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h i g h l i g h t s

� Synergetic effect between waste tyre with lignite in co-pyrolysis process was clarified.
� The influence of the reactor configuration and blending ratio on the synergetic effect has been established.
� The co-pyrolysis process improved the quantity and quality of pyrolysis oil.
� Blending with lignite led to a higher aliphatic/aromatic ratio.
� Waste tyre-derived oil can be upgraded via co-pyrolysis of waste tyre with lignite.

a r t i c l e i n f o

Article history:
Received 16 December 2014
Received in revised form 5 February 2015
Accepted 9 February 2015
Available online 19 February 2015

Keywords:
Synergetic effect
Co-pyrolysis
Waste tyre
Lignite
Pyrolysis oil

a b s t r a c t

An attempt was made to investigate potential synergistic activities between waste tyre and lignite during
co-pyrolysis. The parameters such as blending ratios of waste tyre and lignite, final pyrolysis tem-
perature, heating rates and reactor types were optimized in the experiments. The characteristics of pyr-
olysis products were determined by using FTIR, 1H-NMR, GC–MS and elemental analysis. The results
indicated that the yields of pyrolysis products are proportional to the percentage of waste tyre/lignite
in the mixture. The experimental results were compared with calculated results which were obtained
from pure waste tyre and pure lignite samples. Significant amounts of synergetic effects were observed
in favour of the pyrolysis oil at blending ratio of 10% lignite, pyrolysis temperature of 500 �C and heating
rate of 300 �C min�1 in the well-swept fixed bed reactor (WSFB). It was observed that pyrolysis oil quality
was also improved as well as quantity. The comparison of the experimental and calculated results
showed that the amount of aromatic compounds increased while that of polar compounds decreased
at the optimum conditions. The results in this study also indicated that co-pyrolysis of lignite with waste
tyres could be an environmentally friendly method for the conversion of hazardous waste into valuable
chemical feedstock such as chemicals and fuels.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The advantages of utilizing alternative fuels may lead to gradual
reduction of the usage of traditional fossil fuels. Used tyres contain
substantial amounts of energy and valuable material products such
as steel, however they also expose a potential threat to the envi-
ronment. Thus, the recycling of waste tyres along with conversion
into energy and recovery of valuable materials are important from
both economical and ecological point of views [1]. Approximately
1.4 billion units (about 17 million tonnes) of waste tyres have been
produced all over the word annually [2] and the vast majority of
them are stockpiled in the open or dumped in landfills, causing

severe environmental problems and fire hazards [3]. The sustain-
ability of this procedure has already become impossible since the
EU Council Directive 1999/31/EC on landfill waste states that used
tyres (with certain exceptions) may not be accepted in a landfill
[4]. In EU countries, the management, prevention, and minimiza-
tion of waste are taken into account at the highest level. Council
Directive 2008/98/EC on waste declared that ‘Member States shall
take appropriate steps to encourage firstly the prevention or reduc-
tion of waste production and its harmfulness’ [5]. The EU waste
hierarchy also explains the priorities in waste management. Waste
prevention takes first priority, then reuse or recycling, then conver-
sion into energy, and finally disposal of waste being the last resort
[6]. Therefore the recycling of waste tyre should be increased. The
complex nature of waste tyre makes it difficult to recycle them.
The usage of waste tyres in industrialized countries is noted in
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the literature as follows: around 37% of waste tyres are burned
usually in cement ovens; 23% are handled mechanically to recover
valuable materials; 27% are retreated, and 17% ends up in landfills
[7]. Alternative uses for the huge amount of waste that emerges
from tyre rubber as a value added product have been the subject
of intensive investigation in recent years [8–11].

Waste tyre is an ideal material for pyrolysis and combustion as
well as for gasification, because waste tyres possess high amounts
of carbon with high heating value. The decomposition of waste tyre
into solid char, oil, and gases may be obtained through pyrolysis
procedure. These products can be used as fuels or as feedstock
for petrochemicals and other applications. Pyrolysis product yields
and composition depend on the feed materials, pyrolysis tech-
niques and process conditions such as pyrolysis temperature, heat-
ing rate, particle size, reactor types and blending ratio [1].

According to the literature, the pyrolysis oils obtained in the
pyrolysis of tyre are dark brown-colour products (a complex mix-
ture of numerous C5–C20 hydrocarbons of paraffins, olefins and
aromatic compounds) and have a high gross calorific value of
around 41–44 MJ/kg, owing to which they possess a potential to
replace conventional liquid fuels. Pyrolytic oils may also be utilized
as a source of chemical products such as benzene, xylene, toluene,
styrene and limonene. [3,10–12].

The chars have an energy potential of 30–40 MJ/kg. Although
some of their physical and textural characteristics have a similarity
to certain commercial carbon black and activated carbon, they can
be re-used in the tyre industry as they contain high levels of ash
(12–16%), sulphur (1.8–4%) and zinc (3–5%). It is possible to
improve their chemical and physical properties through acidic
demineralisation and physical and chemical activation [13,14].

Tyre pyrolysis gases that contain high amounts of methane,
ethane, butadiene, hydrogen and other hydrocarbons have a very
high calorific value (37–42 MJ/kg) and can be used as an energy
source for both the pyrolysis process itself and elsewhere.

Co-processing is another approach in the recycling of carbona-
ceous wastes. The developed techniques in coal liquefaction utilize
waste tyres, and therefore, waste tyre co-processing is one of the
most promising options for obtaining alternative fuels in order to
reduce the consumption of fossil fuels [3,11–17].

The synergetic effect is described as an effect arising between
two or more substances that produce an effect greater than the
sum of their individual effects. Co-processing of waste tyres with
coal or lignite has been studied by several authors in recent years
and these studies indicated a synergistic effect for co-pyrolysis of
blended-waste tyre mixtures in the form of enhanced liquid yields
[11,18–24].

The objective of the present study is to determine the synergetic
effects in co-pyrolysis of lignite and waste tyre with the goal of
increasing the pyrolysis oil yield. For this purpose, the effect of
reactor type, pyrolysis temperature, and blending ratio of waste
tyre/lignite on the co-pyrolysis products were determined.

2. Material and methods

2.1. Materials

1–4 mm widths of steel free waste tyre (WT) samples supplied
from a tyre recycling plant and lignite taken from Koyunagili,
Mihalicik Province, located in central Anatolia were used for the
pyrolysis experiments. Lignite sample was crushed �0.85 mm
and sieved into �0.85 + 0.65, �0.65 + 0.45 and 0.45 mm size frac-
tions and �0.85 + 0.65 mm fraction was used in this experimental
works.

2.2. Pyrolysis procedure

The pyrolysis experiments were performed in two different
reactors namely, Heinze reactor (HR) and well-swept resistively
heated fixed bed reactor (WSFB). The 316 stainless steel Heinze
reactor defined previously [25,26] had a volume of a 250 cm3

(54 mm i.d.) and was externally heated by an electric furnace.
The furnace temperature was controlled by a thermocouple fixed
inside the bed. To compare to the Heinze reactor (HR, heating rate
of 7 �C min�1) much faster heating rate of 300 �C min�1, a well-
swept resistively heated fixed bed reactor (WSFB), with 8 mm
i.d., 90 cm high, has been used. A detailed description of the reactor
can be found elsewhere [27]. In order to establish the effect of the
pyrolysis temperature, which has a great influence on the pyrolysis
product distribution sample was placed in the reactors and heated
to the final temperatures of either 400, 500, 600 or 700 �C and held
at that temperature for 30 min or until no further significant
release of gas was observed. These experiments were carried out
by using waste tyre (WT), 50% waste tyre-50% lignite and lignite,
and the sweep gas velocity was 100 cm3 min�1.

In order to establish the effect of blending ratio on the pyrolysis
yields, experiments were conducted at a range of blending ratios
(weight of lignite in the blend expressed as a percentage of the
total sample weight) between 0%, 5%, 10%, 25%, 50%, 75% and
100% (w/w) in well-swept resistively-heated fixed-bed reactor.
For all of these experiments, the final pyrolysis temperature and
the heating rate were taken as 500 �C and 300 �C min�1, respec-
tively. All the yields were expressed on a dry, ash-free (daf) basis.
All the experiments were repeated three times and the mean
results along with standard deviations were presented in Tables
2 and 3.

2.3. Analysis methods

Thermo gravimetric analysis was performed on a LINSEIS Ther-
mowaage L81 thermo gravimetric analyser coupled with differen-
tial thermal analyser. The sample was heated from room
temperature (app. 20 �C) up to 800 �C with a heating rate of
10 �C/min. Elemental composition and higher heating value
(HHV) of the sample were determined with an elemental analyser
(LECO TruSpec CHN Elemental Analyser) and IKA C200 calorimeter.
Proximate and ultimate analyses of the studied samples were per-
formed with a LECO TGA700 (Leco Corporation, St. Joseph, Michi-
gan, USA) to determine the ash and volatile matter amount. The
characteristics of the samples are listed in Table 1. The degradation
oils were characterized by GC–MSD analysis on a 6890N Agilent
Technologies chromatograph coupled with an 5975 inert XL Agi-
lent MSD detector, on a HP5-MS column (cross-linked methyl

Table 1
Main characteristics of the materials.

Characteristics Waste tyre Lignite

Proximate analysis (wt.%, as received)
Moisture 0.8 11.2
Volatile 65.5 32.7
Fixed C 24.1 16.5
Ash 9.6 39.6

Elemental analysis (wt%, daf. basis)
Carbon 82.5 36.8
Hydrogen 6.9 3.4
Nitrogen 0.5 1.1
Sulphur 1.7 1.8
Oxygena 8.4 56.9
H/C 1.01 1.11
Calorific value (MJ/kg) 37.5 6.6

a By difference.
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