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Abstract
The increasing generation of plastic wastes forces us to search for �nal disposal technologies. Pyrolysis
becomes an interesting technique in the last few years because it takes advantage of the wastes
obtaining important products. Moreover, catalytic pyrolysis develops a great selectivity in the products so,
the recovered of catalysts from other processes gain signi�cant interest. In this study, we report the
evaluation of the catalytic pyrolysis carried out in a batch reactor with a regenerated FCC catalyst using
thermogravimetry (TGA). The regeneration studies were carried using two solvents (ethanol and toluene)
at different contact times, then a thermal regeneration at two heating ramps was developed. The
catalysts were characterized by SEM-EDS and BET, then used to compare with a commercial catalyst in
the pyrolysis process in a 1:10 ratio (catalyst-plastic). The catalytic pyrolysis of polypropylene (PP) was
carried out at 450 °C, and the products were quanti�ed. The results showed a better solvent action of the
ethanol in 14 hours of contact and longer gasi�cation. The degradation process using recovered catalyst
decreases the degradation temperature compared to the no-catalyst process. As a consequence, the yield
of the liquid fraction decreases by 10% with greater orientation to aliphatic components.

1 Introduction
Due to the considerable effort increasement to lower CO2 emission from liquid fuel production and also
from the notorious decrease on fossil sources like gas, coal and petroleum; it has been really evident the
need to search for new sustainable and e�cient alternatives (Rashid Miandad et al., 2019). In this
context, gasi�cation, thermal and catalytic pyrolysis are technologies with various operational and
environmental advantages for energy recovery, which are becoming alternative methods for clean energy
production, especially in processes involving plastic waste. In this way, the use and reuse of plastic waste
through its anaerobic thermochemical decomposition at high temperature (pyrolysis) has allowed the
production of biofuels. This environmental technology is carried out with or without the presence of a
catalyst, however, the use of different types of catalysts has improved the pyrolysis process of plastic
waste and the e�ciency of the process, thus obtaining biofuels of quality greater than or equal to that of
conventional fuels (Nizami et al., 2015). Also, in the pyrolysis process with an inert atmosphere (nitrogen),
the oxygen in the molecules is removed and consequently, it is possible to convert plastic into liquid oils
(short-chain hydrocarbons), solids (carbon), and gases (hydrocarbon isomers between C1 and C5).
Thermal degradation takes place at high temperatures, achieving decomposition of the original chain of
the compound into a wide variety of new compounds with smaller carbon numbers, similarly to fuels
(gasoline and diesel). Not only the temperature, but also the heating rate, plastic-type and class of reactor
(Anuar Sharuddin et al., 2016).

When a catalytic phase (Zeolite-based catalysts) is incorporated into the degradation process, it helps to
produce lighter liquid fractions with proper characteristics to use in engines, furthermore decreasing the
total energy consumed. (R. Miandad et al., 2016) In the catalytic pyrolysis of polyole�ns such as
polyethylene (PE) and PP, studied between 420 to 510 ◦C (Abbas-Abadi et al., 2014), the researchers
found that the yield was 92.3% for the highest liquid fraction at 450°C. While Aisien et al.(Aisien et al.,
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2021) reported a liquid fraction of 83.3% using FCC catalysts in PP pyrolysis at different temperatures
and 77.6% using FCC spent catalyst at 450°C. The in�uence of the catalysts on the obtained fractions
depends on the porous surface of the catalyst and its acidity. If the acidity is excessively high it can give
an uncontrolled fractionation reducing the liquid fraction and increasing the produced gases.

The fractions distribution of the pyrolytic products in catalytic cracking is in�uenced mainly by the
catalyst used. The catalysts in the pyrolysis of plastics can be classi�ed into three types: silica-alumina,
zeolite, and FCC processes catalysts. ZSM-5, red mud, HY zeolites have been studied in pyrolysis [6,7],
obtaining high selectivity and a liquid fraction mainly in diesel-like compounds. In addition, other
researchers (Onwudili et al., 2019), studied the catalytic pyrolysis in a mixture of plastics using FCC and
ZSM-5 type zeolites with similar conclusions regarding the orientation of the products, however, there was
a decrease of 10% in the liquid fraction.

Several investigations have been carried out in catalytic pyrolysis, however, the regeneration methods of
catalysts from oil re�ning processes are limited. For example, Ding et al., studied the solvent method to
remove sulphur using carbon disul�de, ethanol and benzene as solvents,[9,10] the results showed better
yield with carbon disul�de followed by ethanol. Another method to remove sulphur and carbon is by the
gasi�cation of catalysts at 450°C (Su et al., 2019), where they are satisfactory converted into sulphur
dioxide and carbon dioxide. The leaching process is another interesting method for this purpose,
lanthanum for example, is a catalyst that can be recovered applying acidic leaching followed by a heat
treatment at 750°C (Zhao et al., 2017).

Based on all the previous information, in this work a regenerated FCC catalyst from a petrochemical
industry applied to a catalytic degradation of polypropylene has been investigated. First, a chemical
regeneration of the catalyst with three solvents at different contact times and a thermal regeneration by
gasi�cation using two heating ramps have been developed. Then, the catalyst was characterized by
analyzing its surface area. Then, the behaviour of the regenerated catalyst compared to a commercial
one was analyzed by thermogravimetry. Finally, the regenerated catalyst was investigated to determine
the e�ciency of pyrolysis processes.

2 Materials And Methods

2.1. Spent Catalyst conditioning
One of the most important processes in oil re�ning is �uidized catalytic cracking (FCC), in this process,
the catalysts become saturated and/or poisoned by the deposition of coke or metallic elements, for this
reason, the catalysts are thrown out periodically (Almas et al., 2019). In the present study, 20 kilograms of
spent catalyst based on ZSM-5 zeolites have been sampled randomly from a standard production day in
an oil re�ning industry. The catalyst was heated at 140 ° C for two hours to remove the absorbed water
during �nal storage.

2.2. Regeneration of spent catalyst
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The regeneration takes place in two stages. In the �rst one, chemical treatment has been carried out to
remove sul�des or sulphur oxides adsorbed into the catalyst structure during the FCC unit operation.
Solutions of 200 mL of each solvent (ethanol or toluene) were stirred at 300 rpm between 12 to 14 hours
with the spent catalyst, using 10 mL of solvent per gram of catalyst. The resulting solution have been
�ltered and the solid product was dried at 120ºC for two hours for complete evaporation of the solvent.
The sample produced in chemical treatment, in the second stage was calcinated at three heating
temperatures, the �rst one at 350 ºC for 1 hour at 50 ºC h− 1 of heating rate, then at 450ºC for 1,5 hour at
25 ºC min− 1 of heating rate, and the last one at 700 ºC for 2 hours at 50 ºC h− 1 of heating rate. Finally,
the samples were cooled gradually, we can see in Fig. 1 the behaviour of the heating.

2.3. Characterization of the Regenerated Catalyst

2.3.1. Porosity and surface area analysis (BET method)
The surface area of the catalyst was carried out with the BET method using Micromeritics AutoChem
2920 equipment, (series 413841/14) in a dynamic �ow mode with nitrogen. The container of 500 mL of
N2 and the equipment ramp were con�gured to perform the adsorption and desorption cycles at the
nitrogen liquefaction (-195.6 ° C). The surface area of the samples and also a porosity size distribution
was determined by calculating the number of adsorbate molecules.

2.3.2. Scanning Electron Microscopy analysis (SEM-EDS)
SEM-EDS provides important information for the study of catalysts because depending on the energy of
the electrons bombarded by the SEM's electron beam, other electrons are ejected from the atoms
comprising the sample's surface or the internal structure of the solid (Akubo et al., 2019). The x-ray
energy is characteristic of the element from which it was emitted and provides information on the
chemical composition. The samples were calcined before the analysis in SEM-EDS (JSM-IT100LA).
Samples were �xed on Stubs for SEM using conductive double-sided carbon tape and then covered with
conductive gold (99.99%) for 30 seconds.

2.4. Thermogravimetric analysis of polypropylene using the
regenerated catalyst
Thermogravimetric analysis (TGA) is used to perform the characterization of Physico-chemical properties
of some materials, mass variation is measured while the sample is heated in a de�ned atmosphere and
controlled conditions (Wang et al., 2021). In this experiment, recycled, washed and crushed polypropylene
samples were placed into TGA 1 STAR System equipment (METTLER TOLEDO, precision of ± 0.001 mg)
with nitrogen atmosphere at 20 mL min− 1 �ow. The tests were carried out in a dynamic state from room
temperature to 550°C at a 15°C min− 1 heating rate. We developed a comparison of the catalytic activity in
three variables: No Catalyst (SC), Commercial Catalyst ZSM-5 (CC), and Regenerated Catalyst (CR), in
1:10 ratio catalyst - plastic fed in all the experiments. In each case, the maximum degradation
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temperature was determined by the �rst derivative of the mass variation against temperature, in addition,
the maximum conversion in each treatment was calculated.

2.5. Polypropylene Catalytic Pyrolysis Process
The evaluation of the catalyst in the catalytic pyrolysis has been developed in a batch reactor at the
operating conditions that are shown in table 2.5. The liquid fraction produced was condensed at 10°C,
then collected in amber bottles and preserved at the same temperature. The gaseous fraction was
calculated by a balance of materials in the reactor. The experiments were carried out by triplicate using
200 grams of crushed-recycled PP.[(Palmay, Paul, Morocho, Samya, Donoso, Caterine, Puente, 2021)] In
addition to the gaseous and liquid products, there was also a solid deposit (coke) formed on the catalyst
causing its deactivation.

Table 1
Characteristics of the batch reactor.

PARAMETER VALUE

Reactor diameter (cm) 25

Reactor length (cm) 50

Capacity (l) 3.9

Maximum reactor temperature (ºc) 700

Reactor pressure (psi) 80

Heating rate (ºc/min) 15

Condenser length (cm) 15

Number of condenser tubes 1

Cooling water temperature (ºc) 10

3 Results And Discussion

3.1. Characterization of the Regenerated Catalyst by BET
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Table 2
Analysis BET of the catalyst regenerated by the calcination process.

Termic treatment Chemical treatment time (h) Pore size (mm) Surface area (m2 g− 1)

Ramp 1 Ethanol 12 0,2339 96,56

14 0,2228 88,58

Toluene 12 0,236 90,15

14 0,2098 115,48

Ramp 2 Ethanol 12 0,253 66,11

14 0,2077 112,56

Toluene 12 0,2617 92,45

14 0,2216 80,1

As we can see in Table 2, based on the surface area, ramp 2 shows better results, furthermore, ethanol
has the highest solvent action to remove pollutants from the catalyst. Similarly, in 12 hours of contact
time in the mixture (solvents and catalyst) in ramp 2 give rise to an increase in pore size of the catalyst
that could be attributed to the complete remotion of coke in gasi�cation at higher temperature in the
regeneration process (Moorthy Rajendran et al., 2020). On the other hand, toluene in ramp 2 does not
present the same behaviour, since the sintering process occurs with molecules of the solid that form
disordered and conglomerated structures around a point.[(Germania et al., 2018)] To determine the
e�ciency, the catalyst with the highest surface area was selected and used in thermal degradation tests
by dynamic thermogravimetric analysis at a heating rate of 15°C min− 1 as shown in Table 3.

Table 3
Dynamic thermogravimetric analysis using catalyst with the highest surface area.

Termic treatment Chemical treatment Degradation (%) Temp. Max. Degradation (ºC)

Ramp 1 12 h 92,1 448,5

14 h 91,6 443,5

Ramp 2 12 h 88,9 450

14 h 87,4 443,5

The in�uence of the catalyst in the degradation reaction generates a slight decrease in the maximum
degradation temperature compared to the thermal process presented in previous studies where maximum
temperatures were 450°C.[16,19−21]

3.2 Characterization of the Regenerated Catalyst by SEM-
EDS.
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As we can see in Table 4 the results of the energy-dispersive X-ray spectroscopy (EDS) analysis of the
regenerated catalyst in Ramp 1 at 20.5 hours and Ramp 2 at 22.5 hours are expressed as a percentage in
mass. High coke removal is achieved; therefore, an increase would be expected in aluminum and silicon
concentration in the samples after a mass balance is performed in the absence of the contaminants. To
evaluate catalyst regeneration, the results of this investigation have been compared with those of an EDS
analysis of the spent catalyst without chemical treatment in the previous investigation developed in the
same conditions. The results show Al: 20.55%, Si: 23.56%, Fe: 0.66% and La: 3.08% percentage in mass
(Wang et al., 2021).

Table 4
EDS of the regenerated catalyst by the calcination process.

Treatment treatment time (h) %Al %Si %Fe %La Si/Al

Ramp 1 Ethanol 12 20,55 19,54 0,57 3,11 0,951

Toluene 14 15,58 15,07 0,34 2,21 0,967

Ramp 2 Ethanol 12 22,58 20,41 0,57 3,59 0,904

Toluene 14 25,27 21,35 0,66 2,04 0,845

The aggressiveness of the regeneration chemical treatment is evidenced through the loss of the sample
(Al and Si loss). The EDS results show the great solvency power of toluene with the conditions in ramp 1
of the heat treatment in 14 hours. For the other metals (Fe and La), the concentration is not in�uenced
signi�cantly. This behaviour is due to the used solvent in the regeneration treatment to remove coke and
sulphur that have no a�nity towards Fe and La metallic phase since these metals in normal conditions
are soluble in strong acids. One of the characteristics of catalysts is their acidity, which depends on Si/Al
ratio and it allows the evaluation of their catalytic activity. However, lanthanum can be impregnated in the
catalyst support to improve its operating properties (resistance to wear and operating temperature),
consequently modifying the acidity but this modi�cation helps in the breakdown of high molecular
weight molecules (Su et al., 2019; Zhou et al., 2020).

We can see in Table 4 that Si/Al ratios are close to 1, which is characteristic of spent catalysts. So we
could assume that despite removing pollutants (sulphur and coke) from the catalyst, the concentration of
the main elements has not changed signi�cantly. The degree of regeneration of the catalyst has been
evaluated by comparing the recovered catalyst Si/Al ratio to the results of Si/Al ratio for new catalysts,
reported by Kassargy et al.(Kassargy et al., 2017)

Figure 2 describes a simulation of the catalytic pyrolysis process. First, organic radicals are generated by
decomposition reactions as a result of heat, then the catalyst allows the reaction of the radicals coming
from the degraded plastic, reactions that are developed at speci�c points (active side) on the surface and
�nally promote them to form the products (Aljabri et al., 2017; Arandes et al., 1997; Lopez et al., 2017).

Figure 3 (a) corresponds to the micrograph of the solid samples after the calcination using ramp 1 and
pretreated with ethanol for 12 hours, while Fig. 3 (b) belongs to samples calcinated using ramp 2 and
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pretreated with ethanol for 12 hours. The gasi�cation of pollutants and porosity formation is an effect of
temperature that we can see on the surface of the catalyst. The average diameter of particles in Fig. 3 (a)
is 42 µm and 17 µm for particles in Fig. 3 (b), where the thermal process treatment was much more
aggressive increase of �nes by approximately 57%. As a consequence, the catalyst has high porosity that
generates greater surface area increasing the contact area between the catalyst surface and the
hydrocarbon macromolecules.

3.3 Thermogravimetric analysis of PP with catalyst.
The regenerated catalyst heated in ramp 2 using ethanol in 14 hours had the best properties after the
thermal and chemical treatment and have been chosen according to the greater surface area, as well as,
the selected solvent generates less environmental impact. The catalyst and polypropylene were studied
with thermogravimetric analysis (TGA), to determine the catalytic pyrolysis kinetics. According to the
results (Table 5) of the thermogravimetric analysis of PP with catalyst, the presence of catalyst increases
the loss mass of the degraded plastic (30%), besides contributing to decreasing the degradation
temperature. In addition, there are no signi�cant differences between the new catalyst and the recovered
one neither in the percentage of the lost mass nor the maximum degradation temperature. Based on
these results we can conclude the regeneration is e�cient enough for its application in processes of this
type. It is important to mention that the regeneration of catalysts helps to reduce the costs of �nal
disposal of these wastes since the recovered metals (Pd, Pt, Rh) can be again pro�tably reused in
analytical equipment. The average price of catalyst regeneration for one gram in the proposed treatment
is $ 2.20, while one gram of a commercial zeolite Y is $ 25.

Table 5
Lost mass in the different treatments at

the pyrolysis temperature.
Shows % Lost T (°C)

Without Catalyst 63,51 467.0

Recovered Catalyst 92,12 443,5

Catalyst ZSM-5 94,13 443,5

Figure 4 shows the TGA and DTG of the three experiments developed without catalyst (SC), using a
commercial catalyst (CC) and recovered catalyst (CR) each one in separated experiments. The tendency
of the degradation curve and temperature using catalysts evidence that in low temperature the gas
production is greater so that is why the solid fraction has been reduced.[27–29]

The results in TGA give a guideline to use in future experiments the applied conditions in this test (batch
reactor).

3.4 Polypropylene catalytic pyrolysis
To prove the results showed in TGA and to demonstrate the feasibility of using the regenerated catalyst in
the recycled PP pyrolysis process, we carried out the experiments in the same conditions. The use of this
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regenerated catalyst mixing directly with the plastic results in a greater production of the gaseous
fraction due to the occurrence of lower molecular mass molecules, as well as, the reduction in the solid
and liquid fractions. The presence of a catalyst in the reaction cause the liquid fraction (C6-C20) to
decrease (10%), and consequently the gaseous fraction (C1-C5) increase (20%), both in regenerated
catalyst and in the commercial one, since there is just 2% of reduction in the liquid fraction due to
catalytic effect between the commercial catalyst and the recovered one.(R. Miandad et al., 2017) This
behaviour is assumed to be due to the in�uence of the catalyst when the radicals are produced in the
initiation and propagation process of the reaction.[28,29]

In the pyrolysis developed without catalyst, the GC analysis shows that the saturated and unsaturated
aliphatic components are the main products and less than 1% of the whole products are aromatic
compounds (Fig. 5b). In catalytic pyrolysis using regenerated catalyst approximately 34% of the main
products are unsaturated aliphatic compounds but the para�n-based products decrease. The presence
of the regenerated catalyst increases the ole�ns fraction and the aromatic compounds, as a result, these
components contribute to increasing the properties such as the octane index in fuels (Aboulkas et al.,
2010; Singh et al., 2019). Applying the thermal process, oligomers are the major components in products,
whereas in the catalytic process the oligomers are partly hydrogenated generating as consequence
products that could be used as fuels (Lewandowski et al., 2019; Moorthy Rajendran et al., 2020).

4 Conclusions
In this work, an FCC catalyst was regenerated applying chemical and thermal treatment at different
conditions and then catalytic pyrolysis of polypropylene has been carried out in a batch reactor using this
catalyst. The chemical treatment using ethanol to remove sulphur and coke combined to the thermal
process generates a surface area of   112.56 m2 gr− 1 in the catalyst applying the conditions in ramp 2 in
14 hours. The TGA proved a decrease in the degradation temperature of the polypropylene using the
regenerated catalyst to 443.5°C in front of the average degradation temperature (467°C) required in non-
catalytic pyrolysis. The catalytic pyrolysis using the regenerated catalyst decreases the liquid fraction
(10%) and increases the gaseous fraction (20%) although, guiding the formation of unsaturated aliphatic
compounds. In short, the advantages that we have obtained are the reduction of the required energy for
polymer degradation, reuse of the spent catalysts, use of ecological solvents, and above all, the low costs
($ 2.50) per gram of the regenerated catalyst considering the price of a new one.
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Figure 1

Temperature behaviour in (a) ramp 1 and (b) ramp 2.

Figure 2

Behaviour of the catalyst in pyrolysis reactions.

Figure 3
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SEM analysis in ethanol sample (a) 12h-R1; and (b) 12h-R2.

Figure 4

(a)TGA and (b) DTG of the degradation experiments.
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Figure 5

(a) Different fractions and (b) liquid products after the pyrolytic treatment. 
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