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Abstract

The increasing generation of plastic wastes forces us to search for final disposal technologies environmentally friendly such
as pyrolysis, which becomes an interesting technique because it takes advantage of the wastes obtaining important products.
In addition, catalytic pyrolysis by using commercial catalysts, e.g. such zeolites, alumina or recovered from other industrial
processes, it allows decreases the activation energy and selectivity in the obtained products. In this study, we report the evalu-
ation of the catalytic pyrolysis with a regenerated fluid catalytic cracking catalyst using thermogravimetry with polypropylene
and a pyrolytic process carried out in a batch reactor with polypropylene in a 1:10 ratio (catalyst-plastic). The regeneration
studies were carried using two solvents (ethanol and toluene) at different contact times, then a thermal regeneration at two
heating ramps was performed and the best treatment was evaluated by scanning electron microscopy energy-dispersive
X-ray spectroscopy and surface area analysis. The results showed a better action of the ethanol in the chemical treatment at
14 h of contact in the heat treatment due to longer gasification of the coke. 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.
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Introduction

Currently, there are serious problems of environmental pol-
lution due to the considerable increase in the generation of
plastic waste, high production of waste catalysts from oil
refineries and high CO, emissions from fossil sources such
as gas, coal and oil (Palmay et al. 2022). Promoting the use
of new sustainable and efficient alternatives through reduc-
tion, recycling and reuse activities allow to solve these prob-
lems mentioned above (Miandad et al. 2019). In this context,
gasification, 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 involv-
ing plastic waste. The pyrolysis process allows anaerobic
thermochemical decomposition at high temperature of
plastic waste through an inert nitrogen atmosphere, which
removes the oxygen from the molecules and consequently, it
is possible to convert the plastic into liquid oils (short-chain
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hydrocarbons) similarly to conventional fuels (gasoline and
diesel), solids (carbon) and gases (hydrocarbon isomers
between C1 and C5). In addition, other factors such as the
heating rate, the type of plastic, the type of reactor and the
presence of catalysts influence the products from pyrolysis
quality (Anuar Sharuddin et al. 2016).

Different catalysts have been used in the catalytic
degradation of plastic waste such as amorphous silica-
aluminas, acid catalysts, ZSM-5, red mud, HY zeolites
(Heracleous et al. 2019; Rehan et al. 2017), which accel-
erates the process and favours the quality of the pyrolytic
products, obtaining high selectivity and a liquid fraction
mainly in diesel-like compounds, where fractions distri-
bution of the catalytic pyrolytic products are influenced
mainly by the catalyst used. A great disadvantage of the
use of these catalysts is their economic cost, however,
the recycling of catalysts from fluid catalytic cracking
(FCC) units together with plastic waste has shown great
potential in catalytic pyrolysis, being a more profitable
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alternative compared to other catalysts. In this way, the
FCC catalytic pyrolysis of polyolefins such as polyeth-
ylene (PE) and PP studied have shown a yield of 92.3%
for the highest liquid fraction at 450 °C (Abbas-Abadi
et al. 2014). Aisien et al. (2021) reported a liquid frac-
tion yield of 83.3% using commercial FCC catalysts in PP
pyrolysis at different temperatures and a yield of 77.6%
using FCC spent catalyst at 450 °C. The influence of the
catalysts on the obtained fractions depends on the porous
surface of the catalyst and its acidity, which can give rise
to uncontrolled fractionation, reducing the liquid frac-
tion and increasing the gases produced when its acidity
is excessively high (Lin and Yang 2008). Other research-
ers have 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 frac-
tion (Onwudili et al. 2019). In addition, catalysts help to
produce lighter liquid fractions with proper characteris-
tics to use in engines, furthermore decreasing the total
energy consumed (Miandad et al. 2016).

Despite the advantages presented by the regeneration
methods of catalysts from oil refining process, they are
limited and still very little exploited. Ding et al., studied
the solvent method to remove sulphur of FFC catalysts
using carbon disulphide, ethanol and benzene as solvents
(Ding et al. 2019), the results showed better yield with
carbon disulphide followed by ethanol. Another method
to remove sulphur and carbon is by the gasification of
catalysts at 450 °C (Su et al. 2019), where they were sat-
isfactory converted into sulphur dioxide and carbon diox-
ide. The leaching process is another interesting method
for this purpose, where lanthanum can be recovered by
applying an acid leaching followed by a heat treatment at
750 °C (Zhao et al. 2017).

In this work, a regenerated FCC catalyst from a pet-
rochemical industry applied to a catalytic degradation of
polypropylene has been investigated. A chemical regener-
ation of the catalyst with two solvents at different contact
times and a thermal regeneration by gasification using
two heating ramps have been performed. This catalyst
has been characterized (e.g. surface area) and its behav-
iour was compared with a commercial catalyst by means
thermogravimetry. Therefore, it was used to evaluate the
influence in the polypropylene (PP) pyrolysis process and
to establish its relationship with the quality of the cata-
lytic products obtained, their yields and economic costs.
In addition, it is a great alternative to close the circle of
the circular economy by reusing both recycled plastic and
spent FCC catalyst from refineries (hazardous waste due
to the presence of heavy metals in its composition) (Wang
et al. 2021a, b).

Materials and methods

Physicochemical characterization of polypropylene
plastic waste

PP has been characterized by Fourier Transform Infrared
Spectroscopy (FTIR) using a JASCO FT/IR-4100 spectrom-
eter. This method used was executed with the Spectra Analy-
sis program, which performs the data acquisition and treat-
ment, and provides a numerical value based on the height or
area of the peak in a working scan range of 4000400 cm™!
(Palmay et al. 2021a, b).

Spent catalyst conditioning

One of the most important processes in oil refining is fluid-
ized 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 kg of spent catalyst based on zeolites have been sampled
randomly from a standard production day in an oil refining
industry. The catalyst was heated at 140° C for 2 h to remove
the absorbed water during final storage.

Regeneration of spent catalyst

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

Characterization of the regenerated catalyst

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 413,841/14) in a dynamic flow mode with nitrogen.
The container of 500 mL of N, and the equipment ramp were
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Fig. 1 Temperature behaviour in a ramp 1 and b ramp 2

configured 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 deter-
mined by calculating the number of adsorbate molecules.

X-ray diffraction analysis (XRD)

X-ray diffraction (XRD) patterns of the regenerated catalyst
were performed to determine its crystal structure. There are
some types of zeolites, each one has a specific crystalline
characteristic and spatial arrangement, which allows identi-
fying the type and purity of zeolite that has been used (Kan-
chanatip et al. 2022).

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). SEM
images were obtained with a TESLA instrument in connec-
tion with a TESCAN digitizing unit. The X-ray energy is
characteristic of the element from which it was emitted and
provides information on the chemical composition. The sam-
ples were calcined before the analysis in SEM-EDS (JSM-
ITI00LA). Samples were fixed on Stubs for SEM using
conductive double-sided carbon tape and then covered with
conductive gold (99.99%) for 30 s.

Thermogravimetric analysis of polypropylene using
the regenerated catalyst

Thermogravimetric analysis (TGA) is used to perform the
characterization of physicochemical properties of some
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materials, mass variation is measured while the sample is
heated in a defined atmosphere and controlled conditions
(Wang et al. 2021a, b). 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~!
flow. The tests were carried out in a dynamic state from
room temperature to 550 °C at a 15 °C min~' heating rate.
We developed a comparison of the catalytic activity in three
variables: No Catalyst (SC), Commercial Catalyst (CC) and
Regenerated Catalyst (CR), in 1:10 ratio catalyst—plastic fed
in all the experiments. In each case, the maximum degrada-
tion temperature was determined by the first derivative of the
mass variation against temperature, in addition, the maximum
conversion in each treatment was calculated.

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. The liquid fraction produced was
condensed at 10 °C, then collected in amber bottles and pre-
served at the same temperature. The gaseous fraction was
calculated by a balance of materials in the reactor. The exper-
iments were carried out by triplicate using 200 g of crushed-
recycled PP. (Palmay et al. 2021a) In addition to the gase-
ous and liquid products, there was also a solid deposit (coke)
formed on the catalyst causing its deactivation.
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Table 1 Characteristics of the batch reactor

Parameter Value
Reactor diameter (cm) 25
Reactor length (cm) 50
Capacity (1) 39
Maximum reactor temperature (°C) 700
Reactor pressure (psi) 80
Heating rate (°C/min) 15
Condenser length (cm) 15
Number of condenser tubes 1
Cooling water temperature (°C ) 10

Table 2 Analysis BET of the catalyst regenerated by the calcination
process

Thermic treatment ~ Chemical treat- Pore size (mm)  Surface
ment time (h) area (m?
gh
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

Results and discussion
Characterization of recycled polypropylene (PP)

FTIR has been used for the chemical characterization of
plastic waste as shown in Fig. 2. In the PP spectrum, three
groups of bands can be seen corresponding to tension
movements of the C—H bonds at 2900 cm™!, C—C tension
movements at 13501470 cm™! and a bending movement
of ~CHj, between 1200 and 1000 cm™". In addition, these

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

Thermic treatment Chemical  Degradation (%) Temp. max.

treatment degradation
() °C)
Ramp 1 12 92.1 448.5
14 91.6 4435
Ramp 2 12 88.9 450
14 87.4 4435

results are similar to those reported in another work car-
ried out by the authors (Palmay et al. 2021a, b), which
shows that the biomass used in this study to carry out the
FCC catalytic pyrolysis was polypropylene.

Characterization of the regenerated catalyst

Table 1 presents the BET pore sizes and specific surface
areas, pore volumes of regenerated catalyst. As we can see,
based on the surface area, ramp 2 shows better results, fur-
thermore, ethanol has the highest solvent action to remove
pollutants from the catalyst. Similarly, in 12 h 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 gasification
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 disor-
dered and conglomerated structures around a point (Germa-
nia et al. 2018). To determine the efficiency, 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~! as shown in Table 3.

In previous studies of the FCC catalyst analysis (Car-
rera 2013), the BET surface area of a new catalyst of 250
m? kg~!, which after compared to that obtained after regen-
eration, presents in all cases a decrease of more than 50%,
which can be attributed to the treatments as well as to the
metal poisoning or the regeneration temperature of 700 °C
applied, which causes the crystalline structure of the zeolites
to be modified to improve its stability, generating a change
in the porosity. Additionally, a low surface area is accompa-
nied by a high porosity which is attributed to the mechanical
wear suffered by the material during the gas flow in the FCC
operation, however, this decrease in surface area is compen-
sated by its low cost compared to synthetic catalysts used for
these operations.

The influence of the catalyst in the degradation reaction
generates a slight decrease in the maximum degradation
temperature compared to the thermal process presented in

@ Springer
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Fig. 3 XRD patterns of the regenerated FCC catalyst

previous studies where maximum temperatures were 450 °C
(Lin and Yang 2008; Vogt et al. 2015).

Figure 3 shows the XRD patterns of the regenerated FCC
catalyst using a Malvern Panalytical Empyrean instrument
with Cu radiation. The tests were conducted with a step size
of 0.020°, for 20 values between 5 and 90°. The charac-
teristic peaks of zeolite Y could be observed at 26 values
of 10, 12 16, 19 21, 24, 27 and 32.0° (Salahudeen 2019).
Other background peaks present were due to the support
materials such as faujasite (active matrix together with the
zeolite Y) and montmorillonite (inert matrix of the catalyst).
In addition, through diffractogram analysis, a crystallinity of
71.3% zeolite Y, 2.2% faujasite and 26.5% montmorillonite
was detected.

In Table 4, results of the energy-dispersive X-ray spec-
troscopy (EDS) analysis of the regenerated catalyst in Ramp
1 at 20.5 h and Ramp 2 at 22.5 h are expressed as a percent-
age in mass. High coke removal is achieved; therefore, an
increase would be expected in aluminium and silicon con-
centration 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 cata-
lyst without chemical treatment in the previous investiga-
tion 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. 2021a, b).

The aggressiveness of the regeneration chemical treat-
ment 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 treat-
ment in 14 h. For the other metals (Fe and La), the con-
centration is not influenced significantly. This behaviour
is due to the used solvent in the regeneration treatment
to remove coke and sulphur that have no affinity towards
Fe and La metallic phase since these metals in normal
conditions are soluble in strong acids. One of the char-
acteristics 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), conse-
quently modifying the acidity but this modification 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 ele-
ments has not changed significantly. The degree of regen-
eration 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. (2017).

A simulation of the catalytic pyrolysis process is shown
in Fig. 4. First, organic radicals are generated by decompo-
sition reactions as a result of heat, then the catalyst allows
the reaction of the radicals coming from the degraded plas-
tic, reactions that are developed at specific points (active
side) on the surface and finally promote them to form the
products (Aljabri et al. 2017; Arandes et al. 1997; Lopez
et al. 2017).

2 mg of regenerated catalyst were adhered to a carbon
fibre tape and analysed under vacuum at 1 Pa by SEM.
Under these conditions, SEM images were obtained as
shown in Fig. 5. Figure 5a corresponds to the micrograph
of the solid samples after the calcination using ramp 1 and
pretreated with ethanol for 12 h, while Fig. 5b belongs to
samples calcinated using ramp 2 and pretreated with etha-
nol for 12 h. The gasification 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. 5a is 42 um and 17 pm for particles in Fig. 5b,
where the thermal process treatment was much more
aggressive increase in cracks by approximately 57%. As a

Table 4 EDS of the regenerated

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

catalyst by the calcination
process Ramp 1 Ethanol 12 20.55 19.54 0.57 3.11 0.951
Toluene 14 15.58 15.07 0.34 221 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
Deactivated catalytic converters 304 29.5 1.1 23 0.970

@ Springer
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consequence, the catalyst has high porosity that generates ~ Thermogravimetric analysis of PP with catalyst

greater surface area increasing the contact area between

the catalyst surface and the hydrocarbon macromolecules.  The regenerated catalyst heated in ramp 2 using ethanol in
14 h 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
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Table5 Lost mass in the different treatments at the pyrolysis tem-
perature

Shows % Lost T (°C)
Without catalyst 63.51 467.0
Recovered catalyst 92.12 443.5
Fresh catalyst 94.13 443.5

less environmental impact. The catalyst and polypropyl-
ene 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 contrib-
uting to decreasing the degradation temperature. In addi-
tion, there are no significant differences between the new
catalyst and the recovered one neither in the percentage
of the lost mass nor the maximum degradation tempera-
ture. Based on these results we can conclude the regenera-
tion is efficient 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 final disposal of
these wastes since the recovered metals (Pd, Pt, Rh) can
be again profitably reused in analytical equipment. The
average price of catalyst regeneration for one gram in the

Fig.6 a TGA and b DTG of the (a)
degradation experiments

proposed treatment is $ 2.20, while one gram of a com-
mercial zeolite Y is $ 25.

Figure 6 shows the TGA and DTG of the three experi-
ments developed without catalyst (SC), using a commercial
catalyst (CC) and recovered catalyst (CR) each one in sepa-
rated experiments. The tendency of the degradation curve
and temperature using catalysts evidence that in low tem-
perature the gas production is greater so that is why the solid
fraction has been reduced (Kasar et al. 2020); Miandad et al.
2017). In the other hand, the use of catalyst in the reaction
decreases la temperature de degradation versus the process
without catalyst. The behaviour of the regenerated cata-
lyst and the fresh catalyst was similar, almost 400 °C both
presented the change in the slope of the curve and almost
450 °C achieve maximum mass lose. In addition, the results
obtained in TGA give a guideline to use in future experi-
ments the applied conditions in this test (batch reactor).

Polypropylene catalytic pyrolysis

To prove the results showed in TGA and to demonstrate
the feasibility of using the regenerated catalyst in the recy-
cled PP pyrolysis process, we carried out the experiments
in the same conditions. The use of this regenerated cata-
lyst mixing directly with the plastic results in a greater
production of the gaseous fraction due to the occurrence

500 550

(b)
-0.001
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of lower molecular mass molecules, as well as, the reduc-
tion 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 (Miandad et al.
2017). This behaviour is assumed to be due to the influ-
ence of the catalyst when the radicals are produced in the
initiation and propagation process of the reaction (Kasar
et al. 2020; Lovas et al. 2017).

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. 7b).
In catalytic pyrolysis using regenerated catalyst approxi-
mately 34% of the main products are unsaturated aliphatic
compounds but the paraffin-based products decrease. The
presence of the regenerated catalyst increases the olefins
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 generat-
ing as consequence products that could be used as fuels
(Lewandowski et al. 2019; Moorthy Rajendran et al. 2020).

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 treat-
ment using ethanol to remove sulphur and coke combined
to the thermal process generates a surface area of 112.56
m? gr~! in the catalyst applying the conditions in ramp 2
in 14 h.

The TGA proved a decrease in the degradation tempera-
ture 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 lig-
uid 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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