Papuga, S. V., et al.: Temperature and Time Influence on the Waste Plastics ...
THERMAL SCIENCE, Year 2016, Vol. 20, No. 2, pp. 731-741 731

TEMPERATURE AND TIME INFLUENCE ON THE
WASTE PLASTICS PYROLYSIS IN THE FIXED BED REACTOR

by

Sasa V. PAPUGA*, Petar M. GVERO®, and Ljiljana M. VUKIC*

@Faculty of Technology, University of Banja Luka, Banja Luka, RS, B&H
® Faculty of Mechanical Engineering, University of Banja Luka Banja Luka, RS, B&H

Original scientific paper
DOI: 10.2298/TSCI141113154P

Pyrolysis as a technique of chemical recycling of plastic materials is causing an
increasing level of interest as an environmentally and economically acceptable
option for the processing of waste materials. Studies of these processes are car-
ried out under different experimental conditions, in different types of reactors
and with different raw materials, which makes the comparison of different pro-
cesses and the direct application of process parameters quite complex. This pa-
per presents the results of investigation of the influence of temperature in the
range of 450-525 °C, on the yield of the process of pyrolysis of waste plastics
mixture, composed of 45% polypropylene, 35% low density polyethylene, and
25% high density polyethylene. Also, this paper presents results of the investiga-
tion of the effect of the reaction, at intervals of 30-90 minutes, on the yield of py-
rolysis of the mentioned waste plastics mixture. Research was conducted in a
fixed bed pilot reactor, which was developed for this purpose. The results of the
research show that at a temperature of 500 °C, complete conversion of raw mate-
rials was achieved, for a period of 45 minutes, with a maximum yield of the py-
rolysis oil of 32.80%, yield of the gaseous products of 65.75%, and the solid re-
mains of 1.46%. A further increase of temperature increases the yield of gaseous
products, at the expense of reducing the yield of pyrolysis oil. Obtained pyrolysis
oil has a high calorific value of 45.96 MJ/kg and in this regard has potential ap-
plications as an alternative fuel.
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Introduction

As the result of the continuous increase in the consumption of plastic materials in
most countries including Bosnia and Herzegovina, the trend of a continual increase of plastic
waste is present too [1]. The annual production of plastic materials in 1950 was 0.35 million
tons, and since then, there has been a continual increase trend. According to data from 2011,
plastic materials production was 250 million tons [2]. Today in Europe, most types of plastic
are polyolefin polymers, polypropylene, PP (19%), low density polyethylene, LDPE (17%),
and high density polyethylene, HDPE (12%) respectively, with the largest use of the plastics
being for packaging; around 39.4% [2]. According to the official European statistics, the EU
member countries average an annual production of plastic at 159.4 kg per person, whereas the
share of waste plastics in the total packaging waste is 19% [3]. According to domestic official
statistics, the total quantity of the produced and collected communal waste in the Republic of
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Srpska in 2012 was 376 438 t, and 250 223 t, respectively, whereas packaging waste was
445 t or 0.2%, and detailed data about the quantities and the waste plastic types does not exist
[4-6]. However, it is possible to say that as in the other countries, the most recyclable
packaking waste available on the market consists of HDPE, LDPE, PP, polyethylene (PET),
polyvinylchloride (PVC), and polystyrene (PS) [7].

Most of the plastic material is not biodegradable and has a low density, which makes
its disposal in landfills, undesirable [8]. One of the chemical recycling techniques for the plas-
tic materials is pyrolysis, which is causing increasing interest as an environmentally and eco-
nomically acceptable option for waste materials treatment. Pyrolysis is defined as a thermo-
chemical process of the organic material degradation due to heating in an inert atmosphere.
Depending on the applied technology, the process can be guided in a way to get a synthetic
fuel, or to produce gaseous and liquid products which can be used in the petrochemical indus-
try and coke production as a raw material for gasification [9].

Research of plastic pyrolysis processes are carried out in different experimental
conditions as well as with different reactor types, different types of plastic materials, pure or
waste materials, with the aim to get optimal content and quantity of liquid products. Experi-
ments are mostly related to pyrolysis of the specific types of plastic materials or their mix-
tures, different shares of the materials as well as different raw material particle granulations.
[10-16]. All of this makes the comparison of the processes complicated, and causes variations
in the published results. A review of the variations in the published results was given by Jung
and Fontana [17].

Experiments were frequently provided by using small samples, in autoclaves or spe-
cially dedicated devices predicted for thermo-gravimetric (TG) analysis, in conditions which do
not have limitations in heat transfer to sample particles in the implementation of TG analysis. In
the study of synthetic polymers and waste plastics pyrolysis on samples of 15-75 mg, it was
mentioned that the obtained results should be carefully implemented in the industrial processes
[18]. The result of the experiment with a mixture of PE, PP, and PS in the batch micro reactor
with a volume of 30 mL, showed that the maximum yield of liquid phase was achieved at the
temperature 750 K (477 °C), which suggested that there was the need for additional investiga-
tions on bigger pilot experimental set-ups, particularly in a case of work with the mixtures of
waste plastics [19]. In other research, provided by Kaminsky and Zorriqueta [20] a batch micro
reactor with a volume of 100 mL, it was found that at 400 °C, more than 40% of the PP samples
did not react, while at 500 °C, 98% of the samples passed the pyrolysis process. Adrados et al.
[15] were investigating pyrolysis of the waste plastics mixtures at a fixed temperature of 500 °C
at a time of reaction of 60 minutes, in the fixed bed reactor with volume of 3.5 L and with a typ-
ical method of the plastic mixture heating in the reactor, through the reactor wall.

Thus one can conclude that additional investigation of pyrolysis in the fixed bed re-
actor exists, especially in the pilot reactors having additional limitations, compared to the la-
boratory micro reactors, in which the influence of heat transfer to raw material can be disre-
garded. It should be mentioned, beside this paper dial with pyrolysis in fixed bed reactor that
the fluidized bed reactors are one of the most used reactors types for the pyrolysis of plastic
materials, which is particularly interesting due to possibilities of obtaining continuous and
isothermal process conditions [20-23].

In this paper are the results of the investigations of the temperature and time of the
reaction on the yield of the pyrolysis on the mixtures of waste plastics (PP, LDPE, and
HDPE), in the pilot fixed bed reactor, particularly developed for this purpose. The results de-
termine the initial temperature and time intervals in which investigations were carried out.
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Most of the researchers in choosing the temperatures for providing experiments start
from TG results, respectively derivative TG (DTG) analysis, where it is possible on the base
of obtained results to notice the temperature intervals of thermal decompositions. Regarding
the reaction time, commonly a long enough interval is chosen, in order to expect maximum
plastic degradation on selected temperatures. In available literature it is possible to find a lot
of published TG and DTG analysis of the plastic materials pyrolysis process, which differs
according to different experimental conditions [15, 16, 18-20, 24, 25]. Investigations provided
by Norway University for Science and Technology of pyrolysis of the individual plastic types
(HDPE, LDPE, PP, and PS) were carried out in temperature intervals 350-500 °C with a max-
imum rate in the interval of 413-479 °C [26].

Similar results were published by other authors, as in the investigation of Sharypov
et al. [27] it was quoted a temperature of 500 °C as a finish of the thermal degradation of PE,
and temperatures 488 °C, and 494 °C for PP (atactic PP), respectively, i-PP (iso-atactic PP).
Also, DTG curves presented in the paper of Lopez et al. [16] suggested similar temperature
intervals for individual types of plastic materials, and also additionally analysed plastic waste
mixtures (PP, PE, PS, PVC, and PET) and it was quoted that the total pyrolysis of this mix-
ture finished at 500 °C. According to the TG pyrolysis curves of individual plastic samples
(HDPE, LDPE, and PP), provided on 5 mg samples and during a heating rate of 20 K per mi-
nute, pyrolysis of HDPE takes place in the interval of 438-509 °C, with a maximum rate on
492 °C and pyrolysis of PP taking place in the interval 447-503 °C, with a maximum rate on
496 °C [28].

These analyses were used as a basis for the setting of the experiments in the fixed
bed laboratory reactor.

Experiments

Selection and preparation of the samples

As a material for the investigation, the three most common waste plastic types were
used (PP, LDPE, and HDPE), their characteristic composition in the municipal waste: PP
40%, LDPE 35%, and HDPE 25%, respectively. Official statistics do not present data about
waste plastic composition in the municipal waste, so that for the determination of mass ratios
in the mixture of plastic waste, average values from EU Counties were used [2]. According to
these statistics, the three most common plastic types are: PP 19%, LDPE 17%, and HDPE
12%, respectively, in percentages for the mixture PP+LDPE+HDPE: PP 40%, LDPE 35%,
and HDPE 25%. For the PP and HDPE samples packaging waste was used, while for the
LDPE sample, plastic bag production granules were used. Packaging waste was washed first,
and then fragmented and milled in a laboratory mill and after that a PP and HDPE mixture
was prepared. Prepared mixture was analysed for granulometric composition and an average
particles diameter was determined, which was 1.40 mm. After that, a prepared mixture of PP
and HDPE was mixed with LDPE granules of cylindrical shape (2.20 x 5.03 mm), acceding to
above determined mass ratios.

Investigation methodology and
experiments description

Pyrolysis process investigations were carried out on the pilot experimental set-up
with the fixed bed reactor in the Laboratory for Ecological Engineering at Faculty of Tech-
nology Banja Luka. Schematic description of the set-up is presented in fig. 1.
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A previously prepared and weighted sam-
ple was immersed in the reaction vessel (c), after
that nitrogen as carrying gas and inert media was
let into the system (a), which has a role of estab-
lishing an inert atmosphere and role of carrier
gas. By using measuring-regulator (b) gas flow
was adjusted to 100 mLn per minute, and after
10 minutes an inert atmosphere was achieved.
By using PC (i) and adequate program package
automatization and regulation of the system (/)
switching on electric heaters system (c), which
Figure 1. Schematics of the laboratory pilot heats ‘the reaction mixture. For all 'implemented
set-up for pyrolysis process investigation; experiments thermocouple, 7;, which measured
(a) nitrogen, (b) gas flow meter, (c) pyrolysis temperature in the bottom part of the reactor was
reactor, (d) thermal insulation, (e) system for the  a control sensor for the regulation of the electric
vapours condensation, (f) separation system — heaters. At achieving the previously defined re-
vessels for condensate acceptance, . . .
(¢) non-condensable gases outlet in the gases actor temperature, the time which raw material
washing system, (h) distribution cabinet for spent on a defined temperature represents the
regulation system, (i) PC time of the reaction. After a defined time, the

regulation system is switched off and after the
reactor’s temperature dropped below 100 °C, the reactor was taken apart, the reaction dish was
disconnected from the reactor (c), after that the dish was weighed and solid residue was deter-
mined. The vessel for condensate acceptance (f) was disconnected too, and weighed in order to
determinate mass of condensable products, including a part of the condensate products mass
from internal walls (e) of the condensate vessel. Small amounts of condensate could be left in
the pipe system between two condensers (¢), and between condenser and the reactor, but due to
relatively large sample of row material (200 g), this could be neglected.
The gas phase yield, mg, has been determined from the mass balance as a difference
between the mass of raw material, mg and the summary mass of the liquid phase, my, and the
mass of the solid residues, ms:

L

mG=memL+mS (1)

All measurements were repeated three times, and the results presented in the table
are average, arithmetic values of those three measurements.

Reactor temperature changes can be traced in three characteristic points. All temper-
atures were measured by using thermocouples K-type and recorded by using Omron’s pack-
age CX-Thermo. The regulation of electric heaters work, respectively temperature control,
was solved by use of Omron’s temperature controller CelciuX (EJIN-TC4A-QQ),with pre-
ciously adjusted PID constants, and definition of mentioned constants as well as other charac-
teristic parameters in the regulation system, also by using package CX-Thermo. Inert gas flow
was measured by using mass flow meter Brokkhorst, model MASS-VIEW MV-304, which
has an additional option of fine adjustment of the gas flow in the range 0.04-20 Ln per mi-
nute. Pure, 99.9% nitrogen (N,) was used as a carrier gas. The heat content of the produced
fuels was measured by using calorimeter Parr Instrument Company; model 6400 Automatic
Isoperibol Calorimeter, by use of dynamic method of measurement. Qualitative analysis of
the produced fuels was carried out by using FTIR spectroscopy (FTIR 1600 Perkin Elmer),
method: CEI IEC 590.
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Results and discussion

Initial selection of temperature and time of the reaction

For the initial experiments, temperatures of 400 °C and 500 °C were chosen, taking
into consideration results TG and DTG analysis that maximum velocities of thermal degrada-
tion can be expected between these mentioned temperatures [19, 20, 24]. Regarding reaction
time; for the initial experiment a time of 60 minutes was selected, considering that this given
time is enough to enroll full thermal degradation at the chosen temperature. In the further ex-
periments reaction time was varied between 30 and 90 minutes with the aim to achieve opti-
mum values in a sense of maximum yield of liquid phase (pyrolysis oil) and maximal conver-
sion of the raw material.

Figure 2 shows the results of the initial ~ 80 —

experiments. It can be noted that on the initial QE 70+ gg?'rgggisé'%lﬁe—w.m_
selected temperature of 400 °C, a large part of g 60 o ses -
the raw material stayed unreacted (39.86%), <§"’u =5 -
while at the temperature of 500 °C practically 4ol 3086 41.24 -
all raw material was reacted (only 1.43% of sol- 30.66

id residue stayed in reactor), which is adequate 0T 6 .50 = |
to the results of the individual waste plastic 01 =3 —
samples technical analysis (annealing on 750 R — me
and 900 °C), which shows residue in the form 0 o0 — o0 .
of ash, 0.8% for PP, and HDPE 0.54% [29]. Temperature [°C]

This solid residue in the reactor is a bit higher __ . . .

. . .. Figure 2. Pyrolysis of plastic mixture during
value than ash f.mm tCChn_lcal a}nalysm, .but .lt reaction time of 60 minutes (N, flow is 0.5 Ln
should be taken in to consideration that in this per minute, heating velocity 12 K per minute)
case, waste plastics samples can have different

quantities of inorganic additives. 100 TSord eoqoa
= 8 Pyrolysis oil
Temperature influence on the plastic 2 g0 0 Gas
pyrolysis ; o0 65.75 69.98
To investigate the influence of the reactor s 0 P ]
temperature on the pyrolysis process yield, a0 ] |
temperature intervals of 450-525 °C, were se- 2668 | 2826 | 2 | 2880
lected. A temperature of 450 °C was selected as 20 L
an initial value, because from this value, higher s e 123
rates of degradation can be expected. It was =S i - R : S
shown, from the previous experiments, that at a Temperature [°C]

temperature of 400°C and a time of
60 minutes, a relatively low ratio of the raw . . - .

. . . . . . on the plastic pyrolysis during a time of
material conversion was achieved, with a solid 45 minutes (N, flow was 0.5 Ln per minute,
residue of 40% (3986%) For the final tem- heating rate 12 err minute)
perature of the process, a temperature of 525 °C
was chosen, because the thermal degradation process of all plastic materials ended below that
value. This choice of temperature interval is in accordance with the results of numerous TG
and DTG analysis of the maximal rate of thermal degradation of the investigated polymers
[26-28]. Figure 3 shows the influence of temperature on pyrolysis process yield from the reac-
tor on the investigated samples.

Figure 3. Influence of the reactor temperature
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Figure 3 shows that also at a temperature of 450 °C, a significant amount of the raw
material stays unreacted (25.46%), and due to that, experiments on lower temperatures were
not carried out.

An increase of raw material conversion with a temperature increase is obvious,
while a maximum yield of liquid phase (pyrolysis oil) is obtained at 500 °C. There is a negli-
gibly small increase of raw material conversion at 525 °C compared to conversion at 500 °C,
simultaneously reducing the yield of pyrolysis oils in favour of increasing the yield of gaseous
products. This can be explained, as on higher temperatures secondary reactions start to domi-
nate reactions during which further cracking of molecular chains appears, and during this pro-
cess shorter molecular emerge, respectively non-condensable gases. Similar behaviour was
noticed by the other authors. Demirbas [19] in his work has quoted that with the increase of
temperature in the investigated interval 550-900 K gaseous products yield also increases, from
12.3-42.4%, in the investigated plastic mixture (PP, PE, and PS). Liquid products yield also
increased up to 750 K (477 °C), and after that slightly declines (up to temperature 900 K).
This trend is slightly different to the results shown in fig. 3, due to the different nature of raw
material. Achilias et al. [30] in their paper, dealing also with pyrolysis of individual plastic
types (PP, LDPE, and HDPE) in the reactor with a fixed bed, but with a relatively small sam-
ple of 0.7 g, were shown that on an investigated temperature of 450 °C, during a time period
of 17 minutes, a relatively small conversion was achieved (LDPE 76.4% solid residue, HDPE
76.7% solid residue, and PP 46.6%). This is significantly small compared to the achieved re-
sults from this investigation of the mixture at 450 °C (fg. 3), where the solid residue was
25.46%, but in a time period of 45 minutes. One can assume that such distinction in achieved
degree of conversion is as a consequence of different reaction times. The results of the pyrol-
ysis of synthetic and waste PP investigation in the laboratory batch fixed bed reactor, shows
that at 500 °C, a yield of approximate 80% condensable products was achieved, but these re-
sults were achieved also in the experiments with relatively a small mass of the samples (20 g
of raw material) [31]. In a study performed in a half-batch reactor of the HDPE plastics in
non-isothermal conditions, it was mentioned that with the decrease of reactor temperature
from 495 °C to 450 °C activation energy decreases for 20% [32]. Adrados et al. [15] and
Lopez et al. [16] in the already mentioned pyrolysis reactor, investigated a mixture of pure
synthetic polymers (PP 40%, PE 35%, PS 18%, PVC 3%, and PET 4%) and noticed that total
conversion was achieved already at 460 °C, but due to better quality products, a temperature
of 500 °C was recommended as the one at which a liquid products yield of 65.2% is achieved.
Also, the same group of authors were investigating pyrolysis of waste plastic mixture at a
fixed temperature at 500 °C within a reaction time of 60 minutes, and during this process a
yield of 40.9% liquid product was achieved [15]. This is approximately the same as the
achieved result at 500 °C which is 32.8% of liquid phase (fig. 3), and it is necessary to em-
phasize that samples of plastic material pure-synthetic or waste can produce different results
under the same process condition which was also mentioned by some other authors [13, 15].
Thus e. g. some data shows that at a fixed temperature of 500 °C, and at a fixed time of 60
minutes, during pyrolysis of the mixture of pure, clean synthetic plastics (HDPE, PP, PS,
PET, and PVC), 48.7% of liquid products was yielded, while the mixture of the same compo-
sition, but waste plastics obtained from German DSD recycling system, liquid phase yield
was 32.5%, while from the same plastic waste mixture from Belgian system Fros Plus, liquid
products yield was 64.1% [13]. Influence of the plastic mixture composition on the liquid
products yield is specifically expressed in the presence of PS. During pyrolysis of PS due to a
structure within a stable benzene ring, a higher yield of liquid products can be achieved and at
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the same time a lower yield of gaseous products during pyrolysis of poly-olefin polymers (PE,
PP) with a plain carbon structure, without a benzene ring. Macromolecules of PS were less
cracked in to gaseous products with five or less C atoms, so distribution of the products is de-
pendent on the plastic type [33].

It can be concluded that liquid products yield, as well as the conversion of raw mate-
rial, depends on: experimental conditions (process parameters), raw material type (waste or
clean, synthetic plastics), the content of raw material (mixture or individual plastic types),
mixture content, pyrolysis reactor type, size of the sample’s particles, and the time of the reac-
tion. Due to that, for each individual system or pyrolysis plant, it is necessary to clearly define
the previous mentioned parameters, and investigate adequate yield.

In the investigated laboratory pyrolysis set-up, with a fixed bed and characteristic
heating of plastic material mixture, optimal temperature of the reactor in a sense of maximum
liquid products yield was 500 °C within a time of 45 minutes.

Influence of the reaction time on the
waste plastic pyrolysis process

Considering the results of the previous experiments, respectively a maximum con-
version of the raw material at temperature of 500 °C, for the study of reaction time influence
on the investigated plastics pyrolysis process, a fixed temperature of 500 °C was selected. Al-
so in a research of Adrados et al. [15] and Lopez et al. [16] it was mentioned that a fixed tem-
perature of 500 °C, is optimal for the study of time of the reaction influence on the pyrolysis
of plastic materials. The time of the reaction was varied between 30-90 minutes, during a
fixed nitrogen flow of 0.5 Ln per minute and a fixed heating rate of 12 K per minute. The re-
sults of provided experiments are shown in fig. 4.

Figure 4 shows that during the reaction

-
o
o

time Qf 45 minutes, a totgl conversion of plastic g T Solid residue
material was achieved with a release of gaseous ¢ aRyrolysis oil
and liquid — condensable products. During the % 6613 6575 67.91 68.17
defined experiment conditions, a negligible £ g ]

change of solid residue mass, which was 1.46%

in 45 minutes, and 1.47% in a time of 90 40128 80 3280 30.66 30.37)
minutes, was noticed. Maximum yield of con- 204

densable products (pyrolysis oil) was also no- 5.08 408 .

. o/ - . : . ' 1.47
ticed, 32.80% in the reaction time of 45 0 % T e -
minutes. With further increases of reaction Time [min]

time, no significant changes in a raw material

ConverSIQH and gas ?n(.i llqulq products yield waste pyrolysis at a temperature of 500 °C
were noticed. Thus, it is possible to conclude (N, flow 0.5 Ly per minute, heating rate 12 K
that a reaction time of 45 minutes is sufficient per minute)

for the total conversion of the raw material at a

temperature of 500 °C, in this characteristic reactor system. Other authors mentioned different
times, e. g. in the fixed bed reactor with a volume of 3.5 L and typical plastic mixture heating
trough reactor wall, that for investigated mixture (PP, PE, PS, PVC, and PET) a sufficient
time for total conversion is 30 minutes [16]. In some other typical laboratory reactors (Parr
Mini Bench Top Reactor, Type 4561 m), autoclave with volume 300 ml, with mixer and un-
der pressure of 19.5 MPa waste plastic mixture was investigated (HDPE, PP, PS, PET, and
PVC), at a fixed temperature of 500 °C, and a fixed reaction time of 60 minute, but the even-

Figure 4. Reaction time influence on the plastic
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tual influence of the reaction time change was not investigated [13]. It is obvious that the need
for additional investigations exists, particularly in the pilot reactors, which have additional
limitations compared to the laboratory micro reactors in regard to the influence of heat trans-
fer mechanisms on raw material, taking into consideration that this kind of reactor is dealing
with small samples.

In the most studied researches of the waste plastics pyrolysis, the reaction time in-
fluences were not investigated, instead of that, the usual approach was to take a period which
is long enough, during which maximal decomposition at a chosen temperature was expected.
This means, for each characteristic reaction system it is necessary to determine the optimal,
i. e. minimal, time necessary for the total conversion of raw material. This is very important
from the aspect of a reduction in energy costs for such a system.

Heating value of pyrolysis oil and possibility
of use for energy purposes

Samples of pyrolysis oil produced form the experiments at selected optimal experi-
mental conditions (reaction time 45 minutes, temperature 500 °C, and inert gas flow 0.5 Ln
per minute, were analysed in a calorimeter in order to determine the heating value as well as
FTIR spectroscopy analysis. Produced pyrolysis oil has a heating value of 45.9603 £0.15
MlJ/kg, which is a bit higher than heating values of high quality coals, as well as the heating
value of crude oil (44 MJ/kg) [34]. The other authors dealing with the same subject, have cit-
ed similar heating values, for example heating value of the pyrolysis oil produced from a
commercial, rotary kiln reactor is 44.832 MJ/kg [35], and 44.340 MJ/kg, respectively [36].

Analysis of pyrolysis oil

The results of FTIR spectroscopy analysis, shows the following content of carbohy-
drates in mass percentages: aromatic compounds 11.49%, paraffins 82.11%, and naphthens
6.40%. These results are different from other author’s results that were analysed of waste
plastic pyrolysis. Thus e. g. during pyrolysis of plastic mixture (40% PE, 35% PP, 18% PS,
4% PET, and 3% PVC) in the fixed bed reactor, it was mentioned that results of GC-MS indi-
cates a significant share of aromatics, (aromatic compounds 73,9%, non-aromatic compounds
22.3%, and non-identified components 3.9%) [16]. It was mentioned that beside the fact that
raw material comprises mainly from long saturated hydrocarbons (PE and PP), in obtained
liquid products there were no paraffin, differing to the results presented in this paper where a
high yield of paraffin of 80.32% in pyrolysis oil were observed. This absence of paraffins can
be explained by this, in that during polymers macro-molecules cracking, a large number of
radicals were formed that have to be stabilized, which happens by: (1) the forming of double
bond generating olefins; (2) combining each other with the emergence of cyclic structures i. e.
naphthenes; (3) releasing of hydrogen being later transformed into highly unsaturated prod-
ucts or aromatics. It is also necessary to emphasize that at the same time other authors men-
tioned the occurrence of aliphatic compounds and naphthenes as dominant products [37, 38],
cited in [16].Thus, it can be assumed that in a developed pilot reactor, after the initial decom-
position of waste plastics, i. e. the primary cracking reactions of macro-molecules chains,
products leave the reactor relatively quickly and enter into the area with low temperatures
(condensation system) together with carrier gas, and due to that, there is no time for the occur-
rence of the reaction according to above presented mechanism, in a larger extent. This is in
accordance with earlier ascertainment, that the process is strongly dependent on the reactor
design and the applied parameters.
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Conclusions

On the basis of provided research of the waste plastics mixture pyrolysis (PP 40%,

LDPE 35%, and HDPE 20%) in a developed pilot fixed bed reactor, the following can be

concluded.

e By careful selection of the process parameters, temperature and reaction time, it is possi-
ble to achieve total conversion of the waste plastics mixture in to the liquid and gaseous
products.

e Selection of an adequate time for total conversion of raw material primarily depended on
the design of the reactor and due to that it is necessary for every investigated system to
determine its optimal time as a process parameter.

e The optimal temperature to achieve the total conversion of investigated raw material and
a maximal yield of pyrolysis oil is 500 °C, over a duration of 45 minutes and a flow of in-
ert gas (N,) of 0.5 Ln per minute, to give a yield of 65.75% of gaseous products and
32.80% of liquid product (pyrolysis oil).

e With an increase of temperature over 500 °C yields of gaseous products increase up to a
maximal 69.98% at a temperature 525 °C, and yield of pyrolysis oil decreases.

e Produced pyrolysis oil has a potential for energy purposes use due to its high heating
value (45.9603 £ 0.15 kJ/kg), which is close to the heating value of high quality coals
(43 MJ/kg), and heating value of crude oil (44 MJ/kg).

e Produced pyrolysis oil contains: 11.49% of aromatic 82.11% of paraffins, and 6.40%
naphthenes, and has a lower level of aromatics then expected values. According to the
other authors citations, this be explained by the fact that primary pyrolysis products leave
the reactor relatively quickly, together with carrier gas, and due to that there is not enough
time for the further reaction development, ensuring aromatic compounds production.

Acknowledgments

Provided investigations were performed as a part of the Project of investigation of
pyrolysis and co-pyrolysis of waste plastics and biomass, which was co-financed from of the
Ministry of Science and Technology of the Government of the Republic of Srpska.

References

[1] *** EEA — European Environment Agency: Material Resources and Waste — Update 2012, EEA, Co-
penhagen, 2012, pp. 23-24

[2] ***, Plastics Europe-Associatioan of Plastics Manufacturers: Plastics—the Facts 2012, An Analysis of
European Plastics Production, Demand and Waste Data for 2011 http://www.plasticseurope.org/ docu-
ments/document/20111107101127-final_pe factsfigures uk2011 Ir 041111.pdf

[3] ***, Eurostat: Packaging Waste Statistic, http://epp.eurostat.ec.europa.eu/statistics_explained
/index.php/Packaging waste_statistics

[4] Kopranovi¢, S, Environment, in: Statistical Yearbook of Republika Serpska, (Ed V. Savi¢) Republic
Serpska Institute of Statistics, Banja Luka, B&H, 2013, pp. 221-230

[5] ***, RSO Republic Statistical Office (2013) Produced, Collected and Disposed Waste (in Serbian). En-
vironmental Statistics Annual Report, No. 218/14 (on-line). Available at http://www?2.rzs.rs.ba/static/ up-
loads/saopstenja/zastita_zivotne_sredine/prikupljeni i odlozeni_otpad/2013/PrikupljeniOdlozeniOtpad
2013.pdf

[6] Kopranovi¢, S., Environment, in: Statistical Yearbook of Republika Serpska, (Ed V. Savi¢) Republic
Serpska Institute of Statistics, Banja Luka, B&H, 2012, pp. 210-221

[7]1 ***, EC-European Commission: Waste Recycling Pilot Project in Bosnia and Herzegovina, Waste Re-
cycling Handbook, EC, 2004

[8] Aguado, J., et al., European Trends in the Feedstock Recycling of Plastic Wastes, Global NEST Journal,
9(2007), 1, pp. 12-19



Papuga, S. V., et al.: Temperature and Time Influence on the Waste Plastics ...
740 THERMAL SCIENCE, Year 2016, Vol. 20, No. 2, pp. 731-741

[9] Williams, P. T., Waste Treatment and Disposal, John Wiley & Sons, Chichester, UK, 2005

[10] Elordi, G., et al., Product Distribution Modelling in the Thermal Pyrolysis of High Density Polyethylene,
Journal of Hazardous Materials, 144 (2007), 3, pp. 708-714

[11] Al-Salem, S. M., Lettieri, P., Kinetics of Polyethylene Terephthalate (PET) and Polystyrene (PS) Dy-
namic Pyrolysis, Int. J. of Chemical Molecular, Nuclear, Materials and Met. Eng., 4 (2010), 6, pp. 402-
410

[12] Costa P. A., et al., Kinetic Evaluation of the Pyrolysis of Polyethylene Waste, Energy & Fuels, 21
(2007), 5, pp. 2489-2498

[13] Williams, P. T., Slaney, E., Analysis of Products from the Pyrolysis and Liquefaction of Single Plastics
and Waste Plastic Mixtures, Resources, Conservation and Recycling, 51 (2007), 4, pp. 754-769

[14] Ding, F., et al., Kinetic Study of Low-Temperature Conversion of Plastic Mixtures to Value Added
Products, Journal of Analytical and Applied Pyrolysis, 94 (2012), Mar., pp. 83-90

[15] Adrados, A., et al., Pyrolysis of Plastic Packaging Waste: A Comparison of Plastic Residuals from Mate-
rial Recovery Facilities with Simulated Plastic Waste, Waste Management, 32 (2012), 5, pp. 826-832

[16] Lopez, A., et al., Influence of Time and Temperature on Pyrolysis of Plastic Wastes in a Semi-Batch Re-
actor, Chemical Engineering Journal, 173 (2011), 1, pp. 62-71

[17] Jung, C. G., Fontana, A., Production of Gaseous and Liquid Fuels by Pyrolysis and Gasification of Plas-
tics: Technological Approach, in: Feedstock Recycling and Pyrolysis of Waste Plastics: Converting
Waste Plastics into Diesel and Other Fuels, (Eds J. Scheirs, and W. Kaminsky), John Wiley & Sons,
Chichester, UK, 2006, pp. 251-283

[18] Encinar, J. M., Gonzalez, J. F., Pyrolysis of Synthetic Polymers and Plastic Wastes, Kinetic Study. Fuel
Processing Technology, 89 (2008), 7, pp. 678-686

[19] Demirbas, A., Pyrolysis of Municipal Plastic Waste for Recovery of Gasoline-Range Hydrocarbons,
Journal of Analytical and Applied Pyrolysis, 72 (2004), 1, pp. 97-102

[20] Kaminsky, W., Zorriqueta, I-J. N., Catalytical and Thermal Pyrolysis of Polyolefins, Journal of Analyti-
cal and Applied Pyrolysis, 79 (2007), 1-2, pp. 368-374

[21] Kaminsky, W., The Hamburg Fluidized-Bed Pyrolysis Process to Recycle Polymer Wastes and Tires, in:
Feedstock Recycling and Pyrolysis of Waste Plastics: Converting Waste Plastics into Diesel and other
Fuels, (Eds J. Scheirs, W. Kaminsky), John Wiley & Sons, Chichester, UK, 2006, pp. 475-490

[22] Kaminsky, W., Recycling of Polymers by Pyrolysis, Journal de Phisique IV, 3 (1993), Nov., pp. 1543-
1552

[23] Elordi, G., et al., Product Distribution Modelling in the Thermal Pyrolysis of High Density Polyethylene,
Journal of Hazardous Materials, 144 (2007), 3, pp. 708-714

[24] Kiran, N., Ekinci, C. E., Snape: Recyling of Plastic Wastes Via Pyrolysis, Resources, Conservation and
Recycling, 29 (2000), 4, pp. 273-283

[25] Lee, K.-H., Pyrolysis of Municipal Plastic Wastes Separated by Difference of Specific Gravity, Journal
of Analytical and Applied Pyrolysis, 79 (2007), 1-2, pp. 362-367

[26] Sorum, L., et al., Pyrolysis Characteristics and Kinetics of Municipal Solid Wastes, Fuel, 80 (2001), 9,
pp- 1217-1227

[27] Sharypov, V. 1., et al., Co-Pyrolysis of Wood Biomass and Synthetic Polymers Mixtures, Part III: Char-
acterisation of Heavy Products, Journal of Analytical and Applied Pyrolysis, 67 (2003), 2, pp. 325-340

[28] Zhou, L., et al., Thermogravimetric Characteristics and Kinetic of Plastic and Biomass Blends Co-
Pyrolysis, Fuel Processing Technology, 87 (2006), 11, pp. 963-969

[29] Papuga, S., et al., Preliminary Research of Waste Biomass and Plastic Pyrolysis Process, Contemporary
Materials, 4 (2013), 1, pp. 76-83

[30] Achilias, D. S., et al., Recycling Techniques of Polyolefins from Plastic Wastes, Global NEST Journal,
10 (2008), 1, pp. 114-122

[31] Panda, A. K., Studies on Process Optimization for Production of Liquid Fuels from Waste Plastics, Ph.
D. thesis, National Institute of Technology, Rourkela, India, 2011

[32] Khaghanikavkani, E., Farid, M. M., Thermal Pyrolysis of Polyethylene: Kinetic Study, Energy Science
and Technology, 2 (2011), 1, pp. 1-10

[33] Lee, K.-H., Pyrolysis of Waste Polystyrene and High-Density Polyethylene, in: Material Recycling —
Trends and Perspectives (Ed. D. Achilias,) InTech Europe, Rijeka, Croatia, 2012, pp.175-192

[34] Miskolczi, N., et al., Thermal and Thermo-Catalytic Degradation of High-Density Polyethylene Waste,
Journal of Analytical and Applied Pyrolysis, 72 (2004), 2, pp. 235-242



Papuga, S. V., et al.: Temperature and Time Influence on the Waste Plastics ...
THERMAL SCIENCE, Year 2016, Vol. 20, No. 2, pp. 731-741 741

[35] Lee, K.-H., et al., Effect of Heating Rate on Pyrolysis of Low-Grade Pyrolytic Oil, Korean J. Chem.
Eng., 28 (2011), 6, pp. 1468-1473

[36] Mani, M., et al., Performance, Emission and Combustion Characteristics of a DI Diesel Engine Using
Waste Plastic Oil, Appl. Therm. Eng., 29 (2009), 13, pp. 2738-2744

[37] Li, A. M., et al., Pyrolysis of Solid Waste in a Rotary Kiln: Influence of Final Pyrolysis Temperature on
the Pyrolysis Products, J. Anal. Appl. Pyrolysis, 50 (1999), 2, pp. 149-162

[38] Ji, L., et al., Study on the Pyrolysis of Polyethylene in the Presence of Iron and Copper Chlorides,
Chemosphere, 65 (2006), 7, pp. 1120-1130

Paper submitted: November 13, 2014
Paper revised: October 29, 2015
Paper accepted: October 29, 2015








