0.06
Apparent coke occupancy (cm®) 0.06 0.10 0.14 0.15 0.15 0.07 0.10 0.13 0.08 0.09 0.13
Contribution of pore blocking (%) - 40.0 52.9 41.0 49.8 - 38.8 47.9 - 44.2 52.6
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(@) Coke growth

Condensation of initial coke.

Steric limitation in micropores.
Deposition of additional soft coke
over surface initial coke.
Appearance of pore blocking.

@ Initial deactivation

* Heavy coke compounds formed in
micropores over Bronsted sites.

* Important fraction of aliphatic coke
on external surface.

* Microporous volume loss observed

without any pore blocking.

N

® Complete deactivation

* Heavy coke envelope around zeolite
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* No microporous volume left due to
complete occupancy or blockage.
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Zeolite crystals

I:l Alumina binder

Fig. 5. Schematic representation of coke formation process in industrial ZSM-5 catalysts during successive reuses in pyrolysis of LDPE.

Table 6
Textural and chemical properties of regenerated and reused catalysts.

Regenerated samples™

Reused in pyrolysis

Property Fresh L5 R8 R48 R8-P R48-P
Carbon content (wt%) - 9.9 4.7 (53%) 0.4 (92%) 7.9 6.3
BET surface area (m%g ') 369.6 43.3 174.3 (35%) 315.6 - 86.8 215.3
Total pore volume (cm®.g™ %) 0.38 0.16 0.27 (29%) 0.32 - 0.22 0.28
Microporous volume Vpiero (cm®.g ™) 0.17 0.02 0.08 (35%) 0.14 - 0.05 0.10
Mesoporous volume Vpego (cm®.g 1) 0.21 0.14 0.19 (24%) 0.18 - 0.17 0.18
Brgnsted acid sites (pmol.g’l) 294 4 135 (45%) 294 - 50 192
Lewis acid sites (umol.g™1) 193 25 90 (34%) 187 - 43 54

" Fraction of removed coke and known recovery rates are indicated in gray (%) for regenerated samples. Initial coked samples properties before R48 were unknown

except carbon content.

After the 8 h ozonation treatment, 53% of the initial coke is removed.
As a qualitative comparison, using combustion at 550 °C during 5 h,
Serrano et al. obtained a 64% coke removal from ZSM-5 samples coked
during LDPE pyrolysis at 340 °C [20]. Characteristics of R8 sample are
between those of L1 and L2 samples, such as microporous volume
(0.08 g.cm’3) or Brgnsted acidity (135 pmol.g’l) for instance. Exposi-
tion time was therefore not sufficient to recover all active sites but
ozonation allowed a 45% recovery for Brgnsted sites and 34% of Lewis
acidity. Recovery rate of mesoporous volume (24%) is less important
than microporous retrieval (35%). Ozone preferentially reacts with coke
located over strong acid sites in micropores. Indeed, as mentioned in
Section 2.1.3, external coke for extensively coked catalysts is made
mostly of very stable polyaromatic clusters while the steric limitation
leads to the formation of smaller internal coke molecules. Being less
stabilized by important condensation, these molecules react more easily
with oxidizing agents. A difference of oxidation rate appears depending
on the various structures and natures of coke molecules. The partial
recovery of textural and chemical properties does not linearly correlate
with the catalytic performance discussed in Section 2.2.1. Indeed,
despite incomplete acid sites recovery, reuse of R-8 h sample conducted
to an important catalytic efficiency of 86% regarding products aroma-
ticity. However, residual coke is blocking a fraction of active sites. The
ozonation regenerative treatment was thus applied for 48 h at 100 °C
intending to achieve complete coke removal (sample R48). A coke
removal of 92% is obtained, corresponding to 0.4 wt% of residual car-
bon. Lopez et al. observed similar behavior with 0.7 wt% remaining coke
(97% coke removal) after combustion treatment at 550 °C of ZSM-5
catalysts coked during plastics mix pyrolysis at 440 °C [19]. Despite

few coke remaining over R48 sample, acidity has been entirely recov-
ered as both Brgnsted and Lewis sites concentrations retrieved their
initial value. The residual carbon causes partial recovery of specific
surface and porosity. The fact that chemical properties are completely
retrieved during ozonation suggests that ozone and/or hydroxyl radicals
preferentially react with coke located over sites sites. Fraction of re-
sidual coke is located in the microporosity as only 83% of microporous
volume is recovered. Such coke molecules are suggested to be inacces-
sible to oxidizing agents due to diffusion limitations [32].

After reuse of regenerated samples in pyrolysis, coked catalysts were
collected to compare the relative deactivation rates of regenerated
samples with those of initial experiments. The evolution of catalytic
properties after reuse in pyrolysis is presented Fig. 6. A complete cycle is
here represented: starting from fresh catalysts, followed by spent ma-
terial (L5), then corresponding regenerated sample (R8) and finally after
being reused in same conditions as initial pyrolysis (R8-P). The sample
R48-P, obtained by reuse of R48 in pyrolysis, is also plotted for com-
parison and shows properties close to L1 spent catalysts. Completely
regenerated and fresh catalysts therefore appear to present similar
deactivation behavior. Diminution of Brgnsted acid sites is identical
while Lewis acidity, porosity and specific surface loss is slightly more
important. Similar decrease is observed for R8-P sample, which coke
content before reuse is not null (4.7 wt%C). It is expected that residual
coke favor the formation of new deposits as it acts as precursors,
amplifying deactivation when recycling regenerated samples with re-
sidual carbon compounds. Brgnsted acidity loss between R8 and R8-P is
29% while it would be expected around 26.5% by interpolation between
the samples with similar characteristics (L1 and L2). However,
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Fig. 6. Evolution of textural and chemical properties of catalysts samples
during one cycle of pyrolysis, regeneration with different exposition times and
reuse. (A: five successive pyrolysis; B: 8 h ozonation at 100 °C; C and D: reuse
in pyrolysis).

comparison of relative deactivation rates is more complex and samples
with exact initial characteristics would be required for accurate com-
parison. Based on our results, deactivation observed when reusing
ozonated catalysts does not present a different rate when compared to
the initial coke formation discussed in Section 2.1.2. The combined re-
sults of catalytic selectivity and zeolite material properties in this work
show that ozonation is efficient in one reuse cycle. Influence of repeated
regenerations, similarly to Kassargy et al. [31] who studied regeneration
efficiency up to 14 cycles with combustion, will be investigated using
ozonation and presented in a future study.

4. Conclusions

The deactivation of ZSM-5 extruded catalysts during pyrolysis of
low-density polyethylene at bench scale has been investigated at
different levels: evolution of catalytic selectivity and textural/chemical
properties. Loss of catalytic performances during successive pyrolysis is
quantified with a decrease of both aromatic products and C7-C9 fraction
in pyrolysis oils. Important deactivation is observed after five successive
uses where collected oils present important decrease of aromatics (from
91.9 to 27.5%) and light products (from 94.9 to 69.8%). The evolution
of catalysts properties combined with analysis of deactivating species
nature allowed to gain better understanding of the coking process during
pyrolysis of polyethylene. Microporosity is mostly impacted due to the
formation of heavy coke in zeolite cristallinity and important contri-
bution of pore blocking (around 50%). Mechanisms of coke condensa-
tion and deposition of additional external soft coke are observed until
coke saturation and complete deactivation.

Coke formation is unavoidable during catalytic pyrolysis as many of
the products of interest (toluene, xylenes, naphthalene) are coke pre-
cursors but isreversible. Innovative ozonation process was here inves-
tigated to remove coke and restore catalytic performance as an
alternative method to coke combustion with oxygen. Regenerating
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treatment with O3 during 48 h in a fixed bed reactor allowed to fully
recover initial catalytic selectivity and acidic properties. Pyrolysis oils
obtained from ozonated catalysts reuse were similar to fresh catalysts
use (91.4% aromatics, 92.2% C7-C9). Despite total acidity recovery,
complete coke removal is difficult to achieve because of the ozone
diffusion limitations. The preferential reactivity of ozone with micro-
porous coke allowed to recover important proportions of initial char-
acteristics with limited time of exposition (8 h). At moderate
temperature (100 °C), ozonation can thus efficiently restore catalytic
selectivity and properties of industrial ZSM-5 catalysts after one cycle of
LPDE pyrolysis and regeneration. As coke formed during pyrolysis is
mainly composed of heavy and stable structures, these results are
promising regarding the use of ozonation in a wide range of deactivating
processes with less severe deactivation conditions.
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