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Abstract

The usage of tyre has increased enormously in day to day life. The used tyre and rubber products
pose major threat to the environment. Conventional thermal techniques such as incineration
produce high molecular organic compounds (condensed and collected as aromatic oil) and carbon
soot particles. Plasma based pyrolysis and gasification technique can dispose tyre waste and
generate combustible gases which can be used as a fuel and avoid the formation of higher
molecular aromatic compounds. In this work plasma gasification and plasma pyrolysis of waste
tyres have been conducted in a batch reactor having graphite electrodes and direct current (DC)
arc plasma system. The process temperature was maintained at 700°C- 800°C and the material
was fed at a constant rate of 1 kg/6 min. The two processes are compared based on the gas
composition, syngas yield, char yield and efficiency of the process. Results indicate 4% increase
in syngas yield in plasma gasification than in plasma pyrolysis. The syngas analysis shows that
higher amount of CO and H- are obtained and 8.18% rise in cold gas efficiency (CGE) in plasma
gasification compared to plasma pyrolysis. The results suggest plasma gasification as a better
alternative than plasma pyrolysis.
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1. Introduction

Tire production is rising due to increasing demand of vehicles. It is estimated that more than 5 x
10° tons of tires are produced worldwide annually [1, 2]. Due to the increased production of tires
the waste tire generation is also increasing. Disposal of waste tire is an environmental challenge
as tires are made of complex substances like natural rubber, butadiene, styrene butadiene which
are difficult to degrade [3]. A major part of tyres are land-filled, while the remaining are recycled
and reused for various purposes such as recycling by production of ground rubber, reclaiming of
rubber products from scrap rubber or tires [4,5]. But all these are cost and energy intensive
methods. Another alternative for this is thermal treatment which includes gasification and
pyrolysis.

Pyrolysis is a method of thermal decomposition at elevated temperatures in absence of oxygen.
Unlike incineration which generates lot of toxic gases like SOx, NOx, pyrolysis is an environment
friendly method. The gases generated by tyre pyrolysis are carbon monoxide (CO), carbon
dioxide(CO>), hydrogen sulphide (H2S), methane (CHa), ethane (C2H4), ethene (C2Ha), propane
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(C3Hg), propene (CsHs), butane (CsHao), butene (CsHsg) and butadiene (CsHs ) [6-8]. These gases
generated can be used as a fuel internally to provide process heat [9-13]. Pyrolysis generates solid
char (30-40 wt %), liquid residue (40-60 wt %) and gases (5-20 wt %). The solid char after
processing can be utilized as an activated carbon in wastewater treatment.

Tyre waste can also be decomposed in the presence of oxygen. This process is called gasification.
Gasification is the process of partial combustion of the substance as oxygen is fed at sub-
stoichiometric ratio. It increases the gas yields and produces fuel having higher calorific value
which can be used internally in gasification cycle or as a replacement for ignition oils in coal fired
power plants [14, 15].The gasification and pyrolysis process can be further enhanced by using
plasma as a power source. Plasma being fourth state of matter consists of electrons, ions, atoms
and radicals because of which it is able to produce very high concentrations of chemically active
species [16].This produces high energy density and high temperatures.

Most part of the literature data on plasma gasification is based on hazardous waste, plastic waste,

biomedical waste, while data concerning with plasma gasification of tyre waste is hardly found.
Hence this work aims to study the plasma gasification and plasma pyrolysis of tyre waste with the
goal being to compare both of these on the basis of gas compositions, char yield and efficiency of
the process.

2. Experimental
2.1 Tyre samples

The shredded tyre waste used in this experimental work was procured from a tyre recycling plant
in Ahmedabad. The average size of the shredded tyres was 20 mm. 1 kg of tyre waste was fed in
every 6 minutes cycle. The calorific value of the tyre was determined by bomb calorimeter. The
proximate analysis was done to find out ash, volatile and moisture content. The fixed carbon was
determined by the difference [17].The ultimate analysis of the sample was analyzed by Perkin and
Elmer CHNS Elemental analyzer. The HHV (High heating value) of tyre waste was determined
by bomb calorimeter. The tyre waste analysis is summarized in Table 1.

Table 1

Proximate and ultimate analysis of tyre waste

Proximate analysis (wt %) Ultimate analysis (wt %)
Fixed carbon® 21.33 Carbon 81.93
Volatile matter 65.19 Hydrogen 6.27
Ash 12.57 Nitrogen -
Moisture 0.91 Sulphur 3.21
HHV 33.4MJ/Kg Oxygen? 8.59
2 (by difference)

2.2. Pyrolysis and gasifier unit

The schematic diagram of the process is shown in Fig.1. The main sub units of the plasma
gasification reactor is process chamber, feeder assembly, combustion chamber, scrubber unit,
ID fan and plasma torch.



001 Nitrogen feed

002 primary chamber
003 Secondary chamber
004 Plasma torch

005 Venturi scrubber
006 Packed bed scrubber
007 Stirrer assembly
008 ID fan

009 Cooling tower

010 Power supply

011 Water tank

Process chamber consists of a mild steel tubular reactor (700 mm i.d. and 1200 mm in length).
Insulation lining is provided inside to prevent heat loss. The feeder system consists of an opening
of 400 mm x 400mm connected to the process chamber. The waste fed from the opening, falls
into the process chamber. After the waste tyre is fed, it is combusted in the process chamber, the
gases produced passes through a secondary combustion chamber where any toxic gases formed
like furans and dioxins are combusted to form CO,. Gases after passing through the combustion
chamber goes through the cleaning system which consists of venturi scrubber and packed bed
scrubber which brings down the gas temperature to 70°C. The scrubber unit is connected to the
water jet which quenches the flue gas and removes the soot particles. ID fan is connected to the
system which maintains a negative pressure in the system. The temperature of the inner wall of
the reactor is measured by four thermocouples located at different positions. The heat source of
the system consists of a non transferred type DC plasma torch consisting of two graphite
electrodes anode and cathode.

2.3 Experimental methodology

Plasma Pyrolysis

The waste tyre is fed into the reactor through carton boxes. The waste tyres are fed after the
reactor has been preheated and the desired temperature is reached. The operating temperature of
the process is from 500 — 700°C. Nitrogen is used as a carrier gas to extend the arc produced
between the electrodes. The flow rate of nitrogen is maintained at 25- 30 Ipm.

Plasma Gasification

In the gasification process oxygen is used as a gasifying agent that is fed into the reactor through
a shower made of mild steel having diameter 700 mm with 20 holes of 2 mm diameter each.
Oxygen is fed after feeding the waste tyres. When sufficient number of tyres has been fed and the
system stabilizes to produce flame in the secondary chamber, the gas sample is collected in
sampling cylinders through pump. This gas is then analyzed in gas chromatograph for analysis of
different components in the gas i.e. CO, CO2, Hz, and CH4. The char remaining after the



gasification process is collected and weighed for char yield. The operational and process parame-
ters for the plasma pyrolysis (T1) and plasma gasification (T2) process are shown in Table 2.

Table 2
Operational and process parameters

Test Pressure(bar) Power(KW) Temperature N2 flow O2 flow Material
(°0) rate(lpm) rate(lpm) feed rate
(kg/hr)
T1 1 40-50 700-800 25-30 0 10
T2 1 40-50 700-800 25-30 20 10

3. Results and discussion

3.1 Gas characterization

The two processes are compared based on the syngas composition, HHV (Higher heating value),
char and syngas yield. Gas composition of the syngas was done by gas chromatography (CIC
Dhruva model). The instrument was equipped with porapak Q column. The system had thermal
conductivity detector (TCD) and flame ionization detector (FID). Nitrogen was used as a carrier
gas in both the cases. The principal gas components analyzed are CO, CO2, Hz and CHa. This is
depicted in the graph shown in Fig. 2. As depicted in the graph, the gaseous components has
higher amount of H2 and CO in plasma gasification than plasma pyrolysis process. H2 and CO
increased from 24.7 and 50.9 to 29.6 and 53.3 respectively.CO- content also increased by 4.4% in
plasma gasification. This is due to the fact that as the oxygen content increases, it oxidizes the
substance into CO, CO2 and H> and hence enhances the formation of syngas. The CH4 content
decreased to 6.3% from 8.6%. This shows that fewer amounts of hydrocarbons were produced
because of oxidation. Similar results have been shown in other published papers [18].
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Fig.2. Gas composition of plasma pyrolysis and plasma gasification



3.2 Energy content of the gas and efficiency of the process

The HHV (Higher heating value) is calculated with respect to the components of the gases. The
HHV of the syngas increased from 47.45 in plasma pyrolysis to 56.11 in plasma gasification
process. This confirms that plasma gasification produces fuel having higher calorific value than
the plasma pyrolysis. However in both the processes the syngas produced can be used as a fuel
internally in the process.

The CGE (cold gas efficiency) of the process was calculated based on the equation 1 [18-20],
where mgyngqs aNd  mg.oq are the mass flow rate of syngas and feed respectively, while

LHVsyngas and LHV;,.q are the lower heating value of syngas and feed respectively. Wy, is the

overall power requirement by the plasma torch. The CGE value increased by 8.18% since plasma
gasification produced syngas having higher calorific value. This shows that plasma gasification
has a higher efficiency than plasma pyrolysis.

Msyngas'LHVsyngas

CGE = * 100 (1)
Mgeed'LHV feedtWtorch
Table 3
HHYV and CGE of the process
Plasma Pyrolysis Plasma Gasification
HHV( MJ/Kg) 47.45 54.50
CGE (%) 56.19 64.37

3.3 char and gas yield

The char yield was determined by weighing the amount of char left. As shown in Fig. 3 the char
yield decreased by 4% as the oxygen flow rate increased. The syngas production increased in case
of gasification, as increase in oxygen flow rate oxidizes the substance and enhances the formation
of CO and CO.. Similar results were obtained by other researchers [21 22].

However it is seen that there is very little influence of oxygen flow rate on char yield. Various
other factors also influence in the yield of chars and syngas such as the size of the reactor, gas
residence time, reactor temperature and pressure [23, 5].
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Fig.3. Char and syngas yield



3.4 Elemental analysis

Elemental analysis of the char was determined by EDX. The carbon content in the char decreased
in gasification than pyrolysis. As the oxygen flow rate increases, more carbons are oxidized to
form CO, CO2 and other hydrocarbons. Hence more carbon is in the gaseous state than in the
solid form (char).

Table 4
Elemental composition of char

Element  Pyrolysis (wt %) Gasification (wt %)

C 64.51 54.28
O 7.12 27.51
Na 2.29 0.83
Mg 0.65 0.16
Al 0.15 2.41
Si 0.81 2.17
S 3.10 2.9

K 0.02 0.05
Ca 0.06 5.63
Fe 0.91 0.80
Zn 20.38 2.31
Zr - 0.97

4. Conclusion

Based on the experimental work done the following conclusions can be drawn on plasma
pyrolysis and plasma gasification of waste tyres:

The char yield and syngas yield for plasma gasification were 27% and 73% respectively. While
for plasma pyrolysis process the char and syngas yield was 31% and 69% respectively. Plasma
gasification process enhances the formation of syngas thereby increasing its yield while reducing
the char yield compared to plasma pyrolysis process.

The syngas produced by plasma gasification process has higher calorific value than plasma
pyrolysis. But both the processes have the potential to produce syngas that can be utilized as a
fuel. Also plasma gasification has 8.18% higher CGE than plasma pyrolysis.
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