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Comparative Study on Plastic Materials as a New Source of Energy
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The pyrolysis can be an attractive way to reduce the plastic waste and, in the same time, to obtain alternative
conventional fuels. In this respect, four polymers (low-density polyethylene, high-density polyethylene,
propylene and polystyrene) were used in the pyrolysis process. The experiments were carried out by using
an in-house plant, which allowed a maximum test temperature of 450 °C. The product oil and the derived
gas from the pyrolysis process were evaluated using different techniques, such as elemental analysis (EA),
calorimetry, gas chromatography (GC), gas chromatography coupled with mass spectrometry (GC-MS).
Furthermore, for a comparative study two catalysts, zeolite and lignite, were also used for the pyrolysis
process, in order to observe their influences on the final products. The higher heating value obtained for the
oil was in the 40.17-45.35 MJ/kg range, acceptable for the use of these oil as an alternative fuel for diesel
engine. Also, the sulphur content from the obtained oil does not cause environment problems, being lower
than the allowed limits (10 mg/L). In addition, the pyrolysis derived gas was rich in hydrocarbons, conducting
to a high calorific value, in the 73.42 – 121.18 MJ/kg range.
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Nowadays, with a world production of 335 million
tonnes in 2016, the plastics play an important role in various
areas such as, food, chemical, construction, automotive,
agriculture, electronic and fashion, due to their properties:
easier processability, durability or corrosion resistance. The
last two properties turn the advantages of these materials
into a serious environmental problem, because the plastic
waste accumulation and their low degradability property
resulted in the occupation of a large storage area [1, 2].

In Europe, comparing with the statistics reported in 2012,
in 2016 the plastic waste amount increased with
approximately 2 million tons, from 25 million tons, while
the percentage sent to the landfill decreased from 38% to
27.3%. In the same time, in the case of recycle and energy
recovery the statistic was better, the percentages
increasing from 26% and 36% to 31.1% and 41.6%,
respectively [2, 3].

The incineration is not an environment solution to
decrease the plastic waste quantity, due to carbon dioxide
release into atmosphere, but the pyrolysis can be. Many
researchers turned their attention to waste plastic pyrolysis,
highlighting the advantages of this process by converting
the waste into high calorific power oil or gaseous products
[4-8]. Their studies were focused on the pyrolysis of i) virgin
plastic materials, ii) plastic wastes and co-pyrolysis of
plastic-wood composite (woody biomass), using different
reactor configurations [3, 9-15]. The obtained oil products
can be comparable with petroleum [16], in terms of heat
value and emission factor, thus being tested in diesel
engines. Furthermore, the by-product gas presents also a
high heat value and the residue is obtained in low quantity.
A serious drawback in the plastics pyrolysis is the
requirement of high temperature, but this can be an
energetically sustainable process considering the high heat
values of the oil and gas products [17, 18].

Various parameters, such as temperature, time and
catalyst, influence the quality of gaseous and liquid
products resulted from the pyrolysis process [4-8].
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It was demonstrated that the most important pyrolysis
parameter, the temperature, influences the properties of
the obtained oil and gaseous products, due to thermally
degrading polymer chain [8]. Thus, at a temperature of
about 600 °C it was obtained a liquid with higher content
of aromatic hydrocarbons than at a temperature of about
450 °C. Also, it was evidenced an optimum reaction time
interval, between 15 and 30 min, when a total conversion
is achieved [8]. The use of various catalysts is expected to
reduce the required temperature of plastic degradation
but, on the other hand, their use can increase the process
cost. Therefore, the introduction of a cheaper catalyst into
the process (found in abundance in nature, such as natural
zeolite), as an alternative for the commercial catalysts
(such as zeolite-Y, ZSM5, Al-MCM-41) can be the key to
reduce the costs [19-21].

Taking into account all the above-mentioned aspects,
this study focused on the investigation of the pyrolysis
process of virgin plastics (obtained from low-density
polyethylene, high-density polyethylene, polypropylene,
and polystyrene) with and without catalysts (lignite and
zeolite), in order to observe the difference of pyrolysis
products.

Experimental part
Materials and methods

The used polymers were commercially available
products, such as: low-density polyethylene (LDPE) and
polypropylene (PP) were procured from SABIC (Riyadh,
Saudi Arabia) and polystyrene (PS), high-density
polyethylene (HDPE) were purchased from Versalis S.p.A
(Santo Donato Milanese, Italy).

One of the used catalysts was lignite, due to the high
content of lignin. This was purchased from a local mine
(Berbesti mine, Valcea county, Romania). Another type of
catalyst, the LMS (Linde Molecular Sieves) zeolite, was
obtained from Linde Romania (Bucharest, Romania).
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High purity nitrogen (99.999%Vol) was purchased from
SIAD Romania (Bucharest, Romania).

The pyrolysis products were examined using an EA 2000
Flash elemental analyser (Thermo Scientific, Waltham, MA,
USA) in order to obtain information about the gaseous
emissions resulted after the combustion of liquid oil
product. The analyser had a thermal conductivity detector
(TCD) and two chromatographic columns (SM5A and
Porapack Q) purchased from Sigma Aldrich (Steinheim,
Germany).

The heat value, the most important quality characteristic,
was established through an IKA 5000 calorimeter (IKA,
Staufen im Breisgau, Germany).

For the analysis of non-condensable gases, a Varian CP
3800 gas chromatograph (Varian Instruments, Palo Alto,
CA, USA) was used. It was equipped with thermal
conductivity and flame ionization detectors and three
columns, such as CP-Al2O3/KCl (25 m x 0.32 mm internal
diameter), CP-PoraBOND Q-HT (27.5 m x 0.32 mm internal
diameter), CP-Molsieve 5Å (50 m x 0.53 mm internal
diameter) (Agilent Technologies Inc., Santa Clara, CA, USA).
The chromatographic method was previously developed
[22].

Furthermore, a Varian 450 gas chromatograph (Varian
Instruments, Palo Alto, CA, USA) coupled with a Varian 240
mass spectrometer (Varian Instruments, Palo Alto, CA,
USA) was used for the qualitative analysis of the pyrolysis
liquid oil. The chromatograph was equipped with a Thermo
Scientific TG-WAXMS capillary column (60 m x 0.32 mm x
0.25 µm) (Thermo Scientific, Waltham, MA, USA) for the
separation of oil compounds and a split injection valve (1:10
split ratio) heated at 150 °C for volatile compounds. Also,
this chromatographic method was described in a previous
work [23].

Experiemhtal setup
The pyrolysis process was carried out using the

experimental setup presented in figure 1. The installation
consists in a pyrolysis reactor made from stainless steel
with an internal diameter of 100 mm and a height of 450
mm. Inside the reactor there are placed two stainless-steel
supports, one for the tested materials and the second one
for the catalyst. The reactor is isolated with basaltic wool
to maintain a constant temperature and it is thermostated
through a ceramic bracelet that ensure a temperature up
to 450 °C. Prior to the experiments, a nitrogen flow of about
100 mL/min was provided by a gas cylinder in order to
ensure an inert atmosphere.

Also, the reactor is equipped with a water condenser, in
order to separate the products into condensable and non-
condensable products, which were collected in an oil
recipient and a gas bag, respectively.

The tests were performed using, in the first step, the
polymers (PP, PS, HDPE and LDPE) without the catalysts.
The necessary polymer quantity was 55 g and the
temperature ranged between 24 and 450°C, with a step
increment ratio of 50 °C/5 min. After the maximum
temperature was reached, this was held for 30 min.

In the second step, the polymers in presence of catalysts
(zeolite or lignite) were used with a 1/10 (zeolite/polymer)
ratio, in order to observe the changes in the quality products.
The catalysts were placed above the polymer sample in
their support to offer time and space for a better interaction.
The pyrolysis processes were carried out in the same
conditions and every experiment was repeated for 4 times
and the results were averaged.

Results and discussions
The effect of the plastic types and also of the catalyst on

the pyrolysis product yields (oil-PPO, gas-PPG and waste-
PPW) is presented in figure 2. It can be seen that the highest
liquid fraction was obtained from the PS in the presence of
lignite (79 %), followed by pyrolysis without catalyst of PS
(76 %), PP (53 %) and LDPE (41%). On the other hand, the
lowest liquid fraction resulted from the LDPE (38%) and
HDPE (40%) pyrolysis with zeolite.

The addition of the zeolite catalyst conducted to the
decrease of the liquid fraction for all the plastic samples,
the most noticeable difference being observed for PS
pyrolysis. However, there were not observed significant
differences once the lignite was used as catalyst.

Liquid oil products obtained from LDPE, HDPE and PP
pyrolysis without and with catalysts showed mainly the
presence of paraffinic and olefinic groups (fig. 3). The
aromatic compounds ratio is insignificant, being in the 6.50
- 10 % range. The catalysts did not significantly influence
the oil content of these polymers.

Instead, the PS pyrolysis oil is dominated by aromatic
and paraffins compounds, the content of olefins being
negligible. The higher ratio of aromatic compounds was
due to its high stability and it was found for the PS / Lignite
oil (45.15 %), followed by the PS / Zeolite oil (44.18 %) and
the PS oil (42.20 %). Also, in the case of the oil obtained
from the PS pyrolysis with catalysts, no changes were
noticed.

The data obtained from the elemental and calorimetric
analysis of the pyrolysis oil (elemental content, higher
heating value – HHV and emission factor-EF) are presented
in table 1 [24-26]. The sulphur contents in the samples are
below the method quantification limit (10 mg/L), in this
respect, the posibility of sulphur compounds formation is
very reduced, making the pyrolysis oil environmental
friendly. Also, the nitrogen content is very low, and it was
slightly influenced by the catalyst presence. On the other

Fig. 1. Pyrolysis experimental setup
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hand, the highest contents of carbon and hydrogen were
87.92 wt.% and 13.24 wt.% for the oil obtained from PS
and HDPE, respectively, without catalysis. The oxygen
content was very low in the oil obtained from PS pyrolysis,
namely 3.90 wt.%, and it increased to 9.26 wt.% and 9.09
wt.% due to zeolite and lignite, respectively. The highest
oxygen content was obtained in PP pyrolytic oil, 19.39 wt.%,
but the presence of zeolite and lignite conducted to its
decerease to 16.07 wt.% and 13.95 wt.%, respectively.

The oil higher heating values (HHVs) were in the 40.17-
45.35 MJ/kg range, showing their potential as an alternative
fuel. The zeolite slighty increased the higher heating value
of the LDPE pyrolytic oil. Also the same trend was observed
in the case of oil obtained from PS pyrolysis with both
catalysts.

Noticeable emission factor value was registered for the
oil produced from PS. The use of zeolite and lignite
conducted to the improvement of its emission factor.

The gas chromatography results for the gas samples
are presented in table 2 and table 3. Furthermore, a typical
chromatogram of the obtained PPG from PS pyrolysis is
presented in figure 4.

Among the significant quantities of methane, ethane,
ethylene, propane, propylene, n-butane, neo-pentane, in
the pyrolysis derived gases, there were also presented
permanent gases such as hydrogen, carbon monoxide and
carbon dioxide (table 2 and table 3). The gas composition
depended on the composition of the tested material,
therefore the styrene and toluene are the main components
of PS.

After the identification and quantification of the
components from the pyrolysis gases, the higher heating
value and the emission factor were calculated and
summarized in table 4 [27].

The gases resulted from the pyrolysis process had
significant higher heating values. The gas produced from
the PS pyrolysis had the highest HHV (121.18 MJ/m3) and
the use of lignite in its pyrolysis conducted to the highest
EF (123.71 t/TJ).

The use of catalysts conducted to a decrease of the
heat value and to an increase of the emission factor,
excepting the case of using lignite for PP pyrolysis.

According to the values presented in table 4, the
resulting gas has the potential to be used in the pyrolysis or
the turbine process.

Fig. 2. Effects of the plastic type and catalyst on the product yields

Fig. 3. Comparison of volume fraction obtained using lignite and zeolite catalysts
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Tabel 1
ELEMENTAL

COMPOSITION,
HIGHER HEATING

VALUE AND
EMISSION FACTOR

OF  PPO

  Table 2
COMPOSITION OF

DERIVED GAS FROM
NON-CATALYSED

PLASTIC PYROLYSIS

Table 3
COMPOSITION OF DERIVED GAS FROM CATALYSED PLASTIC PYROLYSIS
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Table 3
CONTINUATED

Conclusions
This study evaluated the pyrolysis process of various

plastics in the presence of zeolite or lignite as catalysts, in
terms of product yields and composition, higher heating
values and emission factors.

The results shown that the introduction of zeolite in the
pyrolysis processes affected the oil fraction by decreasing
it. The lowest oil fraction was obtained for LDPE pyrolysis
in the zeolite presence (38%) and the highest oil fraction
was obtained from PS pyrolysis in the presence of lignite
(79%).

Significant contents of aromatic compounds were found
in the oil produced from PS with and without catalyst, due
to its high stability. The highest ratio of aromatics was
observed in the oil resulted from PS pyrolysis in the
presence of lignite (~45 %).

The low sulphur content (under the European legislation
limit for diesel fuels) make the pyrolysis oil an
environmentally friendly alternative for conventional fuels.

Fig. 4. Typical GC-FID chromatogram for the gas derived from PS pyrolysis

Table 4
HIGHER HEATING VALUE AND EMISSION FACTOR

OF DERIVED GAS FROM PYROLYSIS PLASTIC

The HHV for the resulted oils varied in the 40.17-45.35
MJ/kg range. Furthermore, the derived gases presented also
significant heat values, between 73.42 – 121.18 MJ/m3.
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