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Abstract: Currently, society is facing a great environmental problem, due to the large amount of
plastic waste generated, most of which is not subjected to any type of treatment. In this work,
polyethylene film waste from the non-selectively collected fraction was catalytically pyrolyzed at
500 ◦C, 20 ◦C/min for 2 h, in a discontinuous reactor using nitrogen as an inert gas stream. The main
objective of this paper is to find catalysts that decrease the viscosity of the liquid fraction, since this
property is quite meaningful in thermal pyrolysis. For this purpose, the three products of catalytic
pyrolysis, the gaseous fraction, the solid fraction and the liquid fraction, were separated, obtaining the
yield values. After that, the aspect of the liquid fraction was studied, differentiating which catalysts
produced a larger quantity of waxy fraction and which ones did not. The viscosity of these samples
was measured in order to confirm the catalysts that helped to obtain a less waxy fraction. The results
showed that the zeolites Y and the zeolites β used in this study favor the obtaining of a compound
with a smaller amount of waxes than for example catalysts such as FCC, ZSM-5 or SnCl2.
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1. Introduction

Plastics play an important role in the daily life of humans since there is a strong dependence
on these materials. This dependence can be justified by the advantages that these materials have
over others, due mainly to their lightness and cost. These materials are strategic in sectors such as
packaging, construction, motoring, electronics or agriculture, among others [1].

As countries’ economies grow the demand for plastic goods increases. In 2018, the global
production of plastics was around 360 million tons, of which Europe generated 17%, corresponding
to 62 million tons. In addition, in 2018 Europe transformed 51.2 million tons (European converts
demand) and Spain was among the six countries that cover 80% of European demand, with 7.6% of the
transformation [1].

This high demand for plastics can only lead to a large production of solid plastic waste, which
occupies a large part of the municipal solid waste (MSW). In 2018, 29.1 million tons of plastic were
collected as post-consumer waste. Of this plastic, 32.5% was recycled, 42.6% was used for energy
recovery and 24.9% ended up in landfills. However, in Spain the rate of landfill is relatively large with
respect to the rest of the European countries, at 39% [1]. These high values of deposition in landfills and
energy recovery, both for developed and underdeveloped countries, give rise to numerous concerns,
both health-related and environmental [2].
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In the case of Spain, there is a fraction of plastics selectively collected that is managed by the
Ecoembes organization and a fraction that is not selectively collected. Special emphasis must be placed
on the non-selectively collected fraction, as it contains a large percentage of MSW, since currently
in Spain selective separation is not very successful among the population. As an example, in the
province of Granada 84.45% of the MSW was organic-rest fraction, while only 15.55% was collected
selectively in the year 2015 [3]. The organic-rest fraction is mainly composed of organic matter, plastics,
paper-cardboard and glass. A total of 12.6% of this fraction corresponds to the plastic fraction, which is
mainly composed of polyethylene film material (43.66%); the second main polymer is polypropylene
(10.04%), and the third most abundant plastic is polystyrene (5.69%) [4].

There are two main ways of recycling this plastic waste. Mechanical recycling is a physical
treatment based on five stages (collection, sorting, washing, grinding and extrusion) that are used
to process and convert plastic waste into new materials [5,6], while chemical recycling consists in
polymer degradation to obtain starting monomers or the production of a fuel [7,8]. While mechanical
recycling has many advantages, since it is an economic and widely developed process, it has important
disadvantages, in terms of the presence of impurities as well as the mixing of polymer typologies.
These potential limitations cause the growing interest in chemical recycling, since it can potentially
treat heterogeneous plastic waste with impurities [9].

There are many types of chemical recycling, but one of the most used is pyrolysis [10]. There are
two main routes, thermal pyrolysis and catalytic pyrolysis. Conventional thermal pyrolysis consists in
the degradation of matter in the absence of oxygen in which high temperatures are necessary, in a range
of 300 to 550 ◦C depending on the polymer [11,12]. Catalytic pyrolysis follows the same degradation
procedure as thermal pyrolysis, but with the addition of a catalyst, thus decreasing the temperatures
and times of pyrolysis. It also presents certain selectivity of products depending on the type of catalyst.
Generally, the introduction of a catalyst in this type of process, causes an increase in the yield of the
gaseous fraction, a decrease in the liquid fraction and an increase in the amount of char [13–16].

Miandad et al. [13] carried out a review of the catalytic pyrolysis of plastic waste studying
how the operating conditions used and the type of catalyst influence the liquid fraction obtained.
In this review, catalysts such as ZSM-5, Red Mud, Zeolites Y, natural zeolites, FCC or Al2O3 were
used. It was determined that the oils from catalytic pyrolysis had very similar characteristics to
those of conventional diesel fuel, with a calorific value of 38–45.5 MJ/kg, a density of 0.77–0.84 g/cm3,
a kinematic viscosity of 1.1–2.27 cst, a flash point of 26–48 ◦C and a boiling temperature of 82–352 ◦C.
Moorthy Rajendran et al. [17] attempted to convert municipal plastic waste into quality fuels from
catalytic pyrolysis. This study determined that the typology of the catalyst significantly affects the yield
of the fractions as well as their characteristics. To this end, several catalysts such as HUSY, HZSM-5,
HMOR, Zeolite Y, silica and FCC were studied. Their results showed that with catalysts the selectivity
is improved, in addition to the fact that mild acid catalysts produce more liquid hydrocarbons.

Other researchers such as Susastriawan et al. [18] worked with materials similar to those in
this paper. They studied the use of zeolites in the catalytic pyrolysis of polyethylene (low density
polyethylene (LDPE), high density polyethylene (HDPE)) waste, and established that the smaller the
size of the zeolite and the higher the temperature, the higher the liquid fraction yield. Onwudili et al. [19]
worked with a mixture of plastics through catalytic pyrolysis, using catalysts such as FCC, ZSM-5 and
zeolites Y. In this work, the yield of the liquid fraction decreased with the addition of the catalyst,
and the liquid fraction had properties suitable for use as fuel, although the amount of aromatic
compounds present increased. Santos et al. [20] investigated the catalytic pyrolysis of polyethylene
(PE) and polypropylene (PP) plastic waste with catalysts such as HZSM-5, USY, NH4ZSM5. The use of
zeolite USY resulted in a higher amount of liquid fraction, whose main components were alkylbenzenes,
naphthalenes and olefins.

Kunwar et al. [14] reviewed the catalytic processes of the conversion of plastic waste into
fuel. They collected information on catalysts such as ZSM-5, Zeolites Y, Zeolites β and Ca(OH)2,
among others, obtaining that yields of the liquid fraction vary from 15 to 93%. Besides that, they
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established that the use of high acidity and porosity catalysts and the use of hydrogenation would
be necessary. Finally, the paper by López et al. [8] dealt with a review of the catalytic pyrolysis of
polyolefins, using different catalysts and operating conditions. A wide variety of catalysts have been
applied in the recovery of waste polyolefins, the most common being zeolites. According to their
results, HZSM-5 proved to be suitable for the production of valuable light olefins. Other larger pore
size zeolites such as HY, HUSY or spent FCC catalysts are a better alternative for the production of
liquid hydrocarbons. MCM-41, or the less acidic mesoporous SiO2-Al2O3, are also interesting options
to produce liquid fuels.

In previous works the thermal pyrolysis of polyethylene film plastic waste of the organic-rest
fraction was studied [21], and it was determined that the characteristics of the oil were of quality for its
use as a fuel, but this oil was mainly a wax. The problem of the heavy oil-waxes from the pyrolysis is
their high viscosity and that they do not have a suitable use [22]. High fuel oil viscosity would cause
incomplete combustion and lead to the formation of carbon deposits in the combustion vessel or burner.
This parameter also affects the difficulty of ignition and pumping [23]. The addition of a catalyst into
the process can result in advantages and better properties of the liquid fraction (lower heavy oil-waxes).
Nevertheless, some catalysts can result in an extensive liquid fraction loss in favor of gaseous products
due to an over-cracking of the material [24], which is undesirable when liquid fuel production is the
preferred output. In this paper, different catalysts are used in order to solve the problem of the presence
of a large quantity of heavy oil-waxes, with the aim of obtaining a non-waxy liquid product from the
plastic waste of the polyethylene film from the organic-rest fraction without losing extensive liquid
fraction. In short, the aim of this paper is to obtain a low viscosity liquid fraction at room temperature
(non-waxy fraction), in order to use this material as fuel.

2. Materials and Methods

2.1. Materials

The plastic material used in this study comes from the municipal solid waste collected and treated
in the Ecocentral waste recovery and recycling plant in Granada, Spain, and corresponds to the plastic
film fraction that had not been selectively collected, known as the organic-rest fraction.

Plastic waste is mechanically pre-treated in the recycling plant in order to separate the different
materials and facilitate subsequent recycling and baling. The samples treated in the laboratory come
from the bunker corresponding to each type of plastic separated inside the plant [21]. The plastic was
polyethylene film and this polyethylene film was converted into pellets to facilitate feeding to the
reactor. In addition, these pellets were crushed and sieved to a particle size of less than 2 mm (Figure 1).
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In this work, numerous catalysts were studied; some of them were used in their commercial
form, others were subjected to different treatments for their chemical modification and others were
impregnated with different metals, such as Ni, Co, Pd or Ru. All catalysts had a particle size between
200–500 µm. These catalysts were summarized in Table 1.

Table 1. Catalysts used in in-situ catalytic pyrolysis.

Catalyst Nominal
Cation Form Si/Al Na2O w.

(%)
Surface

Area, m2/g
Pores Volume,

cm3/g Acidity References

Zeolite ZSM-5
(CBV3024E) NH4 15 0.05 405 Micro. 0.13

Meso. 0.11

B/L 2.32
Total acid sites:

1.10 mmol/g
[25–28]

FCC - 23.2 - 192 Micropore Area
94.2 m2/g

0.51 meqv. of
NH3/g) [25,29]

Zeolite Y
NaY-Geace
(CBV-100)

Na 2.5 13.0 900 Micro. 0.37
Meso. 0.16 Yes [25,30,31]

Zeolite Y
HUSY-5.1
(CBV-600)

H 2.6 0.2 660 Micro. 0.27
Meso. 0.16

B/L 1.51Total acid
sites: 0.99 mmol/g

[22,25–27,
31]

Zeolite Y
HUSY-5.1-Metal

(CBV-600)
H 2.6 - - - Yes [32]

Zeolite Y
ZHA

(CBV-600)
H 2.6 - - - Yes [33]

Zeolite Y
HUSY-30
(CBV-720)

H 15 0.03 780 Micro. 0.36
Meso. 0.23

B/L 3.18
Total acid sites:

1.43 mmol/g
[25,34]

Zeolite β

HBEA-25
(CPE 814E)

NH4 12.5 0.05 680 Micro. 0.18
Meso. 0.28

B/L 1.67–0.93
Total acid sites:

1.12 mmol/g
[27,35,36]

Zeolite β

HBEA-75
(CPE 811E)

NH4 37.5 0.05 680 Micro. 0.183
Meso. 0.188

B/L
1.01 [26,37]

Zeolite β

HBEA-150
(CPE 814E)

NH4 75 0.05 680 - Yes [38,39]

Zeolite Natural
Clinoptilolite 5.67 - 80–100 Micro. 0.0254

Meso. 0.028 Yes [40,41]

SiO2Al2O3Co - - - - - Yes [41]

SiO2 - - - - - Yes [42]

Al2O3 - - 265
Micro. 0.019
Meso. 0.438
Macro. 0.017

Total acid sites
0.21 mmol/g [27,43]

CaCO3 - - - - No [44]

Zeolite powder
13X - 1–1.5 15.93 729

Micro. 0.26
Meso. 0.165
Macro. 0.027

Yes, strong [45]

Fe2O3 - - - 4.3 - No [46–48]

NH2SO3H - - - - - - [48]

SnCl2 - - - - - - [49]

CBV-600 zeolites treated with HCl. B/L: BrØnsted–Lewis site ratio. Micro.: micropore volume. Meso.: mesopore
volume. Macro.: macropore volume.

As mentioned above, most catalysts were not modified in any way. On the other hand,
the synthesis of the SiO2Al2O3Co catalyst was carried out following studies already published
by Cunping Huang et al. [50]. This catalyst consisted of a support formed by 1% SiO2 and 99%
Al2O3, impregnated by incipient wetness with 1% wt of the cobalt metal. ZHA is a commercial zeolite
HUSY.5.1 (CBV-600) that was treated with HCl. This same zeolite HUSY.5.1 was impregnated with
different metals Ni, Pd and Ru. All catalysts were prepared via the incipient wetness impregnation
method [51]. The impregnation of these metals was 1% wt. The incipient wetness impregnation
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method involve the impregnation of the coals with a solution of salt of the metal to be used, or of
an organometallic complex, followed by a drying and reduction stage so that the metallic particles
manage to anchor to the surface of the coal.

All the catalysts used in this work were subjected to thermal activation in a Naberthem model L
5/11 muffle furnace. The activation conditions were an air flow rate of 300 mL/min, in a heating rate of
53 ◦C/min up to 550 ◦C; it was maintained at this temperature for 5 h.

2.2. Catalysis Test

The polyethylene film samples were subjected to catalytic pyrolysis. The process installation
flowchart is presented in Figure 2. A horizontal batch reactor (Naberthem) was used. In each experiment
a constant nitrogen stream of 100 mL/min was introduced to ensure the inert atmosphere. An aluminum
container with about 20 g of pellet and the corresponding amount of catalyst from each experiment was
introduced into the reactor, and this feed stayed as a fixed bed during the course of the experiment.
The operation conditions used were a temperature of 500 ◦C, a heating ramp of 20 ◦C/min and a
residence time of 120 min, residence time being the time in which the pellets and catalyst come into
contact inside the reactor. These experimental conditions were chosen according to results reported by
a previous work [52]. Before the introduction of the pellet-catalyst sample, this mixture was stirred for
10 min at 300 rpm in order to homogenize the mixture. It should be noted that 10% wt of catalyst was
used in most experiments. For some catalysts, different ratios of 5 to 20% wt of catalyst were used,
so as to see how this parameter was affected.

Once the pyrolysis process started, the polyethylene waste began to degrade. As the experiment
progressed, a stream of gases began to emerge and passed to a condenser, which was an ultrathermostat
that allowed these streams to be cooled to a temperature of−4 ◦C. The volatile products were transferred
from the reactor to the condenser with the help of the nitrogen stream. After finishing the condensation
process, two phases were separated: the gaseous fraction, which is the non-condensable phase,
and the liquid fraction, which is the condensable phase. After completing the total residence time,
the aluminum container was removed from the reactor, and here the char and the used catalyst were
obtained. All products were recovered, as the transfer lines were completely isolated.Sustainability 2020, 12, x FOR PEER REVIEW 6 of 16 
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2.3. Determination of Liquid, Char and Gas Fraction Yields

After the catalytic pyrolysis process, the yield of the liquid fraction and the solid fraction by
weight difference and the gaseous fraction by difference of the other two were determined, since the
conversion was 100%, according to the following equations:

ηoil =
ow f
pwi

100 (1)

ηchar =
cw f
pwi

100 (2)

ηgas = 100− ηoil − ηchar (3)

where owf is the final weight of oil, pwi is the initial weight of polymer and cwf is the final weight
of char.

2.4. Characterization of Liquid Fraction

Those liquid fractions whose physical aspect at first sight was improved with the catalyst, that
is, those liquid fractions that contain less amount of waxes (non-waxy material), were characterized.
In order to test the effectiveness of the catalyst in terms of the elimination of waxes, the viscosity
property was measured (waxy material is one that has a high viscosity at room temperature).

The oil samples were arranged in a Malvern Kinexus rheometer using a 20 mm diameter flat plate
at a constant temperature of 40 ◦C, so that the dynamic viscosity of the samples could be determined
according to ASTM D445. Viscosity was measured at a constant temperature as it is a non-Newtonian
fluid and thus its characteristics depend on temperature.

Figure 3 summarizes the research sequence carried out in this paper, specifying what catalysts
decreased the viscosity of the liquid fraction obtained by thermal pyrolysis and defining which ones
had a higher amount of waxes.
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3. Results and Discussion

3.1. Determination of Liquid, Char and Gas Fraction Yields

Table 2 shows the yields of the products obtained in the catalytic pyrolysis of polyethylene film
using different catalysts at 10% wt.

Table 2. Yield of products obtained in catalytic pyrolysis for different catalysts at 10% wt.

Catalyst Catalytic Pyrolysis Fractions

Catalyst Liquid (%) Char (%) Gas (%)
Without catalyst 72.85 9.28 17.87

ZSM-5 56.12 10.27 39.64
FCC 23.92 14.42 61.65

Zeocel clinoptilolite 54.98 3.32 41.70
HBEA-25 42.96 4.22 52.82
HBEA-75 35.04 4.26 60.69
HBEA-150 44.82 1.78 53.40
NaY-Geace 51.56 1.20 47.24
HUSY-5.1 37.33 5.42 57.25

HUSY-5.1-Ni (1%) 24.98 6.29 68.72
HUSY-5.1-Pd (1%) 17.25 1.14 82.89
HUSY-5.1-Ru (1%) 29.06 3.95 66.99

HUSY-30 39.06 7.87 53.08
ZHA 36.40 7.10 56.50
13X 53.97 6.49 39.54

SiO2-Al2O3-Co 30.81 3.25 65.94
Al2O3 56.68 12.05 31.27
SiO2 57.70 5.77 36.53

CaCO3 63.38 3.30 33.32
SnCl2 67.57 6.92 25.51

It was verified that when introducing the catalyst, the gaseous fraction and the char increased
and the liquid fraction decreased compared to the thermal pyrolysis, where in the thermal pyrolysis a
72.85% yield of the liquid fraction was obtained.

Using the ZSM-5 zeolite, a high yield of the liquid fraction of 56.12% was obtained, but this
fraction was mainly wax. Authors such as Ates et al. [29] studied catalytic pyrolysis with this catalyst
for a mixture of plastic waste and obtained a 45% liquid fraction yield, and López et al. [53] also worked
with this waste obtaining a 39.8% oil yield. Other studies such as Gobin and Mandos [54] obtained a
39% of liquid fraction using this catalyst to crack low density polyethylene (LDPE); Manos et al. [55]
pyrolyzed high density polyethylene (HDPE), obtaining a 46% yield. Finally, Boxiong et al. [56] and
Marcilla et al. [57] investigated the catalytic pyrolysis of polyethylene and other plastic waste, obtaining
the entire liquid fraction in the form of waxes, as in this investigation. These average yield values are
due to the fact that the ZSM-5 catalyst is an acid catalyst, which causes a higher yield of the gaseous
fraction [58], but it also has BET surfaces and a not very high Si/Al ratio, which causes the increase of
the liquid fraction [13,59].

In this work, the FCC catalyst in the catalytic pyrolysis of the polyethylene film produced one of
the lowest yields of the liquid fraction, 23.92%, the gaseous fraction was the majority fraction with
61.65%, and it even produced one of the highest char yields with 14.42%. Other authors achieved
higher yields, but for pyrolysis of plastic waste mixture; for example, Ates et al. [29] got a yield of the
liquid fraction of 45% and Olazar et al. [60] studied the catalytic pyrolysis of HDPE, determining that
in its entirety the liquid fraction corresponded to wax. This low yield of the liquid fraction obtained
with the FCC catalyst may be due to its high Si/Al ratio and its low BET surface [13,59].

Additionally, natural zeolites, such as zeocel clinpoptilolite, were used, obtaining a considerable
liquid fraction yield of 54.98% and a low amount of char of 3.32%. In addition, in this case the liquid
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fraction was not completely waxy. Other researchers used this same catalyst, such as Miskolczi et al. [39],
achieving a similar liquid fraction yield of approximately 55%. Authors such as Kim et al. [61] obtained
between 55–65% of liquid fraction yield in the catalytic pyrolysis of polyolefin mixtures. Its low Si/Al
ratio causes an increase in the liquid fraction, while its low BET surface causes a higher yield of the
gaseous fraction, and thus equal values are obtained [59,62].

Zeolites β (HBEA) are some of the most widely used zeolites today. Excellent values were obtained
with them, and furthermore the liquid fraction was not a wax. Yields of the liquid fraction of 35.04 to
44.82% were obtained, as well as low char yields of 1.78 to 4.26%. There are numerous studies about
the catalytic pyrolysis of plastics with zeolites β, for example Ates et al. [29] determined a 50% liquid
yield in the catalytic pyrolysis of mixed plastic waste, or Miskolczi and Ates [63] who produced 34.2%
of mixed polyolefins. Finally, researchers like Manos et al. [64] obtained a liquid fraction yield of 48%
for the catalytic pyrolysis of HDPE. Zeolites β were mesoporous zeolites with not very strong acidity
and a high Si/Al ratio, which resulted in good yield values for the liquid fraction [65].

In this work, Y-zeolites were also used. The use of NaY-Geace zeolite was effective since a high
yield of the liquid fraction of 51.56% and low char content of 1.20% were obtained, in addition to the
fact that the liquid fraction was not a waxy fraction.

Other Y zeolites studied in this work were the HUSY-5.1 and HUSY-30 zeolites, with which an oil
yield of 37.33% and 39.06% was obtained, respectively, being a low waxy liquid fraction. There are
numerous studies using these Y-zeolites, such as Ates et al. [29], which determined a liquid fraction of
50% for mixed plastic waste. Others, like Marcilla et al. [57], studied the catalytic pyrolysis of high
and low density polyethylene obtaining a yield in the range of 41 to 61.6% for the oil. Miskolczi and
Ates [63] researched the catalytic pyrolysis of plastic waste using HUSY-5.1 and produced a 32% liquid
fraction, and Manos et al. [64] worked with the catalytic pyrolysis of HDPE with HUSY-5.1 producing
a 41% liquid fraction. In addition, Table 2 shows the yield of the products obtained in the catalytic
pyrolysis of polyethylene film using 10% wt of the HUSY-5.1 catalyst impregnated with different metals,
where the zeolite with metal caused a considerable decrease in the liquid fraction. Authors such as
Rizkiana et al. [32] studied co-pyrolysis with these types of catalysts, obtaining better results than with
the zeolite Y without metal impregnation. Zeolites Y were micro-mesoporous zeolites, with strong
acidity and high surface area, which caused high yields of the gaseous fraction [2,58,65].

With the zeolite Y treated with HCl (ZHA), a liquid yield of 36.40% and a char yield of 7.10%
were obtained, not significantly improving the properties of the thermal pyrolysis oil. Authors such as
Contreras [66] used this type of catalyst, obtaining a low amount of liquid fraction of approximately
20%. When zeolite Y was activated with HCl it produced more gas than if it was thermally activated
due to its high acidity [67].

There are no studies with the use of type X zeolites in the catalytic pyrolysis of plastic waste, in
this work almost 54% of liquid yield has been obtained, but it was a waxy material.

Thermal pyrolysis was not improved, with respect to being a less waxy oil, with the use of the
SiO2-Al2O3-Co catalyst, since low liquid product yields were obtained, besides the fact that it is a wax.
On the one hand Cunping Huang et al. [50] obtained high liquid yields in addition to being completely
liquid for polyethylene waste. On the other hand, authors such as Chattopadhyay et al. [41] obtained
low liquid product yields with less than 20% of yield, being a waxy material.

The use of catalysts such as Al2O3 and SiO2 did not improve the properties of the oil obtained
with respect to the oil obtained in thermal pyrolysis; with respect to being a less waxy oil, high yields
of liquid product were obtained, but it was a waxy product. The catalyst CaCO3 is usually used for
the treatment of biomass [44]; even so, in this work it was used for the treatment of polyethylene
film, obtaining a high yield of liquid product, but being waxy. Al2O3, SiO2 and CaCO3 catalysts
produced high yields of the liquid fraction because they are not acidic catalysts and because of their
pore volume [2,13].

The use of the SnCl2 catalyst caused a 67.57% liquid fraction, although it is a waxy fraction.
This catalyst is usually used in biomass rather than in plastics [39,52,68].
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Table 3 shows the performance of catalytic pyrolysis products from polyethylene film using
different amounts of the HUSY-5.1 catalyst, in order to see how the amount of catalyst influences the
catalytic pyrolysis, since such catalysts showed an un-waxy appearance. As can be seen in Table 3,
as the amount of catalyst increases the production of the gaseous fraction increases from 52.55% for
5% wt of catalyst to 59.09% for 20% wt of catalyst; this is because the HUSY catalyst is a mesoporous
catalyst, so it promotes the cracking of the gaseous fraction [13]. Therefore, it is not interesting for this
study to increase the amount of this catalyst, since it fractionates the gaseous part more. By contrast,
Gobin and Manos [54] studied the catalytic pyrolysis of virgin LDPE with the HUSY-5.1 catalyst,
and obtained different results to those of this work, because as the amount of catalyst increased,
the yield of the liquid fraction increased. This contradictory situation was due to the fact that the
material used in this paper was a processed material containing a large amount of impurities.

Table 3. Yields of the products obtained in the catalytic pyrolysis for the HUSY-5.1 catalyst.

Catalyst Catalytic Pyrolysis Fractions

Catalyst Liquid (%) Char (%) Gas (%)
5% HUSY-5.1 39.64 7.82 52.55

10% HUSY-5.1 37.33 5.42 57.25
20% HUSY-5.1 34.94 5.97 59.09

A wide variety of catalysts were used in this paper; some, like Fe2O3 and NH2SO3H, are widely
used and cheap, but the use of 10% wt of catalyst does not give adequate results for such research.
Therefore, different amounts of catalyst were tested, in order to see if the amount has some influence.

Table 4 shows the yield of catalytic pyrolysis products from the polyethylene film of the
organic-residue fraction using different amounts of Fe2O3. High yield values of the liquid fraction of
58.57% for 5% wt of catalyst to 64.33% for 20% wt were determined. As the quantity of this catalyst was
increased with respect to the weight of the PE waste, the quantity of liquid product increased, but also
the quantity of char increased from 6.70% to 21.24%. Microporous–mesoporous catalysts produced a
higher gas yield, while macroporous catalysts favored the yield of the liquid fraction; while the HUSY
catalyst is a mesoporous catalyst, the Fe2O3 catalyst is a macro-mesoporous catalyst [13]. Although by
using a macroporous catalyst the yield of the liquid fraction increased, the viscosity of the liquid
product was not improved, since the liquid product obtained was a complete wax. Similar results
were obtained by Aguirre et al. [46], which determined a liquid product yield of less than 42%, being a
wax just like in this work.

Table 4. Yield of products obtained in the catalytic pyrolysis for the Fe2O3 catalyst.

Catalyst Catalytic Pyrolysis Fractions

Catalyst Liquid (%) Char (%) Gas (%)
5% Fe2O3 58.57 6.70 34.73

10% Fe2O3 59.78 12.90 27.32
20% Fe2O3 64.33 21.24 14.43

Table 5 shows the yield of the products obtained in the catalytic pyrolysis of polyethylene film
using the NH2SO3H catalyst, which produced a large amount of liquid product in the form of wax,
from 55.11% to 63.84%, with high amounts of char from 9.27% to 10.84%. This catalyst has not been
used for in situ catalytic pyrolysis, but is usually used for catalytic cracking of oil as a second stage [48].
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Table 5. Yield of products obtained in the catalytic pyrolysis for the NH2SO3H catalyst.

Catalytic Pyrolysis Fractions

Catalyst Liquid (%) Char (%) Gas (%)
5% NH2SO3H 60.02 5.87 34.11

10% NH2SO3H 55.11 9.27 35.63
20% NH2SO3H 63.84 10.84 25.32

In conclusion, different gaseous, liquid or solid fraction yields can be obtained, depending on the
type of catalyst used:

• The higher the acidity of the catalyst, the greater the cracking, which causes an increase in the
gaseous fraction [2,58].

• The higher the alumina ratio in a catalyst, the higher the yield of the liquid fraction, because it has
a larger BET surface and pore volume [62]. In other words, catalysts with a low BET surface area
and microporous structures favor the production of gases [59], while macroporous catalysts favor
the production of the liquid fraction [13].

• Catalysts such as zeolites have a large internal crystalline structure, which increases the cracking
process and therefore increases the yield of the gaseous fraction with the decrease in the yield of
the liquid fraction [13].

• When a zeolite is activated in an acidic rather than a thermal way, it causes a higher production of
gases, due to its high acidity [67].

In the following section, viscosity measured as a liquid fraction was the most interesting product
for this work, and it was meant to be used as a fuel.

3.2. Characterization of Liquid Fraction

According to previous studies [21], the oil obtained from the thermal pyrolysis of the polyethylene
film from the organic-rest fraction was a wax, with a high viscosity for low temperatures, while at
high temperatures the oil is in a liquid state with low viscosity values. With respect to this product,
the viscosity was 1000 cst at 40 ◦C, 115.36 cst at 50 ◦C and 67.50 cst at 60 ◦C. In addition, in this previous
study, a gas chromatography with masss spectrometry (GC-MS) was performed and it was determined
that the components present in the sample were mostly 1-alkenes and n-alkanes in the range C7 to C28.
Researchers such as Kunwar et al. [14], stated that the oils from the thermal pyrolysis of plastic waste
have a high viscosity, hence it is important to reduce this viscosity for the efficient use of these oils.

The introduction of a catalyst into the pyrolysis process is intended, between others objectives,
to reduce the viscosity of the oil produced. The viscosity of the liquid product can be modified
according to the properties of the catalyst used. Generally, acid catalysts cause an increase in the
formation of light hydrocarbons [2]. Authors such as Miskolczi and Ates [60] established that acid
zeolites show high activity in the removal of paraffins and olefins and an increase in the concentration
of aromatic compounds. Additionally, acid and mesoporous catalysts allow the production of shorter
hydrocarbon chains due to the high cracking ability, while microporous and less acidic catalysts favor
the production of long hydrocarbon chains [62]. These modifications of the composition of the liquid
product finally obtain different viscosities of the oil.

This section reports the viscosity measurements of some oils obtained for different catalysts.
Only the values of the oils whose viscosity decreased significantly with respect to the oils obtained
without a catalyst are presented (Tables 6 and 7).

In Table 6, the viscosity values at 40 ◦C are presented for the oils obtained in the catalytic pyrolysis
using 10% wt of the catalysts zeocel clinoptilolite, HBEA, HBEA-75, HBEA-150 and NaY-Geace.

In the case of the zeocel clinoptilolite catalyst, a kinematic viscosity of 115.11 cst was acquired.
Authors such as Miskolczi et al. [39] determined the viscosity of polyethylene and polystyrene mixture
wastes, obtaining a viscosity of 4.4 cst, but this low viscosity is due to the presence of polystyrene [69].
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Nonetheless, if the different zeolites β studied are compared (HBEA-25, HBEA-75 and HBEA-150),
the HBEA-25 zeolite is the one with the lowest kinematic viscosity, 89.37 cst. Authors such as
Elordi et al. [26] studied the composition of the oil obtained from the catalytic pyrolysis of HDPE using
HBEA-75, and it was seen that the amount of aromatics increased considerably, leading to a decrease in
viscosity. Other authors such as Miskolczi and Ates [63] determined the viscosity of the oil obtained by
the catalytic pyrolysis of mixed plastic waste through zeolites β (HBEA) at 40 ◦C, obtaining a kinematic
viscosity value of 113 cst. Zeolites β decreased the viscosity value of the liquid fraction, as they are
mesoporous zeolites that favor the production of short hydrocarbon chains [65].

Table 6. Viscosity of the oils obtained in the catalytic pyrolysis with different catalysts.

Catalyst Dynamic Viscosity (Pa·s) Kinematic Viscosity (cst)

Zeocel clinoptilolite 0.09 115.11
HBEA-25 0.07 89.37
HBEA-75 0.08 99.62

HBEA-150 0.08 97.89
NaY-Geace 0.08 93.06

Viscosity measured at 40 ◦C.

As already seen in the previous section, as the amount of HUSY-5.1 catalyst was increased in
this process, the amount of gaseous products increased, but it was also necessary to know if this
parameter modifies the viscosity (Table 7). It can be seen that as the amount of catalyst was increased,
the kinematic viscosity decreased considerably, from 1440.78 cst with the use of 5% wt HUSY-5.1 to
53.21 cst with the use of 20% wt HUSY-5.1. These values are very similar to those obtained by other
authors, such as Miskolczi and Ates [63], who studied the catalytic pyrolysis of a mixture of plastic
waste with 10% wt of this zeolite at 40 ◦C, obtaining 119 cst, while in this work 137.28 cst was obtained
for those same conditions. In addition, Table 7 shows the viscosities of the different oil samples
obtained for 10% wt of catalyst, both in its commercial form and impregnated with different metals,
which were slightly lower than the 10% wt zeolite HUSY-5.1 without impregnation, but higher than
the 20% wt zeolite HUSY-5.1. Finally, Table 7 also presents the viscosity of the liquid fraction obtained
with the 10% wt HUSY-30 catalyst, obtaining a value of 209.38 cst, slightly higher than the 10% wt
zeolite HUSY-5.1 with a value of 137.28 cst. Authors such as William et al. [70] studied the catalytic
pyrolysis of rubber gloves in the presence of zeolite Y, where the liquid fraction decreased its viscosity
considerably by introducing this catalyst in the pyrolysis. The zeolites Y decreased the viscosity value
of the liquid fraction, as these have a high acidic and good surface area and pore volume properties.

Table 7. Viscosity of the oils obtained in the catalytic pyrolysis with different proportions of the
HUSY-5.1 catalyst.

Catalyst Dynamic Viscosity (Pa·s) Kinematic Viscosity (cst)

5% HUSY-5.1 1.17 1440.78
10% HUSY-5.1 0.11 137.28
20% HUSY-5.1 0.04 53.21
10% HUSY-30 0.17 209.38

10% HUSY-5.1Ni (1%) 0.08 96.72
10% HUSY-5.1 Pd (1%) 0.08 97.64
10% HUSY-5.1 Ru (1%) 0.06 75.00

Viscosity measured at 40 ◦C.

4. Conclusions

The aim of this work was to reduce the viscosity of the liquid fraction obtained in thermal pyrolysis
by using catalysts, in order to obtain a less waxy fuel from the polyethylene film waste from the
non-selectively collected fraction. For this purpose, numerous catalysts were studied; some of them
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were used in their commercial form, others were subjected to different treatments for their chemical
modification and others were impregnated with different metals.

Catalysts such as ZSM-5, FCC, SiO2-Al2O3-Co, SiO2, Al2O3, CaCO3, 13X, Fe2O3, NH2SO3 and
SnCl2 did not improve the waxy aspect of the liquid fraction of thermal pyrolysis; hence their wax
content was high as well as their viscosity value, which was around 1000 cst at a temperature of 40 ◦C.

Other catalysts, such as HUSY-5.1, HUSY-5.1, HUSY-30, Zeocel clioptilolite, HBEA-25, HBEA-75,
HBEA-150 and NaY-Geace, improved the liquid aspect of the liquid fraction, as the wax content
decreased and therefore its viscosity compared to thermal pyrolysis as well. In addition, a greater
amount of gaseous fraction was produced than in thermal pyrolysis when these catalysts were
introduced, due to the extensive cracking they produce. Finally, some viscosity values obtained with
the most relevant catalysts (10% wt) should be highlighted. In the case of the Y zeolites (HUSY),
a viscosity range of 75 to 137.28 cst was obtained at 40 ◦C, and for the zeolites β (HBEA) 89.37 to
99.62 cst was obtained at 40 ◦C.

In future works, it is intended to completely analyze the liquid fraction obtained with the catalysts
that reduced its viscosity, in order to know if this product is suitable to be used as a quality fuel. For this
purpose, techniques such as FTIR and GC-MS, among others, will be used.

Author Contributions: Conceptualization, L.Q. and G.B.; methodology, L.Q. and M.A.M.-L.; validation, L.Q. and
M.C.d.H.; formal analysis, L.Q.; investigation, L.Q., G.L. and G.B.; writing—review and editing, L.Q., M.A.M.-L.
and M.C.d.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Education (Spain), grant number FPU18/01293, and the
Department of Chemical Engineering, University of Granada.

Acknowledgments: The author Lucía Quesada acknowledges the financial support provided by the Ministry of
Education (Spain) through Research Grant FPU18/01293.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. PlasticsEurope. An analysis of European plastics production, demand and waste data. In Plastics—The Facts
2019; PlasticsEurope: 2019. Available online: https://www.plasticseurope.org/es/resources/publications/1804-
plastics-facts-2019 (accessed on 6 July 2020).

2. Al-Salem, S.M.; Antelava, A.; Constantinou, A.; Manos, G.; Dutta, A. A review on thermal and catalytic
pyrolysis of plastic solid waste (PSW). J. Environ. Manag. 2017, 197, 177–198. [CrossRef] [PubMed]

3. Diputación de Granada. Recogida de residuos municipales en la provincia de Granada. In Granada: Servicio
de Tratamiento de Residuos Municipales; Diputación de Granada: Granada, Spain, 2015.

4. Calero, M.; Martín-Lara, M.A.; Godoy, V.; Quesada, L.; Martínez, D.; Peula, F.; Soto, J.M. Characterization of
plastic materials present in municipal solid waste: Preliminary study for their mechanical recycling. Detritus
2018, 2018, 104. [CrossRef]

5. Soto, J.M.; Blázquez, G.; Calero, M.; Quesada, L.; Godoy, V.; Martín-Lara, M. A real case study of mechanical
recycling as an alternative for managing of polyethylene plastic film presented in mixed municipal solid
waste. J. Clean. Prod. 2018, 203, 777–787. [CrossRef]

6. Gu, F.; Guo, J.; Zhang, W.; Summers, P.A.; Hall, P. From waste plastics to industrial raw materials: A life
cycle assessment of mechanical plastic recycling practice based on a real-world case study. Sci. Total Environ.
2017, 601–602, 1192–1207. [CrossRef] [PubMed]

7. Solis, M.; Silveira, S. Technologies for chemical recycling of household plastics—A technical review and TRL
assessment. Waste Manag. 2020, 105, 128–138. [CrossRef]

8. López, G.; Artetxe, M.; Amutio, M.; Bilbao, J.; Olazar, M. Thermochemical routes for the valorization of
waste polyolefinic plastics to produce fuels and chemicals. A review. Renew. Sustain. Energy Rev. 2017, 73,
346–368. [CrossRef]

9. Ragaert, K.; Delva, L.; Van Geem, K. Mechanical and chemical recycling of solid plastic waste. Waste Manag.
2017, 69, 24–58. [CrossRef]

https://www.plasticseurope.org/es/resources/publications/1804-plastics-facts-2019
https://www.plasticseurope.org/es/resources/publications/1804-plastics-facts-2019
http://dx.doi.org/10.1016/j.jenvman.2017.03.084
http://www.ncbi.nlm.nih.gov/pubmed/28384612
http://dx.doi.org/10.31025/2611-4135/2018.13732
http://dx.doi.org/10.1016/j.jclepro.2018.08.302
http://dx.doi.org/10.1016/j.scitotenv.2017.05.278
http://www.ncbi.nlm.nih.gov/pubmed/28605837
http://dx.doi.org/10.1016/j.wasman.2020.01.038
http://dx.doi.org/10.1016/j.rser.2017.01.142
http://dx.doi.org/10.1016/j.wasman.2017.07.044


Sustainability 2020, 12, 5482 13 of 15

10. Bhat, S.; Singh Lather, R. Production of Oil from Waste Plastics and Polythene using Pyrolysis and its
Utilization in Compression Ignition (C.I.) Engine. Indian J. Sci. Technol. 2016, 9. [CrossRef]

11. Ahmad, I.; Khan, M.I.; Khan, H.; Ishaq, M.; Tariq, R.; Gul, K.; Ahmad, W. Pyrolysis study of polypropylene
and polyethylene into premium oil products. Int. J. Green Energy. 2015, 12, 663–671. [CrossRef]

12. Anuar Sharuddin, S.D.; Abnisa, F.; Wan Daud, W.M.A.; Aroua, M.K. A review on pyrolysis of plastic wastes.
Energy Convers Manag. 2016, 115, 308–326. [CrossRef]

13. Miandad, R.; Barakat, M.A.; Aburiazaiza, A.S.; Rehan, M.; Nizami, A.S. Catalytic pyrolysis of plastic waste:
A review. Process. Saf. Environ. Prot. 2016, 102, 822–838. [CrossRef]

14. Kunwar, B.; Cheng, H.N.; Chandrashekaran, S.R.; Sharma, B.K. Plastics to fuel: A review. Renew. Sustain.
Energy Rev. 2016, 54, 421–428. [CrossRef]

15. Beltrame, P.L.; Carniti, P. Catalytic degradation of polymers: Part III-Degradation of polystyrene.
Polym. Degrad. Stab. 1989, 26, 109–220. [CrossRef]

16. Park, D.W.; Hwang, E.Y.; Kim, J.R.; Choi, J.K.; Kim, Y.A.; Woo, H.C. Catalytic degradation of polyethylene
over solid acid catalysts. Polym. Degrad. Stab. 1999, 65, 193–198. [CrossRef]

17. Moorthy Rajendran, K.; Chintala, V.; Sharma, A.; Pal, S.; Pandey, J.K.; Ghodke, P. Review of catalyst materials
in achieving the liquid hydrocarbon fuels from municipal mixed plastic waste (MMPW). Mater Today Commun.
2020, 24, 100982. [CrossRef]

18. Susastriawan, A.A.P.; Purnomo; Sandria, A. Experimental study the influence of zeolite size on
low-temperature pyrolysis of low-density polyethylene plastic waste. Therm. Sci. Eng. Prog. 2020,
17, 100497. [CrossRef]

19. Onwudili, J.A.; Muhammad, C.; Williams, P.T. Influence of catalyst bed temperature and properties of zeolite
catalysts on pyrolysis-catalysis of a simulated mixed plastics sample for the production of upgraded fuels
and chemicals. J. Energy Inst. 2019, 92, 1337–1347. [CrossRef]

20. Santos, B.P.S.; Almeida, D.; Marques, M.F.V.; Henriques, C.A. Petrochemical feedstock from pyrolysis of
waste polyethylene and polypropylene using different catalysts. Fuel 2018, 215, 515–521. [CrossRef]

21. Quesada, L.; Calero, M.; Martín-Lara, M.A.; Pérez, A.; Blázquez, G. Characterization of fuel produced by
pyrolysis of plastic film obtained of municipal solid waste. Energy 2019, 186, 115874. [CrossRef]

22. García, R.A.; Serrano, D.P.; Otero, D. Catalytic cracking of HDPE over hybrid zeolitic-mesoporous materials.
J. Anal. Appl. Pyrolysis. 2005, 74, 379–386. [CrossRef]

23. Suhartono; Kusumo, P.; Romli, A.; Aulia, M.I.; Yanuar, E.M. Fuel Oil from Municipal Plastic Waste through
Pyrolysis with and without Natural Zeolite as Catalysts. E3S Web Conf. 2018, 73, 01021. [CrossRef]

24. Akpanudoh, N.S.; Gobin, K.; Manos, G. Catalytic degradation of plastic waste to liquid fuel over commercial
cracking catalysts: Effect of polymer to catalyst ratio/acidity content. J. Mol. Catal. A Chem. 2005, 235, 67–73.
[CrossRef]

25. Zeolyst. Available online: Zeolyst.com (accessed on 24 June 2020).
26. Elordi, G.; Olazar, M.; Lopez, G.; Amutio, M.; Artetxe, M.; Aguado, R. Catalytic pyrolysis of HDPE in

continuous mode over zeolite catalysts in a conical spouted bed reactor. J. Anal. Appl. Pyrolysis. 2009, 85,
345–351. [CrossRef]

27. Chang, C.C.; Green, S.K.; Williams, L.C.; Dauenhauer, P.J.; Fan, W. Ultra-Selective Cycloaddition of
Dimethylfuran for Renewable p-Xylene with H-BEA. Green Chem. 2014, 16, 585–588. [CrossRef]

28. Ceña-López, C.; Peláez, J.; Márquez-Álvarez, C.; Franco, M.J.; Sastre, E.; Lázaro, J.J. Estudio de Catalizadores
Para la Reacción de Alquilación de Benceno; CSIC: Madrid, Spain, 2015.

29. Ates, F.; Miskolczi, N.; Borsodi, N. Comparision of real waste (MSW and MPW) pyrolysis in batch reactor
over different catalysts. Part I: Product yields, gas and pyrolysis oil properties. Bioresour. Technol. 2013, 133,
443–454. [CrossRef]

30. Lutz, W.; Zeolite, Y. Synthesis, Modification, and Properties—A Case Revisited. Hindawi Publ. Corp Adv.
Mater. Sci. Eng. 2014, 2014, 1–20. [CrossRef]

31. García-Martínez, J.; Johnson, M.; Valla, J.; Li, K.; Ying, J.Y. Mesostructured zeolite y—High hydrothermal
stability and superior FCC catalytic performance. Catal. Sci. Technol. 2012, 2, 987–994. [CrossRef]

32. Rizkiana, J.; Guan, G.; Widayatno, W.B.; Yang, J.; Hao, X.; Matsuoka, K.; Abudula, A. Mg-modified ultra-stable
y type zeolite for the rapid catalytic co-pyrolysis of low-rank coal and biomass. RSC Adv. 2016, 6, 2096–2105.
[CrossRef]

http://dx.doi.org/10.17485/ijst/2016/v9i48/105976
http://dx.doi.org/10.1080/15435075.2014.880146
http://dx.doi.org/10.1016/j.enconman.2016.02.037
http://dx.doi.org/10.1016/j.psep.2016.06.022
http://dx.doi.org/10.1016/j.rser.2015.10.015
http://dx.doi.org/10.1016/0141-3910(89)90074-8
http://dx.doi.org/10.1016/S0141-3910(99)00004-X
http://dx.doi.org/10.1016/j.mtcomm.2020.100982
http://dx.doi.org/10.1016/j.tsep.2020.100497
http://dx.doi.org/10.1016/j.joei.2018.10.001
http://dx.doi.org/10.1016/j.fuel.2017.11.104
http://dx.doi.org/10.1016/j.energy.2019.115874
http://dx.doi.org/10.1016/j.jaap.2004.11.002
http://dx.doi.org/10.1051/e3sconf/20187301021
http://dx.doi.org/10.1016/j.molcata.2005.03.009
Zeolyst.com
http://dx.doi.org/10.1016/j.jaap.2008.10.015
http://dx.doi.org/10.1039/C3GC40740C
http://dx.doi.org/10.1016/j.biortech.2013.01.112
http://dx.doi.org/10.1155/2014/724248
http://dx.doi.org/10.1039/c2cy00309k
http://dx.doi.org/10.1039/C5RA24395E


Sustainability 2020, 12, 5482 14 of 15

33. Yazmín, Y.; Agámez Pertuz, L.; Oviedo Aguiar, L.A.; Navarro, U.; Centeno, M.A.; Odriozola, J.A. Análisis de
la microporosidad de catalizadores de FCC. Revista de la Academia Colombiana de Ciencias 2006, 30, 271–278.

34. Kenvin, J.; Mitchell, S.; Sterling, M.; Warringham, R.; Keller, T.C.; Crivelli, P.; Jagiello, J.; Pérez-Ramírez, J.
Quantifying the Complex Pore Architecture of Hierarchical Faujasite Zeolites and the Impact on Diffusion.
Adv. Funct. Mater. 2016, 26, 5621–5630. [CrossRef]

35. Wang, J.; Jiang, J.; Wang, X.; Liu, P.; Li, J.; Liu, G. Catalytic conversion of rubber wastes to produce aromatic
hydrocarbons over USY zeolites: Effect of SiO2/Al2O3 mole ratio. Energy Convers. Manag. 2019, 197, 111857.
[CrossRef]

36. Simon-Masseron, A.; Marques, J.P.; Lopes, J.M.; Ribeiro, F.R.; Gener, I.; Guisnet, M. Influence of the Si/Al ratio
and crystal size on the acidity and activity of HBEA zeolites. Appl. Catal. A Gen. 2007, 316, 75–82. [CrossRef]

37. Ma, C.; Yu, J.; Wang, B.; Song, Z.; Xiang, J.; Hu, S. Catalytic pyrolysis of flame retarded high impact
polystyrene over various solid acid catalysts. Fuel Process. Technol. 2017, 155, 32–41. [CrossRef]

38. Agullo, J.; Kumar, N.; Berenguer, D.; Kubicka, D.; Marcilla, A.; Gómez, A.; Salmi, T.; Murzin, D.Y. Catalytic
pyrolysis of low density polyethylene over H-β, H-Y, H-Mordenite, and H-Ferrierite zeolite catalysts:
Influence of acidity and structures. Kinet. Catal. 2007, 48, 535–540. [CrossRef]

39. Miskolczi, N.; Bartha, L.; Deák, G. Thermal degradation of polyethylene and polystyrene from the packaging
industry over different catalysts into fuel-like feed stocks. Polym. Degrad. Stab. 2006, 91, 517–526. [CrossRef]

40. Mansouri, N.; Rikhtegar, N.; Panahi, H.A.; Atabi, F.; Shahraki, B.K. Porosity, characterization and structural
properties of natural zeolite—Clinoptilolite—As a sorbent. Environ. Prot. Eng. 2013, 39, 139–152.

41. Chattopadhyay, J.; Pathak, T.S.; Srivastava, R.; Singh, A.C. Catalytic co-pyrolysis of paper biomass and plastic
mixtures (HDPE (high density polyethylene), PP (polypropylene) and PET (polyethylene terephthalate)) and
product analysis. Energy 2016, 103, 513–521. [CrossRef]

42. Miteva, K.; Aleksovski, S.; Bogoeva-Gaceva, G. Characterisation of fuel produced from polyolefin waste over
Al2O3-SiO2 mixture as catalyst. J. Environ. Prot. Ecol. 2019, 20, 246–253.

43. Yi, H.; Yang, X.; Tang, X.; Zhao, S.; Wang, J.; Cui, X. Removal of toluene from industrial gas over 13X zeolite
supported catalysts by adsorption-plasma catalytic process. J. Chem. Technol. Biotechnol. 2017, 92, 2276–2286.
[CrossRef]

44. Gulab, H.; Hussain, K.; Malik, S.; Hussain, Z.; Shah, Z. Catalytic co-pyrolysis of Eichhornia Crassipes
biomaѕѕand polyethylene using waste Fe and CaCO3 catalysts. Int. J. Energy Res. 2016, 40, 940–951.
[CrossRef]

45. Cortés, F.B.; Chejne, F.; Carrasco-Marín, F.; Moreno-Castilla, C.; Pérez-Cadenas, A.F. Water adsorption on
zeolite 13X: Comparison of the two methods based on mass spectrometry and thermogravimetry. Adsorption
2010, 16, 141–146. [CrossRef]

46. Aguirre, F.; Calafat, A.; Sanchez, N. metales de transición Degradación catalítica de polietileno de baja
densidad mediante óxidos de metales de transición Catalytic degradation of low density polyethylene by
transition metal oxides. Catalisis 2012, 1, 42–47.

47. Zhang, H.; Dai, L.; Feng, Y.; Xu, Y.; Liu, Y.; Guo, G. A Resource utilization method for volatile organic
compounds emission from the semiconductor industry: Selective catalytic oxidation of isopropanol to
acetone Over Au/α-Fe2O3 nanosheets. Appl. Catal. B Environ. 2020, 275, 119011. [CrossRef]

48. De Oliveira, P.M.; Farias, L.M.; Morón-Villarreyes, J.A.; Montes D’Oca, M.G. Eco-friendly Pretreatment of Oil
with High Free Fatty Acid Content Using a Sulfamic Acid/Ethanol System. JAOCS J. Am. Oil. Chem. Soc.
2016, 93, 1393–1397. [CrossRef]

49. Lugovoy, Y.V.; Chalov, K.V.; Kosivtsov, Y.Y.; Stepacheva, A.A.; Sulman, E.M. Effect of metal chlorides on the
pyrolysis of wheat straw. Int. J. Chem. Eng. 2019, 10. [CrossRef]

50. Cunping Huang, A.; Gujar, M.; Rodgers, M. Methods of Producing Liquid Hydrocarbon Fuels from Solid
Plastic Wastes. US 9,200,207 B2, 1 December 2015.

51. Hongloi, N.; Prapainainar, P.; Seubsai, A.; Sudsakorn, K.; Prapainainar, C. Nickel catalyst with different
supports for green diesel production. Energy 2019, 182, 306–320. [CrossRef]

52. Quesada, L.; Pérez, A.; Godoy, V.; Peula, F.J.; Calero, M.; Blázquez, G. Optimization of the pyrolysis process
of a plastic waste to obtain a liquid fuel using different mathematical models. Energy Convers. Manag. 2019,
188, 19–26. [CrossRef]

http://dx.doi.org/10.1002/adfm.201601748
http://dx.doi.org/10.1016/j.enconman.2019.111857
http://dx.doi.org/10.1016/j.apcata.2006.09.022
http://dx.doi.org/10.1016/j.fuproc.2016.01.018
http://dx.doi.org/10.1134/S002315840704009X
http://dx.doi.org/10.1016/j.polymdegradstab.2005.01.056
http://dx.doi.org/10.1016/j.energy.2016.03.015
http://dx.doi.org/10.1002/jctb.5314
http://dx.doi.org/10.1002/er.3489
http://dx.doi.org/10.1007/s10450-010-9206-5
http://dx.doi.org/10.1016/j.apcatb.2020.119011
http://dx.doi.org/10.1007/s11746-016-2892-8
http://dx.doi.org/10.1155/2019/7135235
http://dx.doi.org/10.1016/j.energy.2019.06.020
http://dx.doi.org/10.1016/j.enconman.2019.03.054


Sustainability 2020, 12, 5482 15 of 15

53. López, A.; De Marco, I.; Caballero, B.M.; Laresgoiti, M.F.; Adrados, A.; Aranzabal, A. Catalytic pyrolysis of
plastic wastes with two different types of catalysts: ZSM-5 zeolite and Red Mud. Appl. Catal. B Environ.
2011, 104, 211–219. [CrossRef]

54. Gobin, K.; Manos, G. Polymer degradation to fuels over microporous catalysts as a novel tertiary plastic
recycling method. Polym. Degrad. Stab. 2004, 83, 267–279. [CrossRef]

55. Manos, G.; Garforth, A.; Dwyer, J. Catalytic degradation of high-density polyethylene on an ultrastable-Y
zeolite. Nature of initial polymer reactions, pattern of formation of gas and liquid products, and temperature
effects. Ind. Eng. Chem. Res. 2000, 39, 1203–1208. [CrossRef]

56. Boxiong, S.; Chunfei, W.; Binbin, G.; Rui, W.; Liangcai. Pyrolysis of waste tyres with zeolite USY and ZSM-5
catalysts. Appl. Catal. B Environ. 2007, 73, 150–157. [CrossRef]

57. Marcilla, A.; Beltrán, M.I.; Navarro, R. Thermal and catalytic pyrolysis of polyethylene over HZSM5 and
HUSY zeolites in a batch reactor under dynamic conditions. Appl. Catal. B Environ. 2009, 86, 78–86.
[CrossRef]

58. López, A.; De Marco, I.; Caballero, B.M.; Laresgoiti, M.F.; Adrados, A.; Torres, A. Pyrolysis of municipal
plastic wastes II: Influence of raw material composition under catalytic conditions. Waste Manag. 2011, 31,
1973–1983. [CrossRef]

59. Kim, J.R.; Yoon, J.H.; Park, D.W. Catalytic recycling of the mixture of polypropylene and polystyrene.
Polym. Degrad. Stab. 2002, 76, 61–67. [CrossRef]

60. Olazar, M.; Lopez, G.; Amutio, M.; Elordi, G.; Aguado, R.; Bilbao, J. Influence of FCC catalyst steaming on
HDPE pyrolysis product distribution. J. Anal. Appl. Pyrolysis. 2009, 85, 359–365. [CrossRef]

61. Kim, J.R.; Van, J.H.; Park, D.W.; Lee, M.H. Catalytic degradation of mixed plastics using natural clinoptilolite
catalyst. React. Kinet. Catal. Lett. 2004, 81, 73–81. [CrossRef]

62. Sangpatch, T.; Supakata, N.; Kanokkantapong, V.; Jongsomjit, B. Fuel oil generated from the cogon
grass-derived Al–Si (Imperata cylindrica (L.) Beauv) catalysed pyrolysis of waste plastics. Heliyon 2019, 5,
e02324. [CrossRef]
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