
Introduction  

In the recent years, the demand of energy and environmental pollution are of utmost concern, 
because of the rapid industrialization and population all over the world. Developing countries like 
Bangladesh need huge amount of energy to tackle the population’s need. Globally, various efforts 
have been taken to meet the energy demand of power, transport and related sectors (Mia et al., 2017; 
Unapumnuk et al., 2008).

Every year, more than 1.5 million tons of tyres generated from different tires and tube industries around 
the globe (Machin et al., 2017) whereas Bangladesh produces about 120,000 tons per annum (Aziz et al., 
2017). In Bangladesh, every year, approximately 20.5 million automobile tyres are scrapped which 
accounts for 37% of the total tyre garbage production of the country. Typically, waste tyres are disposed 
by incineration and landfilling which have a tremendous adverse effect on the environment as well as on 
human health and limiting the land spaces (Jimoda et al., 2018; Trongkaew et al., 2011). For the utilization 
of waste tyres, various techniques like incineration, grinding, retreating, reclaiming, etc. have been apply-
ing, however, all of these have significant drawbacks (Kader et al., 2015). Pyrolysis, burning of the 
substances in the absence of air, can be used for the production liquid oil (Tyre Pyrolysis Oil, TPO) from 
waste tyres which represents a source of energy that can be utilized as an alternative renewable fuel. This 
TPO can minimize the use of fossil fuel in combustion engine.

TPO is the mixture of different compounds e.g., aliphatic, aromatic, hetero-atomic and various polar 
fractions, having a calorific value is 41- 44 MJ/Kg, which is almost similar to that of the conventional fuels 
(Doǧan et al., 2012). The cetane number, a measurement of the quality or performance of diesel like fuel, of 
TPO reported to 40 - 44 while that of convention diesel fuel is 44 - 55. Although low cetane number of TPO 
shows poor thermal efficiency, rough performance in the engine and undesirable level of exhaust smoke and 
emissions (Martínez et al., 2013), but, better homogeneity, low solid content and comparatively higher flash 
point of TPO are desirable (Hossain and Davies, 2013). The TPO produced from a variety of feedstocks and 
using different pyrolysis techniques, against those of fossil fuels. High acidity, the presence of solid particles, 
high water content, high viscosity, storage and thermal instability, and low energy content are typical charac-
teristics of pyrolysis liquids. The TPO contains impurities like char which affect the engine performance and 
block the combustion chamber, piston ring grooves as well as exhaust valves of engines. The TPO also 
contains polycyclic aromatic sulfur hydrocarbons (PASH), which results in exhaust of SOx gas during com-
bustion (Bunthid et al., 2010; Lewandowski et al., 2019; Murugan et al., 2008). TPO has a higher sulfur 
content compare to other petroleum products like diesel (Ilkiliç and Aydin 2011) which creates numerous 
problems including health hazards emission and air pollution during the utilization of TPO (Toteva and Stan-
ulov 2020). The TPO used engine performance can be improved by decreasing the sulfur & moisture content 
from TPO (Ribeiro et al., 2016; Hossain et al., 2019). It is reported that the sulfur content of the initial pyrol-
ysis product can be reduced by 34.25% when the TPO was treated  with 5% Ca(OH)2 (Aydin and Ilkiliç, 
2012). The fractionation of TPO via distillation at atmospheric pressure can give various fractions (e.g., light, 
low-middle, high-middle, and heavy) and each fraction can be used for specific purposes (Campuzano et al., 
2021). However, very few studies explored the structural characteristics of each fraction. The characteristic 
behavior of various distillates at temperatures e.g., 30 - 80 ºC, 81 - 140 ºC, 181 - 220 ºC and 221 - 300 ºC as 
well as residues should require an in-depth study.

Although the growing interest in pyrolysis of tyres mainly focused on the parametric study of TPO 
production, not many studies have focused on the removal of sulfur and its related components from TPO 
and fractionation of TPO. 

In this study, the optimum conditions e.g., pyrolysis temperature, particle sizes etc. for waste tyre 
pyrolysis as well as a method for the removal of sulfur based components from pyrolysis oil using a 
solution containing specific ratio of hydrogen peroxide and formic acid was explored. Furthermore, 

the fractionation of TPO at various temperature ranges using a fractional distillation column was 
studied to identify different grades fuels e.g., gasoline, diesel etc. obtained from TPO. The physico-chemical 
properties of the liquid fuel derived from waste tyres, fractionated products were determined and 
compared with commercial fuels.

Materials and Methods

Pyrolysis of the waste tyres  

The scrap tyres, collected from various disposal sites of Dhaka City Corporation, Bangladesh, were 
chopped into three different sizes and cleaned with water thoroughly to remove any soil or extrane-
ous elements. The pyrolysis of the scrap tyres were carried out in a pyrolyzer, which was made of 
stainless-steel having a length and inner diameter of 30.0 cm and 3.0 cm, respectively. The overall 
process for the TPO production from waste tyres are reported in our previously published article 
(Galib et al., 2022). The TPO production experiments were conducted by varying the temperature 
within the range of 400 – 550 °C for different sizes of the raw materials. For each run, 300 - 500 g 
sample was loaded manually and Nitrogen (N2) gas was passed into the reactor for 2 minutes to 
purge the reactor for the removal of inside air before pyrolysis started. Furthermore, a continuous 
supply of nitrogen gas was maintained to ensure inert environment inside the reactor and to move 
away the pyrolyzed product from within the reactor to the condensers. A two steps condensing 
system (first step in a closed condenser with counter current water condensation and second step in 
a cascade of glass condenser with ice condensation) was maintained to ensure the complete conden-
sation of TPO. The condensed TPO were then collected and processed for further experiments. A 
simplified form of experimental set up with apparatus and process flow chart for waste tyres pyrolysis 
is shown in Fig. 1.

Desulfurization and de-colorization of TPO

The TPO contains high value of sulphur which should be removed before further use of it. An integrated 
technology to remove oxygenated compounds, sulphur and color from the TPO, a replication of the report-
ed method by Khaleque et. al., is illustrated in Fig. 2 (Khaleque et al., 2016).

For extraction of oxygenated compound from TPO, N, N- dimethyl formamide, for desulfurization of 
TPO, a mixture of hydrogen peroxide (H2O2) and formic acid (HCOOH) solution (a ratio of 2 : 1) at vari-
ous concentrations was used. For decolorization, activated bentonite powder was mixed with TPO. To 
accomplish the process, 100 mL of crude TPO was taken and various ratio of N, N- dimethyl formamide 
and kept in shaking for 2 hours at room temperature, followed by addition of H2O2 + HCOOH solution. 
Then, thermally activated bentonite powder was added to TPO at room temperature and the mixture was 
stirred at 700 rpm and kept for 10 minutes. The processed sample was then used for fractionation to 
receive value added products.

Fractional distillation of TPO

Measured volume of TPO (200 mL) TPO was taken in the round bottle flask and the sample in the flask 

was fractionated using fractional distillation unit. Various fractions based on temperature range were 
passed through the condenser and collected as distillates. The heaviest (> 300 oC) fraction was collected 
as residue from the flask. The fractions were as follows: 30 - 80 ºC, 81 - 140 ºC, 141 - 180 ºC, 181 - 220 
ºC, 221 - 260 ºC, 261 - 300 ºC, and residues at above 300 ºC.

Characterization of TPO and its fractions

The physico-chemical properties e.g., viscosity index, density, flash point, pour point, carbon residue, ash 
content and sulfur content  of TPO and its fractionated products from TPO were performed according to  Institute 
of Petroleum (IP) and American Society for Testing and Materials (ASTM) test methods. The sulfur content of 
TPO and fractionated oil were measured by following IP 61/59 method. The presence of various functional 
groups in the TPO and fractionated oil were identified by FT-IR study using SHIMADZU FTIR 4500.

Results and Discussion

Optimization of tpo production: Effect of temperature, reaction time and particle sizes

The TPO products optimization depended on the temperature, reaction time and particles sizes of the tyre 
sample. In our previous study , it was reported that the maximum TPO production was 42 wt.% when the 
temperature, reaction time and particle sizes of tyres were 500 °C, 50 minutes and 4×2×0.5 cm3, respec-
tively (Galib et al., 2022). Pyrolysis at low temperature and extended time promotes the secondary prod-
ucts, resulted in more char and less oil production (Hossain and Rahman, 2015). Pyrolysis at higher 
temperature (more than 500 oC) increases the heating value of volatile matters which decreased the yield 
of TPO but increased the yield of gaseous fraction because of the presence of secondary cracking reactions 
(Čepić et al., 2021). Particle size of scrap tyre more than 4×2×0.5 cm3 restricts homogenous heating and 
cannot get carbonized the core rubber which resulted in the decrease of TPO yield and increase of gas and 
char production. The following Table 1 illustrates the yields of various products at various reaction times 
when the reaction temperature was 500 °C and particle sizes was 4×2×0.5 cm3. 

Desulfurization and de-colorization of TPO

For desulfurization, a mixture of hydrogen peroxide (H2O2) + formic acid (HCOOH) (at a ratio of 2 : 1) 
solution were mixed with TPO. Various concentration solutions e. g., 10%, 15%, 20%, 25%, 30% of the 

TPO were used to oxidized the sulfur compound of TPO. The oxidizing compound was extracted by 
using different solvent such as acetone, ethanol, methanol, N, N- dimethyl formamide, but most effec-
tive compound was N, N- dimethyl formamide for extraction of oxygenated compound. A maximum of 
64.52% sulfur content was removed by the use of 25% mixture of H2O2 + HCOOH in TPO as shown in 
Fig. 3. Fig. 4 shows the visual change of color of TPO before and after desulfurization and decolorization 
treatment.

Fractional distillation of TPO

TPO was fractionated into seven parts, based on the temperatures, during distillation process. The frac-
tions were as follows: 30 - 80 ºC, 81 - 140 ºC, 141 - 180 ºC, 181 - 220 ºC, 221 - 260 ºC, 261 - 300 ºC and 
residues above 300 ºC. Fig. 5 shows a photographic view of each fraction and Fig. 6 illustrates the amount 
of product obtained at the selected temperature ranges during fractional distillation.

Fig. 6 shows yields of the product fractions at various boiling ranges as stated above which was obtained 
from TPO by distillation process. The initial boiling point (IBP) of the TPO during distillation was found 
at 30 ºC. Then almost 40 vol.% of pyrolytic liquid were distilled out at a temperature within 180 ºC, 17 
vol.% distilled out at 180-220 ºC and 20 vol.% distilled out at 220 - 300 ºC, respectively. These fractions 
were coincided with light naphtha, heavy naphtha and middle distillate as reported by Laresgoiti et al. 
2004, where car tyre -derived pyrolysis liquids gives 20% light naphtha, 35% middle distillate and10% 
heavy naphtha and. The presence of middle distillates in TPO signifies the use of this fraction as diesel 
fuel and as heating oil (Ucar et al., 2005). TPO distillation fractions have comparatively lighter products 
than that of commercial diesel fuels. The products obtained from distillation of TPO at 150 - 300 ºC may 
be atomized efficiently, allowing the combustion to begin at a lower temperature. 

Physico-chemical Properties of TPO, its distillation fractions

A comparison of waste tyre-derived TPO fuel characteristics to that of the commercial diesel fuel and 
petrol/gasoline is shown in Table 2. Table 2. illustrated the physicochemical characteristics of TPO, its 
fractionated parts and their comparisons with commercial diesel and petrol. The density i.e., specific grav-
ity of TPO was found 936.4 kg/m3 which is higher than that of commercial diesel (820 - 845 kg/m3) and 
petrol (720 - 775 kg/m3). The density of the distillates 30-80 °C, 81-140 °C, 141-180 °C, 181-220 °C, 221- 
260 °C, 261-300 °C was 802.44, 847.98, 888.69, 903.31, 931.66 and 956.1 kg/m3, respectively (at 15 °C) 
indicates that the heavier fractions have higher density. 

The viscosity of TPO, 141-180 °C fraction and 261-300 °C fractions was found 4.6, 2.6 and 5.7 cps at 40 
°C. The low viscosity of liquid is a favorable feature in handling and transporting of the liquid (Tüccar et 
al., 2018). The flash point and pour point of the various fractions were comparable with commercial 
petrol, kerosene and diesel. The calorific value, a primitive property of the fuel, of the TPO and its various 
fractions was found comparable to that of the commercial petrol, kerosene and diesel indicates the potenti-

ality of the use of tire derived oils as fuel. Carbon residues in the various distilled and residue product frac-
tions increased with the increase of distillation temperature of TPO. Because of the carbon residue, fuel 
injector and cylinder scoring can be fouled within the engine which slow down the performance of any 
engine, even causes the failure of the functionality of engine (Thangarasu and Anand, 2019). 

Functional Groups analysis (via FTIR) of TPO and derived fractions

The FTIR technique is generally used to recognize the functional group in the samples. Figure 7 illustrates 
the FTIR spectra of the various fractions of TPO obtained during distillation. The peaks indicates the pres-
ence of various functional groups of mainly alkenes, aromatics, ketones, alcohols and aldehydes. The absor-
bance peak of alkene group (=C-H) bending generally found at 730 - 770 cm-1. For the various fractionated 
oils, it was observed at 731.02 cm-1, 756.10 cm-1 and 752.24 cm-1. The absorbance peaks of O-H bending & 

C-O stretching were found at 1300 - 1100 cm-1 in spectra of the fractionated oils. The peaks observed at 
1039.03 cm-1, 1045.42 cm-1, 1026.13 cm-1, 1092.07 cm-1, 1274.95 cm-1 indicate the existence ether and relat-
ed groups. Furthermore, peaks at 1778.37 cm-1, 1897.95 cm-1, 1899.88 cm-1 represents existence of the 
carboxyl (C=O) functional group in the TPO fractions. The presence of hydrocarbon groups C-H, C = C and 
alcohols in the TPO and its various fractions indicate that the liquid has potential to be used as fuel.

Conclusions

Commercially usable pyrolysis oil (TPO) was produced from waste tyre, its desulfurization and decol-
orization were performed and fractions of TPO at different temperature ranges were carried out. The 
study showed that the produced TPO and its fractions have a comparable properties of commercial 
fuels. The maximum TPO yield was found 42.0% from the waste tyre at the temperature of 500 °C 
while the reaction time and particle size were 50 minutes and 4cm×2cm×0.5cm. The desulfurization 
and decolorization process can successfully remove the most of the sulphur compounds and unexpect-
ed colors. The fractionated parts have comparable fuel properties. The physico-chemical properties 
and fractionation portion especially middle distillate fraction of TPO was similar with commercial 
diesel and other conventional fuels. The TPO needs to further purify before application because of 
higher sulfur content. The utilization of the TPO and their derivatives product will be significantly 
changed in the country’s fuel economy.
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Abstract 

Scrap tyres, one of the most common solid wastes, are increasing with the increase of 
vehicles number all over the world. Gradual depletion of fossil fuel requires a rapid 
shift towards alternative fuel sources including wastes. Globally, a lot of pyrolysis oil 
is generated from the management of waste tyres. The product Tyre pyrolysis Oil 
(TPO) has a parametric effect on the temperature, feed size, and reaction or pyrolysis 
time. This study explores the conditions for optimum pyrolytic oil yield (42% wt.) 
which was 500 ºC for 50 minutes, with a sample size of 4 cm3. The obtained TPO 
were fractionated at various temperature ranges using a distillation column. The fuel 
characteristics of TPO, e.g., viscosity, flash point, pour point, calorific value, density, 
carbon residue are almost similar to that of the conventional oil standards but it 
cannot directly be used in the combustion process due to its higher sulfur content. For 
the removal of the sulfur compound, a various concentration ratio (10, 15, 20, 25, 30 
percentages) of a mixture of H2O2 and HCOOH (2:1) solution (maintaining a pH of 
4) were mixed with TPO. A maximum of 64.52% sulfur was removed from the TPO 
by using 25% of H2O2 + HCOOH solution and the pyrolysis gas was passed through 
the Ca(OH)2 solution for wet scrubbing of SO2, CO2 and water vapor. The fractionat-
ed TPO (based on temperature range) provides valuable products e.g., bio-gasoline, 
biodiesel and other desirable chemicals. The production and eco-friendly use of TPO 
and its fractionated products can mitigate the disposal problem of waste tyre and help 
the eco-system to attain a sustainable environment.
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Introduction  

In the recent years, the demand of energy and environmental pollution are of utmost concern, 
because of the rapid industrialization and population all over the world. Developing countries like 
Bangladesh need huge amount of energy to tackle the population’s need. Globally, various efforts 
have been taken to meet the energy demand of power, transport and related sectors (Mia et al., 2017; 
Unapumnuk et al., 2008).

Every year, more than 1.5 million tons of tyres generated from different tires and tube industries around 
the globe (Machin et al., 2017) whereas Bangladesh produces about 120,000 tons per annum (Aziz et al., 
2017). In Bangladesh, every year, approximately 20.5 million automobile tyres are scrapped which 
accounts for 37% of the total tyre garbage production of the country. Typically, waste tyres are disposed 
by incineration and landfilling which have a tremendous adverse effect on the environment as well as on 
human health and limiting the land spaces (Jimoda et al., 2018; Trongkaew et al., 2011). For the utilization 
of waste tyres, various techniques like incineration, grinding, retreating, reclaiming, etc. have been apply-
ing, however, all of these have significant drawbacks (Kader et al., 2015). Pyrolysis, burning of the 
substances in the absence of air, can be used for the production liquid oil (Tyre Pyrolysis Oil, TPO) from 
waste tyres which represents a source of energy that can be utilized as an alternative renewable fuel. This 
TPO can minimize the use of fossil fuel in combustion engine.

TPO is the mixture of different compounds e.g., aliphatic, aromatic, hetero-atomic and various polar 
fractions, having a calorific value is 41- 44 MJ/Kg, which is almost similar to that of the conventional fuels 
(Doǧan et al., 2012). The cetane number, a measurement of the quality or performance of diesel like fuel, of 
TPO reported to 40 - 44 while that of convention diesel fuel is 44 - 55. Although low cetane number of TPO 
shows poor thermal efficiency, rough performance in the engine and undesirable level of exhaust smoke and 
emissions (Martínez et al., 2013), but, better homogeneity, low solid content and comparatively higher flash 
point of TPO are desirable (Hossain and Davies, 2013). The TPO produced from a variety of feedstocks and 
using different pyrolysis techniques, against those of fossil fuels. High acidity, the presence of solid particles, 
high water content, high viscosity, storage and thermal instability, and low energy content are typical charac-
teristics of pyrolysis liquids. The TPO contains impurities like char which affect the engine performance and 
block the combustion chamber, piston ring grooves as well as exhaust valves of engines. The TPO also 
contains polycyclic aromatic sulfur hydrocarbons (PASH), which results in exhaust of SOx gas during com-
bustion (Bunthid et al., 2010; Lewandowski et al., 2019; Murugan et al., 2008). TPO has a higher sulfur 
content compare to other petroleum products like diesel (Ilkiliç and Aydin 2011) which creates numerous 
problems including health hazards emission and air pollution during the utilization of TPO (Toteva and Stan-
ulov 2020). The TPO used engine performance can be improved by decreasing the sulfur & moisture content 
from TPO (Ribeiro et al., 2016; Hossain et al., 2019). It is reported that the sulfur content of the initial pyrol-
ysis product can be reduced by 34.25% when the TPO was treated  with 5% Ca(OH)2 (Aydin and Ilkiliç, 
2012). The fractionation of TPO via distillation at atmospheric pressure can give various fractions (e.g., light, 
low-middle, high-middle, and heavy) and each fraction can be used for specific purposes (Campuzano et al., 
2021). However, very few studies explored the structural characteristics of each fraction. The characteristic 
behavior of various distillates at temperatures e.g., 30 - 80 ºC, 81 - 140 ºC, 181 - 220 ºC and 221 - 300 ºC as 
well as residues should require an in-depth study.

Although the growing interest in pyrolysis of tyres mainly focused on the parametric study of TPO 
production, not many studies have focused on the removal of sulfur and its related components from TPO 
and fractionation of TPO. 

In this study, the optimum conditions e.g., pyrolysis temperature, particle sizes etc. for waste tyre 
pyrolysis as well as a method for the removal of sulfur based components from pyrolysis oil using a 
solution containing specific ratio of hydrogen peroxide and formic acid was explored. Furthermore, 

the fractionation of TPO at various temperature ranges using a fractional distillation column was 
studied to identify different grades fuels e.g., gasoline, diesel etc. obtained from TPO. The physico-chemical 
properties of the liquid fuel derived from waste tyres, fractionated products were determined and 
compared with commercial fuels.

Materials and Methods

Pyrolysis of the waste tyres  

The scrap tyres, collected from various disposal sites of Dhaka City Corporation, Bangladesh, were 
chopped into three different sizes and cleaned with water thoroughly to remove any soil or extrane-
ous elements. The pyrolysis of the scrap tyres were carried out in a pyrolyzer, which was made of 
stainless-steel having a length and inner diameter of 30.0 cm and 3.0 cm, respectively. The overall 
process for the TPO production from waste tyres are reported in our previously published article 
(Galib et al., 2022). The TPO production experiments were conducted by varying the temperature 
within the range of 400 – 550 °C for different sizes of the raw materials. For each run, 300 - 500 g 
sample was loaded manually and Nitrogen (N2) gas was passed into the reactor for 2 minutes to 
purge the reactor for the removal of inside air before pyrolysis started. Furthermore, a continuous 
supply of nitrogen gas was maintained to ensure inert environment inside the reactor and to move 
away the pyrolyzed product from within the reactor to the condensers. A two steps condensing 
system (first step in a closed condenser with counter current water condensation and second step in 
a cascade of glass condenser with ice condensation) was maintained to ensure the complete conden-
sation of TPO. The condensed TPO were then collected and processed for further experiments. A 
simplified form of experimental set up with apparatus and process flow chart for waste tyres pyrolysis 
is shown in Fig. 1.

Desulfurization and de-colorization of TPO

The TPO contains high value of sulphur which should be removed before further use of it. An integrated 
technology to remove oxygenated compounds, sulphur and color from the TPO, a replication of the report-
ed method by Khaleque et. al., is illustrated in Fig. 2 (Khaleque et al., 2016).

For extraction of oxygenated compound from TPO, N, N- dimethyl formamide, for desulfurization of 
TPO, a mixture of hydrogen peroxide (H2O2) and formic acid (HCOOH) solution (a ratio of 2 : 1) at vari-
ous concentrations was used. For decolorization, activated bentonite powder was mixed with TPO. To 
accomplish the process, 100 mL of crude TPO was taken and various ratio of N, N- dimethyl formamide 
and kept in shaking for 2 hours at room temperature, followed by addition of H2O2 + HCOOH solution. 
Then, thermally activated bentonite powder was added to TPO at room temperature and the mixture was 
stirred at 700 rpm and kept for 10 minutes. The processed sample was then used for fractionation to 
receive value added products.

Fractional distillation of TPO

Measured volume of TPO (200 mL) TPO was taken in the round bottle flask and the sample in the flask 

was fractionated using fractional distillation unit. Various fractions based on temperature range were 
passed through the condenser and collected as distillates. The heaviest (> 300 oC) fraction was collected 
as residue from the flask. The fractions were as follows: 30 - 80 ºC, 81 - 140 ºC, 141 - 180 ºC, 181 - 220 
ºC, 221 - 260 ºC, 261 - 300 ºC, and residues at above 300 ºC.

Characterization of TPO and its fractions

The physico-chemical properties e.g., viscosity index, density, flash point, pour point, carbon residue, ash 
content and sulfur content  of TPO and its fractionated products from TPO were performed according to  Institute 
of Petroleum (IP) and American Society for Testing and Materials (ASTM) test methods. The sulfur content of 
TPO and fractionated oil were measured by following IP 61/59 method. The presence of various functional 
groups in the TPO and fractionated oil were identified by FT-IR study using SHIMADZU FTIR 4500.

Results and Discussion

Optimization of tpo production: Effect of temperature, reaction time and particle sizes

The TPO products optimization depended on the temperature, reaction time and particles sizes of the tyre 
sample. In our previous study , it was reported that the maximum TPO production was 42 wt.% when the 
temperature, reaction time and particle sizes of tyres were 500 °C, 50 minutes and 4×2×0.5 cm3, respec-
tively (Galib et al., 2022). Pyrolysis at low temperature and extended time promotes the secondary prod-
ucts, resulted in more char and less oil production (Hossain and Rahman, 2015). Pyrolysis at higher 
temperature (more than 500 oC) increases the heating value of volatile matters which decreased the yield 
of TPO but increased the yield of gaseous fraction because of the presence of secondary cracking reactions 
(Čepić et al., 2021). Particle size of scrap tyre more than 4×2×0.5 cm3 restricts homogenous heating and 
cannot get carbonized the core rubber which resulted in the decrease of TPO yield and increase of gas and 
char production. The following Table 1 illustrates the yields of various products at various reaction times 
when the reaction temperature was 500 °C and particle sizes was 4×2×0.5 cm3. 

Desulfurization and de-colorization of TPO

For desulfurization, a mixture of hydrogen peroxide (H2O2) + formic acid (HCOOH) (at a ratio of 2 : 1) 
solution were mixed with TPO. Various concentration solutions e. g., 10%, 15%, 20%, 25%, 30% of the 

TPO were used to oxidized the sulfur compound of TPO. The oxidizing compound was extracted by 
using different solvent such as acetone, ethanol, methanol, N, N- dimethyl formamide, but most effec-
tive compound was N, N- dimethyl formamide for extraction of oxygenated compound. A maximum of 
64.52% sulfur content was removed by the use of 25% mixture of H2O2 + HCOOH in TPO as shown in 
Fig. 3. Fig. 4 shows the visual change of color of TPO before and after desulfurization and decolorization 
treatment.

Fractional distillation of TPO

TPO was fractionated into seven parts, based on the temperatures, during distillation process. The frac-
tions were as follows: 30 - 80 ºC, 81 - 140 ºC, 141 - 180 ºC, 181 - 220 ºC, 221 - 260 ºC, 261 - 300 ºC and 
residues above 300 ºC. Fig. 5 shows a photographic view of each fraction and Fig. 6 illustrates the amount 
of product obtained at the selected temperature ranges during fractional distillation.

Fig. 6 shows yields of the product fractions at various boiling ranges as stated above which was obtained 
from TPO by distillation process. The initial boiling point (IBP) of the TPO during distillation was found 
at 30 ºC. Then almost 40 vol.% of pyrolytic liquid were distilled out at a temperature within 180 ºC, 17 
vol.% distilled out at 180-220 ºC and 20 vol.% distilled out at 220 - 300 ºC, respectively. These fractions 
were coincided with light naphtha, heavy naphtha and middle distillate as reported by Laresgoiti et al. 
2004, where car tyre -derived pyrolysis liquids gives 20% light naphtha, 35% middle distillate and10% 
heavy naphtha and. The presence of middle distillates in TPO signifies the use of this fraction as diesel 
fuel and as heating oil (Ucar et al., 2005). TPO distillation fractions have comparatively lighter products 
than that of commercial diesel fuels. The products obtained from distillation of TPO at 150 - 300 ºC may 
be atomized efficiently, allowing the combustion to begin at a lower temperature. 

Physico-chemical Properties of TPO, its distillation fractions

A comparison of waste tyre-derived TPO fuel characteristics to that of the commercial diesel fuel and 
petrol/gasoline is shown in Table 2. Table 2. illustrated the physicochemical characteristics of TPO, its 
fractionated parts and their comparisons with commercial diesel and petrol. The density i.e., specific grav-
ity of TPO was found 936.4 kg/m3 which is higher than that of commercial diesel (820 - 845 kg/m3) and 
petrol (720 - 775 kg/m3). The density of the distillates 30-80 °C, 81-140 °C, 141-180 °C, 181-220 °C, 221- 
260 °C, 261-300 °C was 802.44, 847.98, 888.69, 903.31, 931.66 and 956.1 kg/m3, respectively (at 15 °C) 
indicates that the heavier fractions have higher density. 

The viscosity of TPO, 141-180 °C fraction and 261-300 °C fractions was found 4.6, 2.6 and 5.7 cps at 40 
°C. The low viscosity of liquid is a favorable feature in handling and transporting of the liquid (Tüccar et 
al., 2018). The flash point and pour point of the various fractions were comparable with commercial 
petrol, kerosene and diesel. The calorific value, a primitive property of the fuel, of the TPO and its various 
fractions was found comparable to that of the commercial petrol, kerosene and diesel indicates the potenti-

ality of the use of tire derived oils as fuel. Carbon residues in the various distilled and residue product frac-
tions increased with the increase of distillation temperature of TPO. Because of the carbon residue, fuel 
injector and cylinder scoring can be fouled within the engine which slow down the performance of any 
engine, even causes the failure of the functionality of engine (Thangarasu and Anand, 2019). 

Functional Groups analysis (via FTIR) of TPO and derived fractions

The FTIR technique is generally used to recognize the functional group in the samples. Figure 7 illustrates 
the FTIR spectra of the various fractions of TPO obtained during distillation. The peaks indicates the pres-
ence of various functional groups of mainly alkenes, aromatics, ketones, alcohols and aldehydes. The absor-
bance peak of alkene group (=C-H) bending generally found at 730 - 770 cm-1. For the various fractionated 
oils, it was observed at 731.02 cm-1, 756.10 cm-1 and 752.24 cm-1. The absorbance peaks of O-H bending & 

C-O stretching were found at 1300 - 1100 cm-1 in spectra of the fractionated oils. The peaks observed at 
1039.03 cm-1, 1045.42 cm-1, 1026.13 cm-1, 1092.07 cm-1, 1274.95 cm-1 indicate the existence ether and relat-
ed groups. Furthermore, peaks at 1778.37 cm-1, 1897.95 cm-1, 1899.88 cm-1 represents existence of the 
carboxyl (C=O) functional group in the TPO fractions. The presence of hydrocarbon groups C-H, C = C and 
alcohols in the TPO and its various fractions indicate that the liquid has potential to be used as fuel.

Conclusions

Commercially usable pyrolysis oil (TPO) was produced from waste tyre, its desulfurization and decol-
orization were performed and fractions of TPO at different temperature ranges were carried out. The 
study showed that the produced TPO and its fractions have a comparable properties of commercial 
fuels. The maximum TPO yield was found 42.0% from the waste tyre at the temperature of 500 °C 
while the reaction time and particle size were 50 minutes and 4cm×2cm×0.5cm. The desulfurization 
and decolorization process can successfully remove the most of the sulphur compounds and unexpect-
ed colors. The fractionated parts have comparable fuel properties. The physico-chemical properties 
and fractionation portion especially middle distillate fraction of TPO was similar with commercial 
diesel and other conventional fuels. The TPO needs to further purify before application because of 
higher sulfur content. The utilization of the TPO and their derivatives product will be significantly 
changed in the country’s fuel economy.
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Introduction  

In the recent years, the demand of energy and environmental pollution are of utmost concern, 
because of the rapid industrialization and population all over the world. Developing countries like 
Bangladesh need huge amount of energy to tackle the population’s need. Globally, various efforts 
have been taken to meet the energy demand of power, transport and related sectors (Mia et al., 2017; 
Unapumnuk et al., 2008).

Every year, more than 1.5 million tons of tyres generated from different tires and tube industries around 
the globe (Machin et al., 2017) whereas Bangladesh produces about 120,000 tons per annum (Aziz et al., 
2017). In Bangladesh, every year, approximately 20.5 million automobile tyres are scrapped which 
accounts for 37% of the total tyre garbage production of the country. Typically, waste tyres are disposed 
by incineration and landfilling which have a tremendous adverse effect on the environment as well as on 
human health and limiting the land spaces (Jimoda et al., 2018; Trongkaew et al., 2011). For the utilization 
of waste tyres, various techniques like incineration, grinding, retreating, reclaiming, etc. have been apply-
ing, however, all of these have significant drawbacks (Kader et al., 2015). Pyrolysis, burning of the 
substances in the absence of air, can be used for the production liquid oil (Tyre Pyrolysis Oil, TPO) from 
waste tyres which represents a source of energy that can be utilized as an alternative renewable fuel. This 
TPO can minimize the use of fossil fuel in combustion engine.

TPO is the mixture of different compounds e.g., aliphatic, aromatic, hetero-atomic and various polar 
fractions, having a calorific value is 41- 44 MJ/Kg, which is almost similar to that of the conventional fuels 
(Doǧan et al., 2012). The cetane number, a measurement of the quality or performance of diesel like fuel, of 
TPO reported to 40 - 44 while that of convention diesel fuel is 44 - 55. Although low cetane number of TPO 
shows poor thermal efficiency, rough performance in the engine and undesirable level of exhaust smoke and 
emissions (Martínez et al., 2013), but, better homogeneity, low solid content and comparatively higher flash 
point of TPO are desirable (Hossain and Davies, 2013). The TPO produced from a variety of feedstocks and 
using different pyrolysis techniques, against those of fossil fuels. High acidity, the presence of solid particles, 
high water content, high viscosity, storage and thermal instability, and low energy content are typical charac-
teristics of pyrolysis liquids. The TPO contains impurities like char which affect the engine performance and 
block the combustion chamber, piston ring grooves as well as exhaust valves of engines. The TPO also 
contains polycyclic aromatic sulfur hydrocarbons (PASH), which results in exhaust of SOx gas during com-
bustion (Bunthid et al., 2010; Lewandowski et al., 2019; Murugan et al., 2008). TPO has a higher sulfur 
content compare to other petroleum products like diesel (Ilkiliç and Aydin 2011) which creates numerous 
problems including health hazards emission and air pollution during the utilization of TPO (Toteva and Stan-
ulov 2020). The TPO used engine performance can be improved by decreasing the sulfur & moisture content 
from TPO (Ribeiro et al., 2016; Hossain et al., 2019). It is reported that the sulfur content of the initial pyrol-
ysis product can be reduced by 34.25% when the TPO was treated  with 5% Ca(OH)2 (Aydin and Ilkiliç, 
2012). The fractionation of TPO via distillation at atmospheric pressure can give various fractions (e.g., light, 
low-middle, high-middle, and heavy) and each fraction can be used for specific purposes (Campuzano et al., 
2021). However, very few studies explored the structural characteristics of each fraction. The characteristic 
behavior of various distillates at temperatures e.g., 30 - 80 ºC, 81 - 140 ºC, 181 - 220 ºC and 221 - 300 ºC as 
well as residues should require an in-depth study.

Although the growing interest in pyrolysis of tyres mainly focused on the parametric study of TPO 
production, not many studies have focused on the removal of sulfur and its related components from TPO 
and fractionation of TPO. 

In this study, the optimum conditions e.g., pyrolysis temperature, particle sizes etc. for waste tyre 
pyrolysis as well as a method for the removal of sulfur based components from pyrolysis oil using a 
solution containing specific ratio of hydrogen peroxide and formic acid was explored. Furthermore, 

the fractionation of TPO at various temperature ranges using a fractional distillation column was 
studied to identify different grades fuels e.g., gasoline, diesel etc. obtained from TPO. The physico-chemical 
properties of the liquid fuel derived from waste tyres, fractionated products were determined and 
compared with commercial fuels.

Materials and Methods

Pyrolysis of the waste tyres  

The scrap tyres, collected from various disposal sites of Dhaka City Corporation, Bangladesh, were 
chopped into three different sizes and cleaned with water thoroughly to remove any soil or extrane-
ous elements. The pyrolysis of the scrap tyres were carried out in a pyrolyzer, which was made of 
stainless-steel having a length and inner diameter of 30.0 cm and 3.0 cm, respectively. The overall 
process for the TPO production from waste tyres are reported in our previously published article 
(Galib et al., 2022). The TPO production experiments were conducted by varying the temperature 
within the range of 400 – 550 °C for different sizes of the raw materials. For each run, 300 - 500 g 
sample was loaded manually and Nitrogen (N2) gas was passed into the reactor for 2 minutes to 
purge the reactor for the removal of inside air before pyrolysis started. Furthermore, a continuous 
supply of nitrogen gas was maintained to ensure inert environment inside the reactor and to move 
away the pyrolyzed product from within the reactor to the condensers. A two steps condensing 
system (first step in a closed condenser with counter current water condensation and second step in 
a cascade of glass condenser with ice condensation) was maintained to ensure the complete conden-
sation of TPO. The condensed TPO were then collected and processed for further experiments. A 
simplified form of experimental set up with apparatus and process flow chart for waste tyres pyrolysis 
is shown in Fig. 1.

Desulfurization and de-colorization of TPO

The TPO contains high value of sulphur which should be removed before further use of it. An integrated 
technology to remove oxygenated compounds, sulphur and color from the TPO, a replication of the report-
ed method by Khaleque et. al., is illustrated in Fig. 2 (Khaleque et al., 2016).

For extraction of oxygenated compound from TPO, N, N- dimethyl formamide, for desulfurization of 
TPO, a mixture of hydrogen peroxide (H2O2) and formic acid (HCOOH) solution (a ratio of 2 : 1) at vari-
ous concentrations was used. For decolorization, activated bentonite powder was mixed with TPO. To 
accomplish the process, 100 mL of crude TPO was taken and various ratio of N, N- dimethyl formamide 
and kept in shaking for 2 hours at room temperature, followed by addition of H2O2 + HCOOH solution. 
Then, thermally activated bentonite powder was added to TPO at room temperature and the mixture was 
stirred at 700 rpm and kept for 10 minutes. The processed sample was then used for fractionation to 
receive value added products.

Fractional distillation of TPO

Measured volume of TPO (200 mL) TPO was taken in the round bottle flask and the sample in the flask 

was fractionated using fractional distillation unit. Various fractions based on temperature range were 
passed through the condenser and collected as distillates. The heaviest (> 300 oC) fraction was collected 
as residue from the flask. The fractions were as follows: 30 - 80 ºC, 81 - 140 ºC, 141 - 180 ºC, 181 - 220 
ºC, 221 - 260 ºC, 261 - 300 ºC, and residues at above 300 ºC.

Characterization of TPO and its fractions

The physico-chemical properties e.g., viscosity index, density, flash point, pour point, carbon residue, ash 
content and sulfur content  of TPO and its fractionated products from TPO were performed according to  Institute 
of Petroleum (IP) and American Society for Testing and Materials (ASTM) test methods. The sulfur content of 
TPO and fractionated oil were measured by following IP 61/59 method. The presence of various functional 
groups in the TPO and fractionated oil were identified by FT-IR study using SHIMADZU FTIR 4500.

Results and Discussion

Optimization of tpo production: Effect of temperature, reaction time and particle sizes

The TPO products optimization depended on the temperature, reaction time and particles sizes of the tyre 
sample. In our previous study , it was reported that the maximum TPO production was 42 wt.% when the 
temperature, reaction time and particle sizes of tyres were 500 °C, 50 minutes and 4×2×0.5 cm3, respec-
tively (Galib et al., 2022). Pyrolysis at low temperature and extended time promotes the secondary prod-
ucts, resulted in more char and less oil production (Hossain and Rahman, 2015). Pyrolysis at higher 
temperature (more than 500 oC) increases the heating value of volatile matters which decreased the yield 
of TPO but increased the yield of gaseous fraction because of the presence of secondary cracking reactions 
(Čepić et al., 2021). Particle size of scrap tyre more than 4×2×0.5 cm3 restricts homogenous heating and 
cannot get carbonized the core rubber which resulted in the decrease of TPO yield and increase of gas and 
char production. The following Table 1 illustrates the yields of various products at various reaction times 
when the reaction temperature was 500 °C and particle sizes was 4×2×0.5 cm3. 

Desulfurization and de-colorization of TPO

For desulfurization, a mixture of hydrogen peroxide (H2O2) + formic acid (HCOOH) (at a ratio of 2 : 1) 
solution were mixed with TPO. Various concentration solutions e. g., 10%, 15%, 20%, 25%, 30% of the 

TPO were used to oxidized the sulfur compound of TPO. The oxidizing compound was extracted by 
using different solvent such as acetone, ethanol, methanol, N, N- dimethyl formamide, but most effec-
tive compound was N, N- dimethyl formamide for extraction of oxygenated compound. A maximum of 
64.52% sulfur content was removed by the use of 25% mixture of H2O2 + HCOOH in TPO as shown in 
Fig. 3. Fig. 4 shows the visual change of color of TPO before and after desulfurization and decolorization 
treatment.

Fractional distillation of TPO

TPO was fractionated into seven parts, based on the temperatures, during distillation process. The frac-
tions were as follows: 30 - 80 ºC, 81 - 140 ºC, 141 - 180 ºC, 181 - 220 ºC, 221 - 260 ºC, 261 - 300 ºC and 
residues above 300 ºC. Fig. 5 shows a photographic view of each fraction and Fig. 6 illustrates the amount 
of product obtained at the selected temperature ranges during fractional distillation.

Fig. 6 shows yields of the product fractions at various boiling ranges as stated above which was obtained 
from TPO by distillation process. The initial boiling point (IBP) of the TPO during distillation was found 
at 30 ºC. Then almost 40 vol.% of pyrolytic liquid were distilled out at a temperature within 180 ºC, 17 
vol.% distilled out at 180-220 ºC and 20 vol.% distilled out at 220 - 300 ºC, respectively. These fractions 
were coincided with light naphtha, heavy naphtha and middle distillate as reported by Laresgoiti et al. 
2004, where car tyre -derived pyrolysis liquids gives 20% light naphtha, 35% middle distillate and10% 
heavy naphtha and. The presence of middle distillates in TPO signifies the use of this fraction as diesel 
fuel and as heating oil (Ucar et al., 2005). TPO distillation fractions have comparatively lighter products 
than that of commercial diesel fuels. The products obtained from distillation of TPO at 150 - 300 ºC may 
be atomized efficiently, allowing the combustion to begin at a lower temperature. 

Physico-chemical Properties of TPO, its distillation fractions

A comparison of waste tyre-derived TPO fuel characteristics to that of the commercial diesel fuel and 
petrol/gasoline is shown in Table 2. Table 2. illustrated the physicochemical characteristics of TPO, its 
fractionated parts and their comparisons with commercial diesel and petrol. The density i.e., specific grav-
ity of TPO was found 936.4 kg/m3 which is higher than that of commercial diesel (820 - 845 kg/m3) and 
petrol (720 - 775 kg/m3). The density of the distillates 30-80 °C, 81-140 °C, 141-180 °C, 181-220 °C, 221- 
260 °C, 261-300 °C was 802.44, 847.98, 888.69, 903.31, 931.66 and 956.1 kg/m3, respectively (at 15 °C) 
indicates that the heavier fractions have higher density. 

The viscosity of TPO, 141-180 °C fraction and 261-300 °C fractions was found 4.6, 2.6 and 5.7 cps at 40 
°C. The low viscosity of liquid is a favorable feature in handling and transporting of the liquid (Tüccar et 
al., 2018). The flash point and pour point of the various fractions were comparable with commercial 
petrol, kerosene and diesel. The calorific value, a primitive property of the fuel, of the TPO and its various 
fractions was found comparable to that of the commercial petrol, kerosene and diesel indicates the potenti-

ality of the use of tire derived oils as fuel. Carbon residues in the various distilled and residue product frac-
tions increased with the increase of distillation temperature of TPO. Because of the carbon residue, fuel 
injector and cylinder scoring can be fouled within the engine which slow down the performance of any 
engine, even causes the failure of the functionality of engine (Thangarasu and Anand, 2019). 

Functional Groups analysis (via FTIR) of TPO and derived fractions

The FTIR technique is generally used to recognize the functional group in the samples. Figure 7 illustrates 
the FTIR spectra of the various fractions of TPO obtained during distillation. The peaks indicates the pres-
ence of various functional groups of mainly alkenes, aromatics, ketones, alcohols and aldehydes. The absor-
bance peak of alkene group (=C-H) bending generally found at 730 - 770 cm-1. For the various fractionated 
oils, it was observed at 731.02 cm-1, 756.10 cm-1 and 752.24 cm-1. The absorbance peaks of O-H bending & 

C-O stretching were found at 1300 - 1100 cm-1 in spectra of the fractionated oils. The peaks observed at 
1039.03 cm-1, 1045.42 cm-1, 1026.13 cm-1, 1092.07 cm-1, 1274.95 cm-1 indicate the existence ether and relat-
ed groups. Furthermore, peaks at 1778.37 cm-1, 1897.95 cm-1, 1899.88 cm-1 represents existence of the 
carboxyl (C=O) functional group in the TPO fractions. The presence of hydrocarbon groups C-H, C = C and 
alcohols in the TPO and its various fractions indicate that the liquid has potential to be used as fuel.

Conclusions

Commercially usable pyrolysis oil (TPO) was produced from waste tyre, its desulfurization and decol-
orization were performed and fractions of TPO at different temperature ranges were carried out. The 
study showed that the produced TPO and its fractions have a comparable properties of commercial 
fuels. The maximum TPO yield was found 42.0% from the waste tyre at the temperature of 500 °C 
while the reaction time and particle size were 50 minutes and 4cm×2cm×0.5cm. The desulfurization 
and decolorization process can successfully remove the most of the sulphur compounds and unexpect-
ed colors. The fractionated parts have comparable fuel properties. The physico-chemical properties 
and fractionation portion especially middle distillate fraction of TPO was similar with commercial 
diesel and other conventional fuels. The TPO needs to further purify before application because of 
higher sulfur content. The utilization of the TPO and their derivatives product will be significantly 
changed in the country’s fuel economy.
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Introduction  

In the recent years, the demand of energy and environmental pollution are of utmost concern, 
because of the rapid industrialization and population all over the world. Developing countries like 
Bangladesh need huge amount of energy to tackle the population’s need. Globally, various efforts 
have been taken to meet the energy demand of power, transport and related sectors (Mia et al., 2017; 
Unapumnuk et al., 2008).

Every year, more than 1.5 million tons of tyres generated from different tires and tube industries around 
the globe (Machin et al., 2017) whereas Bangladesh produces about 120,000 tons per annum (Aziz et al., 
2017). In Bangladesh, every year, approximately 20.5 million automobile tyres are scrapped which 
accounts for 37% of the total tyre garbage production of the country. Typically, waste tyres are disposed 
by incineration and landfilling which have a tremendous adverse effect on the environment as well as on 
human health and limiting the land spaces (Jimoda et al., 2018; Trongkaew et al., 2011). For the utilization 
of waste tyres, various techniques like incineration, grinding, retreating, reclaiming, etc. have been apply-
ing, however, all of these have significant drawbacks (Kader et al., 2015). Pyrolysis, burning of the 
substances in the absence of air, can be used for the production liquid oil (Tyre Pyrolysis Oil, TPO) from 
waste tyres which represents a source of energy that can be utilized as an alternative renewable fuel. This 
TPO can minimize the use of fossil fuel in combustion engine.

TPO is the mixture of different compounds e.g., aliphatic, aromatic, hetero-atomic and various polar 
fractions, having a calorific value is 41- 44 MJ/Kg, which is almost similar to that of the conventional fuels 
(Doǧan et al., 2012). The cetane number, a measurement of the quality or performance of diesel like fuel, of 
TPO reported to 40 - 44 while that of convention diesel fuel is 44 - 55. Although low cetane number of TPO 
shows poor thermal efficiency, rough performance in the engine and undesirable level of exhaust smoke and 
emissions (Martínez et al., 2013), but, better homogeneity, low solid content and comparatively higher flash 
point of TPO are desirable (Hossain and Davies, 2013). The TPO produced from a variety of feedstocks and 
using different pyrolysis techniques, against those of fossil fuels. High acidity, the presence of solid particles, 
high water content, high viscosity, storage and thermal instability, and low energy content are typical charac-
teristics of pyrolysis liquids. The TPO contains impurities like char which affect the engine performance and 
block the combustion chamber, piston ring grooves as well as exhaust valves of engines. The TPO also 
contains polycyclic aromatic sulfur hydrocarbons (PASH), which results in exhaust of SOx gas during com-
bustion (Bunthid et al., 2010; Lewandowski et al., 2019; Murugan et al., 2008). TPO has a higher sulfur 
content compare to other petroleum products like diesel (Ilkiliç and Aydin 2011) which creates numerous 
problems including health hazards emission and air pollution during the utilization of TPO (Toteva and Stan-
ulov 2020). The TPO used engine performance can be improved by decreasing the sulfur & moisture content 
from TPO (Ribeiro et al., 2016; Hossain et al., 2019). It is reported that the sulfur content of the initial pyrol-
ysis product can be reduced by 34.25% when the TPO was treated  with 5% Ca(OH)2 (Aydin and Ilkiliç, 
2012). The fractionation of TPO via distillation at atmospheric pressure can give various fractions (e.g., light, 
low-middle, high-middle, and heavy) and each fraction can be used for specific purposes (Campuzano et al., 
2021). However, very few studies explored the structural characteristics of each fraction. The characteristic 
behavior of various distillates at temperatures e.g., 30 - 80 ºC, 81 - 140 ºC, 181 - 220 ºC and 221 - 300 ºC as 
well as residues should require an in-depth study.

Although the growing interest in pyrolysis of tyres mainly focused on the parametric study of TPO 
production, not many studies have focused on the removal of sulfur and its related components from TPO 
and fractionation of TPO. 

In this study, the optimum conditions e.g., pyrolysis temperature, particle sizes etc. for waste tyre 
pyrolysis as well as a method for the removal of sulfur based components from pyrolysis oil using a 
solution containing specific ratio of hydrogen peroxide and formic acid was explored. Furthermore, 

the fractionation of TPO at various temperature ranges using a fractional distillation column was 
studied to identify different grades fuels e.g., gasoline, diesel etc. obtained from TPO. The physico-chemical 
properties of the liquid fuel derived from waste tyres, fractionated products were determined and 
compared with commercial fuels.

Materials and Methods

Pyrolysis of the waste tyres  

The scrap tyres, collected from various disposal sites of Dhaka City Corporation, Bangladesh, were 
chopped into three different sizes and cleaned with water thoroughly to remove any soil or extrane-
ous elements. The pyrolysis of the scrap tyres were carried out in a pyrolyzer, which was made of 
stainless-steel having a length and inner diameter of 30.0 cm and 3.0 cm, respectively. The overall 
process for the TPO production from waste tyres are reported in our previously published article 
(Galib et al., 2022). The TPO production experiments were conducted by varying the temperature 
within the range of 400 – 550 °C for different sizes of the raw materials. For each run, 300 - 500 g 
sample was loaded manually and Nitrogen (N2) gas was passed into the reactor for 2 minutes to 
purge the reactor for the removal of inside air before pyrolysis started. Furthermore, a continuous 
supply of nitrogen gas was maintained to ensure inert environment inside the reactor and to move 
away the pyrolyzed product from within the reactor to the condensers. A two steps condensing 
system (first step in a closed condenser with counter current water condensation and second step in 
a cascade of glass condenser with ice condensation) was maintained to ensure the complete conden-
sation of TPO. The condensed TPO were then collected and processed for further experiments. A 
simplified form of experimental set up with apparatus and process flow chart for waste tyres pyrolysis 
is shown in Fig. 1.

Desulfurization and de-colorization of TPO

The TPO contains high value of sulphur which should be removed before further use of it. An integrated 
technology to remove oxygenated compounds, sulphur and color from the TPO, a replication of the report-
ed method by Khaleque et. al., is illustrated in Fig. 2 (Khaleque et al., 2016).

For extraction of oxygenated compound from TPO, N, N- dimethyl formamide, for desulfurization of 
TPO, a mixture of hydrogen peroxide (H2O2) and formic acid (HCOOH) solution (a ratio of 2 : 1) at vari-
ous concentrations was used. For decolorization, activated bentonite powder was mixed with TPO. To 
accomplish the process, 100 mL of crude TPO was taken and various ratio of N, N- dimethyl formamide 
and kept in shaking for 2 hours at room temperature, followed by addition of H2O2 + HCOOH solution. 
Then, thermally activated bentonite powder was added to TPO at room temperature and the mixture was 
stirred at 700 rpm and kept for 10 minutes. The processed sample was then used for fractionation to 
receive value added products.

Fractional distillation of TPO

Measured volume of TPO (200 mL) TPO was taken in the round bottle flask and the sample in the flask 

was fractionated using fractional distillation unit. Various fractions based on temperature range were 
passed through the condenser and collected as distillates. The heaviest (> 300 oC) fraction was collected 
as residue from the flask. The fractions were as follows: 30 - 80 ºC, 81 - 140 ºC, 141 - 180 ºC, 181 - 220 
ºC, 221 - 260 ºC, 261 - 300 ºC, and residues at above 300 ºC.

Characterization of TPO and its fractions

The physico-chemical properties e.g., viscosity index, density, flash point, pour point, carbon residue, ash 
content and sulfur content  of TPO and its fractionated products from TPO were performed according to  Institute 
of Petroleum (IP) and American Society for Testing and Materials (ASTM) test methods. The sulfur content of 
TPO and fractionated oil were measured by following IP 61/59 method. The presence of various functional 
groups in the TPO and fractionated oil were identified by FT-IR study using SHIMADZU FTIR 4500.

Results and Discussion

Optimization of tpo production: Effect of temperature, reaction time and particle sizes

The TPO products optimization depended on the temperature, reaction time and particles sizes of the tyre 
sample. In our previous study , it was reported that the maximum TPO production was 42 wt.% when the 
temperature, reaction time and particle sizes of tyres were 500 °C, 50 minutes and 4×2×0.5 cm3, respec-
tively (Galib et al., 2022). Pyrolysis at low temperature and extended time promotes the secondary prod-
ucts, resulted in more char and less oil production (Hossain and Rahman, 2015). Pyrolysis at higher 
temperature (more than 500 oC) increases the heating value of volatile matters which decreased the yield 
of TPO but increased the yield of gaseous fraction because of the presence of secondary cracking reactions 
(Čepić et al., 2021). Particle size of scrap tyre more than 4×2×0.5 cm3 restricts homogenous heating and 
cannot get carbonized the core rubber which resulted in the decrease of TPO yield and increase of gas and 
char production. The following Table 1 illustrates the yields of various products at various reaction times 
when the reaction temperature was 500 °C and particle sizes was 4×2×0.5 cm3. 

Desulfurization and de-colorization of TPO

For desulfurization, a mixture of hydrogen peroxide (H2O2) + formic acid (HCOOH) (at a ratio of 2 : 1) 
solution were mixed with TPO. Various concentration solutions e. g., 10%, 15%, 20%, 25%, 30% of the 

TPO were used to oxidized the sulfur compound of TPO. The oxidizing compound was extracted by 
using different solvent such as acetone, ethanol, methanol, N, N- dimethyl formamide, but most effec-
tive compound was N, N- dimethyl formamide for extraction of oxygenated compound. A maximum of 
64.52% sulfur content was removed by the use of 25% mixture of H2O2 + HCOOH in TPO as shown in 
Fig. 3. Fig. 4 shows the visual change of color of TPO before and after desulfurization and decolorization 
treatment.

Fractional distillation of TPO

TPO was fractionated into seven parts, based on the temperatures, during distillation process. The frac-
tions were as follows: 30 - 80 ºC, 81 - 140 ºC, 141 - 180 ºC, 181 - 220 ºC, 221 - 260 ºC, 261 - 300 ºC and 
residues above 300 ºC. Fig. 5 shows a photographic view of each fraction and Fig. 6 illustrates the amount 
of product obtained at the selected temperature ranges during fractional distillation.

Fig. 6 shows yields of the product fractions at various boiling ranges as stated above which was obtained 
from TPO by distillation process. The initial boiling point (IBP) of the TPO during distillation was found 
at 30 ºC. Then almost 40 vol.% of pyrolytic liquid were distilled out at a temperature within 180 ºC, 17 
vol.% distilled out at 180-220 ºC and 20 vol.% distilled out at 220 - 300 ºC, respectively. These fractions 
were coincided with light naphtha, heavy naphtha and middle distillate as reported by Laresgoiti et al. 
2004, where car tyre -derived pyrolysis liquids gives 20% light naphtha, 35% middle distillate and10% 
heavy naphtha and. The presence of middle distillates in TPO signifies the use of this fraction as diesel 
fuel and as heating oil (Ucar et al., 2005). TPO distillation fractions have comparatively lighter products 
than that of commercial diesel fuels. The products obtained from distillation of TPO at 150 - 300 ºC may 
be atomized efficiently, allowing the combustion to begin at a lower temperature. 

Physico-chemical Properties of TPO, its distillation fractions

A comparison of waste tyre-derived TPO fuel characteristics to that of the commercial diesel fuel and 
petrol/gasoline is shown in Table 2. Table 2. illustrated the physicochemical characteristics of TPO, its 
fractionated parts and their comparisons with commercial diesel and petrol. The density i.e., specific grav-
ity of TPO was found 936.4 kg/m3 which is higher than that of commercial diesel (820 - 845 kg/m3) and 
petrol (720 - 775 kg/m3). The density of the distillates 30-80 °C, 81-140 °C, 141-180 °C, 181-220 °C, 221- 
260 °C, 261-300 °C was 802.44, 847.98, 888.69, 903.31, 931.66 and 956.1 kg/m3, respectively (at 15 °C) 
indicates that the heavier fractions have higher density. 

The viscosity of TPO, 141-180 °C fraction and 261-300 °C fractions was found 4.6, 2.6 and 5.7 cps at 40 
°C. The low viscosity of liquid is a favorable feature in handling and transporting of the liquid (Tüccar et 
al., 2018). The flash point and pour point of the various fractions were comparable with commercial 
petrol, kerosene and diesel. The calorific value, a primitive property of the fuel, of the TPO and its various 
fractions was found comparable to that of the commercial petrol, kerosene and diesel indicates the potenti-

ality of the use of tire derived oils as fuel. Carbon residues in the various distilled and residue product frac-
tions increased with the increase of distillation temperature of TPO. Because of the carbon residue, fuel 
injector and cylinder scoring can be fouled within the engine which slow down the performance of any 
engine, even causes the failure of the functionality of engine (Thangarasu and Anand, 2019). 

Functional Groups analysis (via FTIR) of TPO and derived fractions

The FTIR technique is generally used to recognize the functional group in the samples. Figure 7 illustrates 
the FTIR spectra of the various fractions of TPO obtained during distillation. The peaks indicates the pres-
ence of various functional groups of mainly alkenes, aromatics, ketones, alcohols and aldehydes. The absor-
bance peak of alkene group (=C-H) bending generally found at 730 - 770 cm-1. For the various fractionated 
oils, it was observed at 731.02 cm-1, 756.10 cm-1 and 752.24 cm-1. The absorbance peaks of O-H bending & 

C-O stretching were found at 1300 - 1100 cm-1 in spectra of the fractionated oils. The peaks observed at 
1039.03 cm-1, 1045.42 cm-1, 1026.13 cm-1, 1092.07 cm-1, 1274.95 cm-1 indicate the existence ether and relat-
ed groups. Furthermore, peaks at 1778.37 cm-1, 1897.95 cm-1, 1899.88 cm-1 represents existence of the 
carboxyl (C=O) functional group in the TPO fractions. The presence of hydrocarbon groups C-H, C = C and 
alcohols in the TPO and its various fractions indicate that the liquid has potential to be used as fuel.

Conclusions

Commercially usable pyrolysis oil (TPO) was produced from waste tyre, its desulfurization and decol-
orization were performed and fractions of TPO at different temperature ranges were carried out. The 
study showed that the produced TPO and its fractions have a comparable properties of commercial 
fuels. The maximum TPO yield was found 42.0% from the waste tyre at the temperature of 500 °C 
while the reaction time and particle size were 50 minutes and 4cm×2cm×0.5cm. The desulfurization 
and decolorization process can successfully remove the most of the sulphur compounds and unexpect-
ed colors. The fractionated parts have comparable fuel properties. The physico-chemical properties 
and fractionation portion especially middle distillate fraction of TPO was similar with commercial 
diesel and other conventional fuels. The TPO needs to further purify before application because of 
higher sulfur content. The utilization of the TPO and their derivatives product will be significantly 
changed in the country’s fuel economy.

Acknowledgement

This study was supported by the Special allocation project (EAS-432, 450 & 500, 2019 - 22) of Ministry 
of Science and Technology, Government of the People’s of Bangladesh.

Authors Contribution 

Mohammad Ismail (The corresponding author): Supervision, Conceptualization, Reviewing and Editing. Md. Galib Mahmud: 
Sample Collection, Experimental investigation, methodology development and thesis writing. Hd. Razu Ahmmed: Draft Prepa-
ration, Visualization. Md. Saiful Islam: Writing- Original draft preparation, Methodology, Reviewing. Kawnish Kirtania: 
Reviewing and Editing. 

References

Aydin, H and Ilkiliç, C 2012. Optimization of fuel production from waste vehicle tires by pyrolysis and resembling to diesel 
fuel by various desulfurization methods. Fuel. 102: 605–612. 

Aziz MA, Al-Khulaidi RA, Rashid MM, Islam MR and Rashid MAN 2017. Design and fabrication of a fixed-bed batch type 
pyrolysis reactor for pilot scale pyrolytic oil production in Bangladesh. IOP Conference Series: Materials Science and 
Engineering.

Bunthid D, Prasassarakich P and Hinchiranan N 2010. Oxidative desulfurization of tire pyrolysis naphtha in formic 
acid/H2O2/pyrolysis char system. Fuel. 89(9): 2617–2622.

Čepić Z, Mihajlović V, Đurić S, Milotić M, Stošić M, Stepanov B, and Ilić Mićunović M 2021. Experimental analysis of 
temperature influence on waste tire pyrolysis. Energies, 14(17): 5403. 

Campuzano F, Jameel AGA, Zhang W, Emwas AH, Agudelo AF and Martínez JD and Sarathy SM 2021. On the distillation of 
waste tire pyrolysis oil: A structural characterization of the derived fractions. Fuel. 290: 120041.

Doǧan O, Elik MB and Özdalyan B 2012. The effect of tire derived fuel/diesel fuel blends utilization on diesel engine perfor-
mance and emissions. Fuel. 95: 340-346 

Galib M, Islam MS, Ahmed T, Ershad HM and Ismail M 2022. Production, Characterization and Evaluation of Pyrolysis Oil 
from Solid Tyre Wastes Available in Bangladesh. Dhaka University Journal of Science. 70(2): 29-34.

Gambo BA, Ejila R and Kamal D 2017. Performance Behaviour of a Spark - Ignition Engine Running on Gasoline - Cadaba 
farinosa forskk Bioethanol Fuel Mixtures. IJES. 6(5): 32-40.

Gohary MMEl, Welaya YM A and Saad AA 2014. The Use of Hydrogen as a Fuel for Inland Waterway Units. Journal of 
Marine Science and Application 13: 212-217.

Hönig V, Pexa M and Linhart Z 2015. Biobutanol Standardizing Biodiesel from Waste Animal Fat. Polish Journal of Environ-
mental Studies 24: 6. 

Hossain AK and Davies PA 2013. Pyrolysis liquids and gases as alternative fuels in internal combustion engines - A review. 
Renewable and Sustainable Energy Reviews. 21: 165–189.

Hossain MN, Park HC and Choi HS 2019. A Comprehensive Review on Catalytic Oxidative Desulfurization of Liquid Fuel Oil. 
Catalysts 9(3): 229.

Hossain MS and Rahman DANM M 2015. Production of Liquid Fuel from Pyrolysis of WasteTires. International Journal of 
Scientific and Engineering Research. 6(11): 1224–1229.

Ilkiliç C and Aydin H 2011. Fuel production from waste vehicle tires by catalytic pyrolysis and its application in a diesel engine. 
Fuel Processing Technology. 92(5): 1129–1135. 

Jimoda LA, Sulaymon ID, Alade AO and Adebayo GA 2018. Assessment of environmental impact of open burning of scrap tyres 
on ambient air quality. International Journal of Environmental Science and Technology. 15(6): 1323–1330. 

Kader MA, Islam MR, Hossain MS, Haniu H and City K 2013. Development of a Pilot Scale Pyrolysis Plant for Production of 
Liquid Fuel From Waste Tire. Mechanical Engineering Research Journal. 9: 54-59.

Khaleque A, Islam MR, Hossain MS, Khan M, Rahman MS and Haniu H 2016. Upgrading of Waste Tyre Pyrolysis oil to be 
Used in Diesel Engine. Mech Eng Res J 10: 35-40

Laresgoiti MF, Caballero BM, De Marco I, Torres A, Cabrero MA and Chomón MJ 2004. Characterization of the liquid 
products obtained in tyre pyrolysis. Journal of Analytical and Applied Pyrolysis, 72(2): 917–934.

Lewandowski WM, Januszewicz K and Kosakowski W 2019. Efficiency and proportions of waste tyre pyrolysis products 
depending on the reactor type—A review. In Journal of Analytical and Applied Pyrolysis. 140: 25-53.

Machin EB, Pedroso DT and de Carvalho JA 2017. Energetic valorization of waste tires. Renewable and Sustainable Energy 
Reviews. 68: 306-315.

Martínez JD, Puy N, Murillo R, García T, Navarro MV and Mastra AM 2013. Waste tyre pyrolysis - A review. Renewable and 
Sustainable Energy Reviews. 23: 179–213. 

Mia M, Islam A, Rubel RI and Islam MR 2017. Fractional Distillation and Characterization of Tire Derived Pyrolysis Oil. 
3(1): 1–10.

Murugan S, Ramaswamy MC and Nagarajan G (2008). A comparative study on the performance, emission and combustion 
studies of a DI diesel engine using distilled tyre pyrolysis oil-diesel blends. Fuel. 87(10–11): 2111–2121

Prodhan A, Hasan I, Mohammad S, Sujan A, Hossain M, Quaiyyum A and Ismail M 2020. Production and characterization of 
biodiesel from Jatropha (Jatropha curcas) seed oil available in Bangladesh. Energy Sources, Part A: Recovery, Utiliza-
tion, and Environmental Effects. pp 1–16.

Patel NK and Singh RN 2014. Optimization of NOx emission from soya biodiesel fuelled diesel engine using cetane improver 
(DTBP). JJMIE, 8(4)S: 2014. 

Rao YH, Voleti RS, Hariharan VS and Raju AS 2008. Jatropha oil methyl ester and its blendsused as an alternative fuel in diesel 
engine. International Journal of Agricultural and Biological Engineering. 1(2): 32-38. 

Ribeiro SO, Julião D, Cunha-silva L, Domingues VF, Valença R, Ribeiro JC, Castro B De and Balula SS 2016. Catalytic oxida-
tive / extractive desulfurization of model and untreated diesel using hybrid based zinc-substituted polyoxometalates. 
Fuel. 166: 268–275.

Thangarasu V and Anand R 2019.  Physicochemical fuel properties and tribological behavior of aegle marmelos correa biodies-
el. In Advances in eco-fuels for a sustainable environment,Woodhead Publishing. pp 309-336. 

Toteva V and Stanulov K 2020. Waste tires pyrolysis oil as a source of energy: Methods for refining. Progress in Rubber, 
Plastics and Recycling Technology. 36(2): 143–158.

Trongkaew P, Utistham T, Reubroycharoen P, Hinchiranan N, Science P and Ecology E 2011. Photocatalytic Desulfurization 
of Waste Tire Pyrolysis Oil. 4: 1880–1896. 

Tüccar G, Tosun E and Uludamar E 2018. Investigations of Effects of Density and Viscosity of Diesel and Biodiesel Fuels on 
NOx and other Emission Formations. 81–85.

Ucar S, Karagoz S, Ozkan AR and Yanik J 2005. Evaluation of two different scrap tires as hydrocarbon source by pyrolysis. 
Fuel. 84(14–15): 1884–1892.

Unapumnuk K, Keener TC, Lu M and Liang F 2008. Investigation into the removal of sulfur from tire derived fuel by pyrolysis. 
Fuel. 87(6): 951–956.

Fig. 2. A process flow chart of desulfurization and de-colorization of TPO
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Fig. 1. (a) A schematic diagram of the overall experimental setup, and (b) A flow diagram of the pyrolysis process setup
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Introduction  

In the recent years, the demand of energy and environmental pollution are of utmost concern, 
because of the rapid industrialization and population all over the world. Developing countries like 
Bangladesh need huge amount of energy to tackle the population’s need. Globally, various efforts 
have been taken to meet the energy demand of power, transport and related sectors (Mia et al., 2017; 
Unapumnuk et al., 2008).

Every year, more than 1.5 million tons of tyres generated from different tires and tube industries around 
the globe (Machin et al., 2017) whereas Bangladesh produces about 120,000 tons per annum (Aziz et al., 
2017). In Bangladesh, every year, approximately 20.5 million automobile tyres are scrapped which 
accounts for 37% of the total tyre garbage production of the country. Typically, waste tyres are disposed 
by incineration and landfilling which have a tremendous adverse effect on the environment as well as on 
human health and limiting the land spaces (Jimoda et al., 2018; Trongkaew et al., 2011). For the utilization 
of waste tyres, various techniques like incineration, grinding, retreating, reclaiming, etc. have been apply-
ing, however, all of these have significant drawbacks (Kader et al., 2015). Pyrolysis, burning of the 
substances in the absence of air, can be used for the production liquid oil (Tyre Pyrolysis Oil, TPO) from 
waste tyres which represents a source of energy that can be utilized as an alternative renewable fuel. This 
TPO can minimize the use of fossil fuel in combustion engine.

TPO is the mixture of different compounds e.g., aliphatic, aromatic, hetero-atomic and various polar 
fractions, having a calorific value is 41- 44 MJ/Kg, which is almost similar to that of the conventional fuels 
(Doǧan et al., 2012). The cetane number, a measurement of the quality or performance of diesel like fuel, of 
TPO reported to 40 - 44 while that of convention diesel fuel is 44 - 55. Although low cetane number of TPO 
shows poor thermal efficiency, rough performance in the engine and undesirable level of exhaust smoke and 
emissions (Martínez et al., 2013), but, better homogeneity, low solid content and comparatively higher flash 
point of TPO are desirable (Hossain and Davies, 2013). The TPO produced from a variety of feedstocks and 
using different pyrolysis techniques, against those of fossil fuels. High acidity, the presence of solid particles, 
high water content, high viscosity, storage and thermal instability, and low energy content are typical charac-
teristics of pyrolysis liquids. The TPO contains impurities like char which affect the engine performance and 
block the combustion chamber, piston ring grooves as well as exhaust valves of engines. The TPO also 
contains polycyclic aromatic sulfur hydrocarbons (PASH), which results in exhaust of SOx gas during com-
bustion (Bunthid et al., 2010; Lewandowski et al., 2019; Murugan et al., 2008). TPO has a higher sulfur 
content compare to other petroleum products like diesel (Ilkiliç and Aydin 2011) which creates numerous 
problems including health hazards emission and air pollution during the utilization of TPO (Toteva and Stan-
ulov 2020). The TPO used engine performance can be improved by decreasing the sulfur & moisture content 
from TPO (Ribeiro et al., 2016; Hossain et al., 2019). It is reported that the sulfur content of the initial pyrol-
ysis product can be reduced by 34.25% when the TPO was treated  with 5% Ca(OH)2 (Aydin and Ilkiliç, 
2012). The fractionation of TPO via distillation at atmospheric pressure can give various fractions (e.g., light, 
low-middle, high-middle, and heavy) and each fraction can be used for specific purposes (Campuzano et al., 
2021). However, very few studies explored the structural characteristics of each fraction. The characteristic 
behavior of various distillates at temperatures e.g., 30 - 80 ºC, 81 - 140 ºC, 181 - 220 ºC and 221 - 300 ºC as 
well as residues should require an in-depth study.

Although the growing interest in pyrolysis of tyres mainly focused on the parametric study of TPO 
production, not many studies have focused on the removal of sulfur and its related components from TPO 
and fractionation of TPO. 

In this study, the optimum conditions e.g., pyrolysis temperature, particle sizes etc. for waste tyre 
pyrolysis as well as a method for the removal of sulfur based components from pyrolysis oil using a 
solution containing specific ratio of hydrogen peroxide and formic acid was explored. Furthermore, 

the fractionation of TPO at various temperature ranges using a fractional distillation column was 
studied to identify different grades fuels e.g., gasoline, diesel etc. obtained from TPO. The physico-chemical 
properties of the liquid fuel derived from waste tyres, fractionated products were determined and 
compared with commercial fuels.

Materials and Methods

Pyrolysis of the waste tyres  

The scrap tyres, collected from various disposal sites of Dhaka City Corporation, Bangladesh, were 
chopped into three different sizes and cleaned with water thoroughly to remove any soil or extrane-
ous elements. The pyrolysis of the scrap tyres were carried out in a pyrolyzer, which was made of 
stainless-steel having a length and inner diameter of 30.0 cm and 3.0 cm, respectively. The overall 
process for the TPO production from waste tyres are reported in our previously published article 
(Galib et al., 2022). The TPO production experiments were conducted by varying the temperature 
within the range of 400 – 550 °C for different sizes of the raw materials. For each run, 300 - 500 g 
sample was loaded manually and Nitrogen (N2) gas was passed into the reactor for 2 minutes to 
purge the reactor for the removal of inside air before pyrolysis started. Furthermore, a continuous 
supply of nitrogen gas was maintained to ensure inert environment inside the reactor and to move 
away the pyrolyzed product from within the reactor to the condensers. A two steps condensing 
system (first step in a closed condenser with counter current water condensation and second step in 
a cascade of glass condenser with ice condensation) was maintained to ensure the complete conden-
sation of TPO. The condensed TPO were then collected and processed for further experiments. A 
simplified form of experimental set up with apparatus and process flow chart for waste tyres pyrolysis 
is shown in Fig. 1.

Desulfurization and de-colorization of TPO

The TPO contains high value of sulphur which should be removed before further use of it. An integrated 
technology to remove oxygenated compounds, sulphur and color from the TPO, a replication of the report-
ed method by Khaleque et. al., is illustrated in Fig. 2 (Khaleque et al., 2016).

For extraction of oxygenated compound from TPO, N, N- dimethyl formamide, for desulfurization of 
TPO, a mixture of hydrogen peroxide (H2O2) and formic acid (HCOOH) solution (a ratio of 2 : 1) at vari-
ous concentrations was used. For decolorization, activated bentonite powder was mixed with TPO. To 
accomplish the process, 100 mL of crude TPO was taken and various ratio of N, N- dimethyl formamide 
and kept in shaking for 2 hours at room temperature, followed by addition of H2O2 + HCOOH solution. 
Then, thermally activated bentonite powder was added to TPO at room temperature and the mixture was 
stirred at 700 rpm and kept for 10 minutes. The processed sample was then used for fractionation to 
receive value added products.

Fractional distillation of TPO

Measured volume of TPO (200 mL) TPO was taken in the round bottle flask and the sample in the flask 

was fractionated using fractional distillation unit. Various fractions based on temperature range were 
passed through the condenser and collected as distillates. The heaviest (> 300 oC) fraction was collected 
as residue from the flask. The fractions were as follows: 30 - 80 ºC, 81 - 140 ºC, 141 - 180 ºC, 181 - 220 
ºC, 221 - 260 ºC, 261 - 300 ºC, and residues at above 300 ºC.

Characterization of TPO and its fractions

The physico-chemical properties e.g., viscosity index, density, flash point, pour point, carbon residue, ash 
content and sulfur content  of TPO and its fractionated products from TPO were performed according to  Institute 
of Petroleum (IP) and American Society for Testing and Materials (ASTM) test methods. The sulfur content of 
TPO and fractionated oil were measured by following IP 61/59 method. The presence of various functional 
groups in the TPO and fractionated oil were identified by FT-IR study using SHIMADZU FTIR 4500.

Results and Discussion

Optimization of tpo production: Effect of temperature, reaction time and particle sizes

The TPO products optimization depended on the temperature, reaction time and particles sizes of the tyre 
sample. In our previous study , it was reported that the maximum TPO production was 42 wt.% when the 
temperature, reaction time and particle sizes of tyres were 500 °C, 50 minutes and 4×2×0.5 cm3, respec-
tively (Galib et al., 2022). Pyrolysis at low temperature and extended time promotes the secondary prod-
ucts, resulted in more char and less oil production (Hossain and Rahman, 2015). Pyrolysis at higher 
temperature (more than 500 oC) increases the heating value of volatile matters which decreased the yield 
of TPO but increased the yield of gaseous fraction because of the presence of secondary cracking reactions 
(Čepić et al., 2021). Particle size of scrap tyre more than 4×2×0.5 cm3 restricts homogenous heating and 
cannot get carbonized the core rubber which resulted in the decrease of TPO yield and increase of gas and 
char production. The following Table 1 illustrates the yields of various products at various reaction times 
when the reaction temperature was 500 °C and particle sizes was 4×2×0.5 cm3. 

Desulfurization and de-colorization of TPO

For desulfurization, a mixture of hydrogen peroxide (H2O2) + formic acid (HCOOH) (at a ratio of 2 : 1) 
solution were mixed with TPO. Various concentration solutions e. g., 10%, 15%, 20%, 25%, 30% of the 

TPO were used to oxidized the sulfur compound of TPO. The oxidizing compound was extracted by 
using different solvent such as acetone, ethanol, methanol, N, N- dimethyl formamide, but most effec-
tive compound was N, N- dimethyl formamide for extraction of oxygenated compound. A maximum of 
64.52% sulfur content was removed by the use of 25% mixture of H2O2 + HCOOH in TPO as shown in 
Fig. 3. Fig. 4 shows the visual change of color of TPO before and after desulfurization and decolorization 
treatment.

Fractional distillation of TPO

TPO was fractionated into seven parts, based on the temperatures, during distillation process. The frac-
tions were as follows: 30 - 80 ºC, 81 - 140 ºC, 141 - 180 ºC, 181 - 220 ºC, 221 - 260 ºC, 261 - 300 ºC and 
residues above 300 ºC. Fig. 5 shows a photographic view of each fraction and Fig. 6 illustrates the amount 
of product obtained at the selected temperature ranges during fractional distillation.

Fig. 6 shows yields of the product fractions at various boiling ranges as stated above which was obtained 
from TPO by distillation process. The initial boiling point (IBP) of the TPO during distillation was found 
at 30 ºC. Then almost 40 vol.% of pyrolytic liquid were distilled out at a temperature within 180 ºC, 17 
vol.% distilled out at 180-220 ºC and 20 vol.% distilled out at 220 - 300 ºC, respectively. These fractions 
were coincided with light naphtha, heavy naphtha and middle distillate as reported by Laresgoiti et al. 
2004, where car tyre -derived pyrolysis liquids gives 20% light naphtha, 35% middle distillate and10% 
heavy naphtha and. The presence of middle distillates in TPO signifies the use of this fraction as diesel 
fuel and as heating oil (Ucar et al., 2005). TPO distillation fractions have comparatively lighter products 
than that of commercial diesel fuels. The products obtained from distillation of TPO at 150 - 300 ºC may 
be atomized efficiently, allowing the combustion to begin at a lower temperature. 

Physico-chemical Properties of TPO, its distillation fractions

A comparison of waste tyre-derived TPO fuel characteristics to that of the commercial diesel fuel and 
petrol/gasoline is shown in Table 2. Table 2. illustrated the physicochemical characteristics of TPO, its 
fractionated parts and their comparisons with commercial diesel and petrol. The density i.e., specific grav-
ity of TPO was found 936.4 kg/m3 which is higher than that of commercial diesel (820 - 845 kg/m3) and 
petrol (720 - 775 kg/m3). The density of the distillates 30-80 °C, 81-140 °C, 141-180 °C, 181-220 °C, 221- 
260 °C, 261-300 °C was 802.44, 847.98, 888.69, 903.31, 931.66 and 956.1 kg/m3, respectively (at 15 °C) 
indicates that the heavier fractions have higher density. 

The viscosity of TPO, 141-180 °C fraction and 261-300 °C fractions was found 4.6, 2.6 and 5.7 cps at 40 
°C. The low viscosity of liquid is a favorable feature in handling and transporting of the liquid (Tüccar et 
al., 2018). The flash point and pour point of the various fractions were comparable with commercial 
petrol, kerosene and diesel. The calorific value, a primitive property of the fuel, of the TPO and its various 
fractions was found comparable to that of the commercial petrol, kerosene and diesel indicates the potenti-

ality of the use of tire derived oils as fuel. Carbon residues in the various distilled and residue product frac-
tions increased with the increase of distillation temperature of TPO. Because of the carbon residue, fuel 
injector and cylinder scoring can be fouled within the engine which slow down the performance of any 
engine, even causes the failure of the functionality of engine (Thangarasu and Anand, 2019). 

Functional Groups analysis (via FTIR) of TPO and derived fractions

The FTIR technique is generally used to recognize the functional group in the samples. Figure 7 illustrates 
the FTIR spectra of the various fractions of TPO obtained during distillation. The peaks indicates the pres-
ence of various functional groups of mainly alkenes, aromatics, ketones, alcohols and aldehydes. The absor-
bance peak of alkene group (=C-H) bending generally found at 730 - 770 cm-1. For the various fractionated 
oils, it was observed at 731.02 cm-1, 756.10 cm-1 and 752.24 cm-1. The absorbance peaks of O-H bending & 

C-O stretching were found at 1300 - 1100 cm-1 in spectra of the fractionated oils. The peaks observed at 
1039.03 cm-1, 1045.42 cm-1, 1026.13 cm-1, 1092.07 cm-1, 1274.95 cm-1 indicate the existence ether and relat-
ed groups. Furthermore, peaks at 1778.37 cm-1, 1897.95 cm-1, 1899.88 cm-1 represents existence of the 
carboxyl (C=O) functional group in the TPO fractions. The presence of hydrocarbon groups C-H, C = C and 
alcohols in the TPO and its various fractions indicate that the liquid has potential to be used as fuel.

Conclusions

Commercially usable pyrolysis oil (TPO) was produced from waste tyre, its desulfurization and decol-
orization were performed and fractions of TPO at different temperature ranges were carried out. The 
study showed that the produced TPO and its fractions have a comparable properties of commercial 
fuels. The maximum TPO yield was found 42.0% from the waste tyre at the temperature of 500 °C 
while the reaction time and particle size were 50 minutes and 4cm×2cm×0.5cm. The desulfurization 
and decolorization process can successfully remove the most of the sulphur compounds and unexpect-
ed colors. The fractionated parts have comparable fuel properties. The physico-chemical properties 
and fractionation portion especially middle distillate fraction of TPO was similar with commercial 
diesel and other conventional fuels. The TPO needs to further purify before application because of 
higher sulfur content. The utilization of the TPO and their derivatives product will be significantly 
changed in the country’s fuel economy.

Acknowledgement

This study was supported by the Special allocation project (EAS-432, 450 & 500, 2019 - 22) of Ministry 
of Science and Technology, Government of the People’s of Bangladesh.

Authors Contribution 

Mohammad Ismail (The corresponding author): Supervision, Conceptualization, Reviewing and Editing. Md. Galib Mahmud: 
Sample Collection, Experimental investigation, methodology development and thesis writing. Hd. Razu Ahmmed: Draft Prepa-
ration, Visualization. Md. Saiful Islam: Writing- Original draft preparation, Methodology, Reviewing. Kawnish Kirtania: 
Reviewing and Editing. 

References

Aydin, H and Ilkiliç, C 2012. Optimization of fuel production from waste vehicle tires by pyrolysis and resembling to diesel 
fuel by various desulfurization methods. Fuel. 102: 605–612. 

Aziz MA, Al-Khulaidi RA, Rashid MM, Islam MR and Rashid MAN 2017. Design and fabrication of a fixed-bed batch type 
pyrolysis reactor for pilot scale pyrolytic oil production in Bangladesh. IOP Conference Series: Materials Science and 
Engineering.

Bunthid D, Prasassarakich P and Hinchiranan N 2010. Oxidative desulfurization of tire pyrolysis naphtha in formic 
acid/H2O2/pyrolysis char system. Fuel. 89(9): 2617–2622.

Čepić Z, Mihajlović V, Đurić S, Milotić M, Stošić M, Stepanov B, and Ilić Mićunović M 2021. Experimental analysis of 
temperature influence on waste tire pyrolysis. Energies, 14(17): 5403. 

Campuzano F, Jameel AGA, Zhang W, Emwas AH, Agudelo AF and Martínez JD and Sarathy SM 2021. On the distillation of 
waste tire pyrolysis oil: A structural characterization of the derived fractions. Fuel. 290: 120041.

Doǧan O, Elik MB and Özdalyan B 2012. The effect of tire derived fuel/diesel fuel blends utilization on diesel engine perfor-
mance and emissions. Fuel. 95: 340-346 

Galib M, Islam MS, Ahmed T, Ershad HM and Ismail M 2022. Production, Characterization and Evaluation of Pyrolysis Oil 
from Solid Tyre Wastes Available in Bangladesh. Dhaka University Journal of Science. 70(2): 29-34.

Gambo BA, Ejila R and Kamal D 2017. Performance Behaviour of a Spark - Ignition Engine Running on Gasoline - Cadaba 
farinosa forskk Bioethanol Fuel Mixtures. IJES. 6(5): 32-40.

Gohary MMEl, Welaya YM A and Saad AA 2014. The Use of Hydrogen as a Fuel for Inland Waterway Units. Journal of 
Marine Science and Application 13: 212-217.

Hönig V, Pexa M and Linhart Z 2015. Biobutanol Standardizing Biodiesel from Waste Animal Fat. Polish Journal of Environ-
mental Studies 24: 6. 

Hossain AK and Davies PA 2013. Pyrolysis liquids and gases as alternative fuels in internal combustion engines - A review. 
Renewable and Sustainable Energy Reviews. 21: 165–189.

Hossain MN, Park HC and Choi HS 2019. A Comprehensive Review on Catalytic Oxidative Desulfurization of Liquid Fuel Oil. 
Catalysts 9(3): 229.

Hossain MS and Rahman DANM M 2015. Production of Liquid Fuel from Pyrolysis of WasteTires. International Journal of 
Scientific and Engineering Research. 6(11): 1224–1229.

Ilkiliç C and Aydin H 2011. Fuel production from waste vehicle tires by catalytic pyrolysis and its application in a diesel engine. 
Fuel Processing Technology. 92(5): 1129–1135. 

Jimoda LA, Sulaymon ID, Alade AO and Adebayo GA 2018. Assessment of environmental impact of open burning of scrap tyres 
on ambient air quality. International Journal of Environmental Science and Technology. 15(6): 1323–1330. 

Kader MA, Islam MR, Hossain MS, Haniu H and City K 2013. Development of a Pilot Scale Pyrolysis Plant for Production of 
Liquid Fuel From Waste Tire. Mechanical Engineering Research Journal. 9: 54-59.

Khaleque A, Islam MR, Hossain MS, Khan M, Rahman MS and Haniu H 2016. Upgrading of Waste Tyre Pyrolysis oil to be 
Used in Diesel Engine. Mech Eng Res J 10: 35-40

Laresgoiti MF, Caballero BM, De Marco I, Torres A, Cabrero MA and Chomón MJ 2004. Characterization of the liquid 
products obtained in tyre pyrolysis. Journal of Analytical and Applied Pyrolysis, 72(2): 917–934.

Lewandowski WM, Januszewicz K and Kosakowski W 2019. Efficiency and proportions of waste tyre pyrolysis products 
depending on the reactor type—A review. In Journal of Analytical and Applied Pyrolysis. 140: 25-53.

Machin EB, Pedroso DT and de Carvalho JA 2017. Energetic valorization of waste tires. Renewable and Sustainable Energy 
Reviews. 68: 306-315.

Martínez JD, Puy N, Murillo R, García T, Navarro MV and Mastra AM 2013. Waste tyre pyrolysis - A review. Renewable and 
Sustainable Energy Reviews. 23: 179–213. 

Mia M, Islam A, Rubel RI and Islam MR 2017. Fractional Distillation and Characterization of Tire Derived Pyrolysis Oil. 
3(1): 1–10.

Murugan S, Ramaswamy MC and Nagarajan G (2008). A comparative study on the performance, emission and combustion 
studies of a DI diesel engine using distilled tyre pyrolysis oil-diesel blends. Fuel. 87(10–11): 2111–2121

Prodhan A, Hasan I, Mohammad S, Sujan A, Hossain M, Quaiyyum A and Ismail M 2020. Production and characterization of 
biodiesel from Jatropha (Jatropha curcas) seed oil available in Bangladesh. Energy Sources, Part A: Recovery, Utiliza-
tion, and Environmental Effects. pp 1–16.

Patel NK and Singh RN 2014. Optimization of NOx emission from soya biodiesel fuelled diesel engine using cetane improver 
(DTBP). JJMIE, 8(4)S: 2014. 

Rao YH, Voleti RS, Hariharan VS and Raju AS 2008. Jatropha oil methyl ester and its blendsused as an alternative fuel in diesel 
engine. International Journal of Agricultural and Biological Engineering. 1(2): 32-38. 

Ribeiro SO, Julião D, Cunha-silva L, Domingues VF, Valença R, Ribeiro JC, Castro B De and Balula SS 2016. Catalytic oxida-
tive / extractive desulfurization of model and untreated diesel using hybrid based zinc-substituted polyoxometalates. 
Fuel. 166: 268–275.

Thangarasu V and Anand R 2019.  Physicochemical fuel properties and tribological behavior of aegle marmelos correa biodies-
el. In Advances in eco-fuels for a sustainable environment,Woodhead Publishing. pp 309-336. 

Toteva V and Stanulov K 2020. Waste tires pyrolysis oil as a source of energy: Methods for refining. Progress in Rubber, 
Plastics and Recycling Technology. 36(2): 143–158.

Trongkaew P, Utistham T, Reubroycharoen P, Hinchiranan N, Science P and Ecology E 2011. Photocatalytic Desulfurization 
of Waste Tire Pyrolysis Oil. 4: 1880–1896. 

Tüccar G, Tosun E and Uludamar E 2018. Investigations of Effects of Density and Viscosity of Diesel and Biodiesel Fuels on 
NOx and other Emission Formations. 81–85.

Ucar S, Karagoz S, Ozkan AR and Yanik J 2005. Evaluation of two different scrap tires as hydrocarbon source by pyrolysis. 
Fuel. 84(14–15): 1884–1892.

Unapumnuk K, Keener TC, Lu M and Liang F 2008. Investigation into the removal of sulfur from tire derived fuel by pyrolysis. 
Fuel. 87(6): 951–956.

Table 1. Yield of pyrolysis products at different reaction times (at 500 °C and particle size of 4×2×0.5 cm3)

Temperature ( oC) & Size 
of the scrap tyre (cm3) 

Reaction time 
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Liquid (%)  Gas (%)  Char (%)  

 500 oC and 

 4×2×0.5 cm3 

30 36 10 54 

40 41 14 45 

50 42 14 44 

60 39 22 39 
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In the recent years, the demand of energy and environmental pollution are of utmost concern, 
because of the rapid industrialization and population all over the world. Developing countries like 
Bangladesh need huge amount of energy to tackle the population’s need. Globally, various efforts 
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substances in the absence of air, can be used for the production liquid oil (Tyre Pyrolysis Oil, TPO) from 
waste tyres which represents a source of energy that can be utilized as an alternative renewable fuel. This 
TPO can minimize the use of fossil fuel in combustion engine.

TPO is the mixture of different compounds e.g., aliphatic, aromatic, hetero-atomic and various polar 
fractions, having a calorific value is 41- 44 MJ/Kg, which is almost similar to that of the conventional fuels 
(Doǧan et al., 2012). The cetane number, a measurement of the quality or performance of diesel like fuel, of 
TPO reported to 40 - 44 while that of convention diesel fuel is 44 - 55. Although low cetane number of TPO 
shows poor thermal efficiency, rough performance in the engine and undesirable level of exhaust smoke and 
emissions (Martínez et al., 2013), but, better homogeneity, low solid content and comparatively higher flash 
point of TPO are desirable (Hossain and Davies, 2013). The TPO produced from a variety of feedstocks and 
using different pyrolysis techniques, against those of fossil fuels. High acidity, the presence of solid particles, 
high water content, high viscosity, storage and thermal instability, and low energy content are typical charac-
teristics of pyrolysis liquids. The TPO contains impurities like char which affect the engine performance and 
block the combustion chamber, piston ring grooves as well as exhaust valves of engines. The TPO also 
contains polycyclic aromatic sulfur hydrocarbons (PASH), which results in exhaust of SOx gas during com-
bustion (Bunthid et al., 2010; Lewandowski et al., 2019; Murugan et al., 2008). TPO has a higher sulfur 
content compare to other petroleum products like diesel (Ilkiliç and Aydin 2011) which creates numerous 
problems including health hazards emission and air pollution during the utilization of TPO (Toteva and Stan-
ulov 2020). The TPO used engine performance can be improved by decreasing the sulfur & moisture content 
from TPO (Ribeiro et al., 2016; Hossain et al., 2019). It is reported that the sulfur content of the initial pyrol-
ysis product can be reduced by 34.25% when the TPO was treated  with 5% Ca(OH)2 (Aydin and Ilkiliç, 
2012). The fractionation of TPO via distillation at atmospheric pressure can give various fractions (e.g., light, 
low-middle, high-middle, and heavy) and each fraction can be used for specific purposes (Campuzano et al., 
2021). However, very few studies explored the structural characteristics of each fraction. The characteristic 
behavior of various distillates at temperatures e.g., 30 - 80 ºC, 81 - 140 ºC, 181 - 220 ºC and 221 - 300 ºC as 
well as residues should require an in-depth study.

Although the growing interest in pyrolysis of tyres mainly focused on the parametric study of TPO 
production, not many studies have focused on the removal of sulfur and its related components from TPO 
and fractionation of TPO. 

In this study, the optimum conditions e.g., pyrolysis temperature, particle sizes etc. for waste tyre 
pyrolysis as well as a method for the removal of sulfur based components from pyrolysis oil using a 
solution containing specific ratio of hydrogen peroxide and formic acid was explored. Furthermore, 

the fractionation of TPO at various temperature ranges using a fractional distillation column was 
studied to identify different grades fuels e.g., gasoline, diesel etc. obtained from TPO. The physico-chemical 
properties of the liquid fuel derived from waste tyres, fractionated products were determined and 
compared with commercial fuels.

Materials and Methods

Pyrolysis of the waste tyres  

The scrap tyres, collected from various disposal sites of Dhaka City Corporation, Bangladesh, were 
chopped into three different sizes and cleaned with water thoroughly to remove any soil or extrane-
ous elements. The pyrolysis of the scrap tyres were carried out in a pyrolyzer, which was made of 
stainless-steel having a length and inner diameter of 30.0 cm and 3.0 cm, respectively. The overall 
process for the TPO production from waste tyres are reported in our previously published article 
(Galib et al., 2022). The TPO production experiments were conducted by varying the temperature 
within the range of 400 – 550 °C for different sizes of the raw materials. For each run, 300 - 500 g 
sample was loaded manually and Nitrogen (N2) gas was passed into the reactor for 2 minutes to 
purge the reactor for the removal of inside air before pyrolysis started. Furthermore, a continuous 
supply of nitrogen gas was maintained to ensure inert environment inside the reactor and to move 
away the pyrolyzed product from within the reactor to the condensers. A two steps condensing 
system (first step in a closed condenser with counter current water condensation and second step in 
a cascade of glass condenser with ice condensation) was maintained to ensure the complete conden-
sation of TPO. The condensed TPO were then collected and processed for further experiments. A 
simplified form of experimental set up with apparatus and process flow chart for waste tyres pyrolysis 
is shown in Fig. 1.

Desulfurization and de-colorization of TPO

The TPO contains high value of sulphur which should be removed before further use of it. An integrated 
technology to remove oxygenated compounds, sulphur and color from the TPO, a replication of the report-
ed method by Khaleque et. al., is illustrated in Fig. 2 (Khaleque et al., 2016).

For extraction of oxygenated compound from TPO, N, N- dimethyl formamide, for desulfurization of 
TPO, a mixture of hydrogen peroxide (H2O2) and formic acid (HCOOH) solution (a ratio of 2 : 1) at vari-
ous concentrations was used. For decolorization, activated bentonite powder was mixed with TPO. To 
accomplish the process, 100 mL of crude TPO was taken and various ratio of N, N- dimethyl formamide 
and kept in shaking for 2 hours at room temperature, followed by addition of H2O2 + HCOOH solution. 
Then, thermally activated bentonite powder was added to TPO at room temperature and the mixture was 
stirred at 700 rpm and kept for 10 minutes. The processed sample was then used for fractionation to 
receive value added products.

Fractional distillation of TPO

Measured volume of TPO (200 mL) TPO was taken in the round bottle flask and the sample in the flask 

was fractionated using fractional distillation unit. Various fractions based on temperature range were 
passed through the condenser and collected as distillates. The heaviest (> 300 oC) fraction was collected 
as residue from the flask. The fractions were as follows: 30 - 80 ºC, 81 - 140 ºC, 141 - 180 ºC, 181 - 220 
ºC, 221 - 260 ºC, 261 - 300 ºC, and residues at above 300 ºC.

Characterization of TPO and its fractions

The physico-chemical properties e.g., viscosity index, density, flash point, pour point, carbon residue, ash 
content and sulfur content  of TPO and its fractionated products from TPO were performed according to  Institute 
of Petroleum (IP) and American Society for Testing and Materials (ASTM) test methods. The sulfur content of 
TPO and fractionated oil were measured by following IP 61/59 method. The presence of various functional 
groups in the TPO and fractionated oil were identified by FT-IR study using SHIMADZU FTIR 4500.

Results and Discussion

Optimization of tpo production: Effect of temperature, reaction time and particle sizes

The TPO products optimization depended on the temperature, reaction time and particles sizes of the tyre 
sample. In our previous study , it was reported that the maximum TPO production was 42 wt.% when the 
temperature, reaction time and particle sizes of tyres were 500 °C, 50 minutes and 4×2×0.5 cm3, respec-
tively (Galib et al., 2022). Pyrolysis at low temperature and extended time promotes the secondary prod-
ucts, resulted in more char and less oil production (Hossain and Rahman, 2015). Pyrolysis at higher 
temperature (more than 500 oC) increases the heating value of volatile matters which decreased the yield 
of TPO but increased the yield of gaseous fraction because of the presence of secondary cracking reactions 
(Čepić et al., 2021). Particle size of scrap tyre more than 4×2×0.5 cm3 restricts homogenous heating and 
cannot get carbonized the core rubber which resulted in the decrease of TPO yield and increase of gas and 
char production. The following Table 1 illustrates the yields of various products at various reaction times 
when the reaction temperature was 500 °C and particle sizes was 4×2×0.5 cm3. 

Desulfurization and de-colorization of TPO

For desulfurization, a mixture of hydrogen peroxide (H2O2) + formic acid (HCOOH) (at a ratio of 2 : 1) 
solution were mixed with TPO. Various concentration solutions e. g., 10%, 15%, 20%, 25%, 30% of the 

TPO were used to oxidized the sulfur compound of TPO. The oxidizing compound was extracted by 
using different solvent such as acetone, ethanol, methanol, N, N- dimethyl formamide, but most effec-
tive compound was N, N- dimethyl formamide for extraction of oxygenated compound. A maximum of 
64.52% sulfur content was removed by the use of 25% mixture of H2O2 + HCOOH in TPO as shown in 
Fig. 3. Fig. 4 shows the visual change of color of TPO before and after desulfurization and decolorization 
treatment.

Fractional distillation of TPO

TPO was fractionated into seven parts, based on the temperatures, during distillation process. The frac-
tions were as follows: 30 - 80 ºC, 81 - 140 ºC, 141 - 180 ºC, 181 - 220 ºC, 221 - 260 ºC, 261 - 300 ºC and 
residues above 300 ºC. Fig. 5 shows a photographic view of each fraction and Fig. 6 illustrates the amount 
of product obtained at the selected temperature ranges during fractional distillation.

Fig. 6 shows yields of the product fractions at various boiling ranges as stated above which was obtained 
from TPO by distillation process. The initial boiling point (IBP) of the TPO during distillation was found 
at 30 ºC. Then almost 40 vol.% of pyrolytic liquid were distilled out at a temperature within 180 ºC, 17 
vol.% distilled out at 180-220 ºC and 20 vol.% distilled out at 220 - 300 ºC, respectively. These fractions 
were coincided with light naphtha, heavy naphtha and middle distillate as reported by Laresgoiti et al. 
2004, where car tyre -derived pyrolysis liquids gives 20% light naphtha, 35% middle distillate and10% 
heavy naphtha and. The presence of middle distillates in TPO signifies the use of this fraction as diesel 
fuel and as heating oil (Ucar et al., 2005). TPO distillation fractions have comparatively lighter products 
than that of commercial diesel fuels. The products obtained from distillation of TPO at 150 - 300 ºC may 
be atomized efficiently, allowing the combustion to begin at a lower temperature. 

Physico-chemical Properties of TPO, its distillation fractions

A comparison of waste tyre-derived TPO fuel characteristics to that of the commercial diesel fuel and 
petrol/gasoline is shown in Table 2. Table 2. illustrated the physicochemical characteristics of TPO, its 
fractionated parts and their comparisons with commercial diesel and petrol. The density i.e., specific grav-
ity of TPO was found 936.4 kg/m3 which is higher than that of commercial diesel (820 - 845 kg/m3) and 
petrol (720 - 775 kg/m3). The density of the distillates 30-80 °C, 81-140 °C, 141-180 °C, 181-220 °C, 221- 
260 °C, 261-300 °C was 802.44, 847.98, 888.69, 903.31, 931.66 and 956.1 kg/m3, respectively (at 15 °C) 
indicates that the heavier fractions have higher density. 

The viscosity of TPO, 141-180 °C fraction and 261-300 °C fractions was found 4.6, 2.6 and 5.7 cps at 40 
°C. The low viscosity of liquid is a favorable feature in handling and transporting of the liquid (Tüccar et 
al., 2018). The flash point and pour point of the various fractions were comparable with commercial 
petrol, kerosene and diesel. The calorific value, a primitive property of the fuel, of the TPO and its various 
fractions was found comparable to that of the commercial petrol, kerosene and diesel indicates the potenti-

ality of the use of tire derived oils as fuel. Carbon residues in the various distilled and residue product frac-
tions increased with the increase of distillation temperature of TPO. Because of the carbon residue, fuel 
injector and cylinder scoring can be fouled within the engine which slow down the performance of any 
engine, even causes the failure of the functionality of engine (Thangarasu and Anand, 2019). 

Functional Groups analysis (via FTIR) of TPO and derived fractions

The FTIR technique is generally used to recognize the functional group in the samples. Figure 7 illustrates 
the FTIR spectra of the various fractions of TPO obtained during distillation. The peaks indicates the pres-
ence of various functional groups of mainly alkenes, aromatics, ketones, alcohols and aldehydes. The absor-
bance peak of alkene group (=C-H) bending generally found at 730 - 770 cm-1. For the various fractionated 
oils, it was observed at 731.02 cm-1, 756.10 cm-1 and 752.24 cm-1. The absorbance peaks of O-H bending & 

C-O stretching were found at 1300 - 1100 cm-1 in spectra of the fractionated oils. The peaks observed at 
1039.03 cm-1, 1045.42 cm-1, 1026.13 cm-1, 1092.07 cm-1, 1274.95 cm-1 indicate the existence ether and relat-
ed groups. Furthermore, peaks at 1778.37 cm-1, 1897.95 cm-1, 1899.88 cm-1 represents existence of the 
carboxyl (C=O) functional group in the TPO fractions. The presence of hydrocarbon groups C-H, C = C and 
alcohols in the TPO and its various fractions indicate that the liquid has potential to be used as fuel.

Conclusions

Commercially usable pyrolysis oil (TPO) was produced from waste tyre, its desulfurization and decol-
orization were performed and fractions of TPO at different temperature ranges were carried out. The 
study showed that the produced TPO and its fractions have a comparable properties of commercial 
fuels. The maximum TPO yield was found 42.0% from the waste tyre at the temperature of 500 °C 
while the reaction time and particle size were 50 minutes and 4cm×2cm×0.5cm. The desulfurization 
and decolorization process can successfully remove the most of the sulphur compounds and unexpect-
ed colors. The fractionated parts have comparable fuel properties. The physico-chemical properties 
and fractionation portion especially middle distillate fraction of TPO was similar with commercial 
diesel and other conventional fuels. The TPO needs to further purify before application because of 
higher sulfur content. The utilization of the TPO and their derivatives product will be significantly 
changed in the country’s fuel economy.
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Introduction  

In the recent years, the demand of energy and environmental pollution are of utmost concern, 
because of the rapid industrialization and population all over the world. Developing countries like 
Bangladesh need huge amount of energy to tackle the population’s need. Globally, various efforts 
have been taken to meet the energy demand of power, transport and related sectors (Mia et al., 2017; 
Unapumnuk et al., 2008).

Every year, more than 1.5 million tons of tyres generated from different tires and tube industries around 
the globe (Machin et al., 2017) whereas Bangladesh produces about 120,000 tons per annum (Aziz et al., 
2017). In Bangladesh, every year, approximately 20.5 million automobile tyres are scrapped which 
accounts for 37% of the total tyre garbage production of the country. Typically, waste tyres are disposed 
by incineration and landfilling which have a tremendous adverse effect on the environment as well as on 
human health and limiting the land spaces (Jimoda et al., 2018; Trongkaew et al., 2011). For the utilization 
of waste tyres, various techniques like incineration, grinding, retreating, reclaiming, etc. have been apply-
ing, however, all of these have significant drawbacks (Kader et al., 2015). Pyrolysis, burning of the 
substances in the absence of air, can be used for the production liquid oil (Tyre Pyrolysis Oil, TPO) from 
waste tyres which represents a source of energy that can be utilized as an alternative renewable fuel. This 
TPO can minimize the use of fossil fuel in combustion engine.

TPO is the mixture of different compounds e.g., aliphatic, aromatic, hetero-atomic and various polar 
fractions, having a calorific value is 41- 44 MJ/Kg, which is almost similar to that of the conventional fuels 
(Doǧan et al., 2012). The cetane number, a measurement of the quality or performance of diesel like fuel, of 
TPO reported to 40 - 44 while that of convention diesel fuel is 44 - 55. Although low cetane number of TPO 
shows poor thermal efficiency, rough performance in the engine and undesirable level of exhaust smoke and 
emissions (Martínez et al., 2013), but, better homogeneity, low solid content and comparatively higher flash 
point of TPO are desirable (Hossain and Davies, 2013). The TPO produced from a variety of feedstocks and 
using different pyrolysis techniques, against those of fossil fuels. High acidity, the presence of solid particles, 
high water content, high viscosity, storage and thermal instability, and low energy content are typical charac-
teristics of pyrolysis liquids. The TPO contains impurities like char which affect the engine performance and 
block the combustion chamber, piston ring grooves as well as exhaust valves of engines. The TPO also 
contains polycyclic aromatic sulfur hydrocarbons (PASH), which results in exhaust of SOx gas during com-
bustion (Bunthid et al., 2010; Lewandowski et al., 2019; Murugan et al., 2008). TPO has a higher sulfur 
content compare to other petroleum products like diesel (Ilkiliç and Aydin 2011) which creates numerous 
problems including health hazards emission and air pollution during the utilization of TPO (Toteva and Stan-
ulov 2020). The TPO used engine performance can be improved by decreasing the sulfur & moisture content 
from TPO (Ribeiro et al., 2016; Hossain et al., 2019). It is reported that the sulfur content of the initial pyrol-
ysis product can be reduced by 34.25% when the TPO was treated  with 5% Ca(OH)2 (Aydin and Ilkiliç, 
2012). The fractionation of TPO via distillation at atmospheric pressure can give various fractions (e.g., light, 
low-middle, high-middle, and heavy) and each fraction can be used for specific purposes (Campuzano et al., 
2021). However, very few studies explored the structural characteristics of each fraction. The characteristic 
behavior of various distillates at temperatures e.g., 30 - 80 ºC, 81 - 140 ºC, 181 - 220 ºC and 221 - 300 ºC as 
well as residues should require an in-depth study.

Although the growing interest in pyrolysis of tyres mainly focused on the parametric study of TPO 
production, not many studies have focused on the removal of sulfur and its related components from TPO 
and fractionation of TPO. 

In this study, the optimum conditions e.g., pyrolysis temperature, particle sizes etc. for waste tyre 
pyrolysis as well as a method for the removal of sulfur based components from pyrolysis oil using a 
solution containing specific ratio of hydrogen peroxide and formic acid was explored. Furthermore, 

the fractionation of TPO at various temperature ranges using a fractional distillation column was 
studied to identify different grades fuels e.g., gasoline, diesel etc. obtained from TPO. The physico-chemical 
properties of the liquid fuel derived from waste tyres, fractionated products were determined and 
compared with commercial fuels.

Materials and Methods

Pyrolysis of the waste tyres  

The scrap tyres, collected from various disposal sites of Dhaka City Corporation, Bangladesh, were 
chopped into three different sizes and cleaned with water thoroughly to remove any soil or extrane-
ous elements. The pyrolysis of the scrap tyres were carried out in a pyrolyzer, which was made of 
stainless-steel having a length and inner diameter of 30.0 cm and 3.0 cm, respectively. The overall 
process for the TPO production from waste tyres are reported in our previously published article 
(Galib et al., 2022). The TPO production experiments were conducted by varying the temperature 
within the range of 400 – 550 °C for different sizes of the raw materials. For each run, 300 - 500 g 
sample was loaded manually and Nitrogen (N2) gas was passed into the reactor for 2 minutes to 
purge the reactor for the removal of inside air before pyrolysis started. Furthermore, a continuous 
supply of nitrogen gas was maintained to ensure inert environment inside the reactor and to move 
away the pyrolyzed product from within the reactor to the condensers. A two steps condensing 
system (first step in a closed condenser with counter current water condensation and second step in 
a cascade of glass condenser with ice condensation) was maintained to ensure the complete conden-
sation of TPO. The condensed TPO were then collected and processed for further experiments. A 
simplified form of experimental set up with apparatus and process flow chart for waste tyres pyrolysis 
is shown in Fig. 1.

Desulfurization and de-colorization of TPO

The TPO contains high value of sulphur which should be removed before further use of it. An integrated 
technology to remove oxygenated compounds, sulphur and color from the TPO, a replication of the report-
ed method by Khaleque et. al., is illustrated in Fig. 2 (Khaleque et al., 2016).

For extraction of oxygenated compound from TPO, N, N- dimethyl formamide, for desulfurization of 
TPO, a mixture of hydrogen peroxide (H2O2) and formic acid (HCOOH) solution (a ratio of 2 : 1) at vari-
ous concentrations was used. For decolorization, activated bentonite powder was mixed with TPO. To 
accomplish the process, 100 mL of crude TPO was taken and various ratio of N, N- dimethyl formamide 
and kept in shaking for 2 hours at room temperature, followed by addition of H2O2 + HCOOH solution. 
Then, thermally activated bentonite powder was added to TPO at room temperature and the mixture was 
stirred at 700 rpm and kept for 10 minutes. The processed sample was then used for fractionation to 
receive value added products.

Fractional distillation of TPO

Measured volume of TPO (200 mL) TPO was taken in the round bottle flask and the sample in the flask 

was fractionated using fractional distillation unit. Various fractions based on temperature range were 
passed through the condenser and collected as distillates. The heaviest (> 300 oC) fraction was collected 
as residue from the flask. The fractions were as follows: 30 - 80 ºC, 81 - 140 ºC, 141 - 180 ºC, 181 - 220 
ºC, 221 - 260 ºC, 261 - 300 ºC, and residues at above 300 ºC.

Characterization of TPO and its fractions

The physico-chemical properties e.g., viscosity index, density, flash point, pour point, carbon residue, ash 
content and sulfur content  of TPO and its fractionated products from TPO were performed according to  Institute 
of Petroleum (IP) and American Society for Testing and Materials (ASTM) test methods. The sulfur content of 
TPO and fractionated oil were measured by following IP 61/59 method. The presence of various functional 
groups in the TPO and fractionated oil were identified by FT-IR study using SHIMADZU FTIR 4500.

Results and Discussion

Optimization of tpo production: Effect of temperature, reaction time and particle sizes

The TPO products optimization depended on the temperature, reaction time and particles sizes of the tyre 
sample. In our previous study , it was reported that the maximum TPO production was 42 wt.% when the 
temperature, reaction time and particle sizes of tyres were 500 °C, 50 minutes and 4×2×0.5 cm3, respec-
tively (Galib et al., 2022). Pyrolysis at low temperature and extended time promotes the secondary prod-
ucts, resulted in more char and less oil production (Hossain and Rahman, 2015). Pyrolysis at higher 
temperature (more than 500 oC) increases the heating value of volatile matters which decreased the yield 
of TPO but increased the yield of gaseous fraction because of the presence of secondary cracking reactions 
(Čepić et al., 2021). Particle size of scrap tyre more than 4×2×0.5 cm3 restricts homogenous heating and 
cannot get carbonized the core rubber which resulted in the decrease of TPO yield and increase of gas and 
char production. The following Table 1 illustrates the yields of various products at various reaction times 
when the reaction temperature was 500 °C and particle sizes was 4×2×0.5 cm3. 

Desulfurization and de-colorization of TPO

For desulfurization, a mixture of hydrogen peroxide (H2O2) + formic acid (HCOOH) (at a ratio of 2 : 1) 
solution were mixed with TPO. Various concentration solutions e. g., 10%, 15%, 20%, 25%, 30% of the 

TPO were used to oxidized the sulfur compound of TPO. The oxidizing compound was extracted by 
using different solvent such as acetone, ethanol, methanol, N, N- dimethyl formamide, but most effec-
tive compound was N, N- dimethyl formamide for extraction of oxygenated compound. A maximum of 
64.52% sulfur content was removed by the use of 25% mixture of H2O2 + HCOOH in TPO as shown in 
Fig. 3. Fig. 4 shows the visual change of color of TPO before and after desulfurization and decolorization 
treatment.

Fractional distillation of TPO

TPO was fractionated into seven parts, based on the temperatures, during distillation process. The frac-
tions were as follows: 30 - 80 ºC, 81 - 140 ºC, 141 - 180 ºC, 181 - 220 ºC, 221 - 260 ºC, 261 - 300 ºC and 
residues above 300 ºC. Fig. 5 shows a photographic view of each fraction and Fig. 6 illustrates the amount 
of product obtained at the selected temperature ranges during fractional distillation.

Fig. 6 shows yields of the product fractions at various boiling ranges as stated above which was obtained 
from TPO by distillation process. The initial boiling point (IBP) of the TPO during distillation was found 
at 30 ºC. Then almost 40 vol.% of pyrolytic liquid were distilled out at a temperature within 180 ºC, 17 
vol.% distilled out at 180-220 ºC and 20 vol.% distilled out at 220 - 300 ºC, respectively. These fractions 
were coincided with light naphtha, heavy naphtha and middle distillate as reported by Laresgoiti et al. 
2004, where car tyre -derived pyrolysis liquids gives 20% light naphtha, 35% middle distillate and10% 
heavy naphtha and. The presence of middle distillates in TPO signifies the use of this fraction as diesel 
fuel and as heating oil (Ucar et al., 2005). TPO distillation fractions have comparatively lighter products 
than that of commercial diesel fuels. The products obtained from distillation of TPO at 150 - 300 ºC may 
be atomized efficiently, allowing the combustion to begin at a lower temperature. 

Physico-chemical Properties of TPO, its distillation fractions

A comparison of waste tyre-derived TPO fuel characteristics to that of the commercial diesel fuel and 
petrol/gasoline is shown in Table 2. Table 2. illustrated the physicochemical characteristics of TPO, its 
fractionated parts and their comparisons with commercial diesel and petrol. The density i.e., specific grav-
ity of TPO was found 936.4 kg/m3 which is higher than that of commercial diesel (820 - 845 kg/m3) and 
petrol (720 - 775 kg/m3). The density of the distillates 30-80 °C, 81-140 °C, 141-180 °C, 181-220 °C, 221- 
260 °C, 261-300 °C was 802.44, 847.98, 888.69, 903.31, 931.66 and 956.1 kg/m3, respectively (at 15 °C) 
indicates that the heavier fractions have higher density. 

The viscosity of TPO, 141-180 °C fraction and 261-300 °C fractions was found 4.6, 2.6 and 5.7 cps at 40 
°C. The low viscosity of liquid is a favorable feature in handling and transporting of the liquid (Tüccar et 
al., 2018). The flash point and pour point of the various fractions were comparable with commercial 
petrol, kerosene and diesel. The calorific value, a primitive property of the fuel, of the TPO and its various 
fractions was found comparable to that of the commercial petrol, kerosene and diesel indicates the potenti-

ality of the use of tire derived oils as fuel. Carbon residues in the various distilled and residue product frac-
tions increased with the increase of distillation temperature of TPO. Because of the carbon residue, fuel 
injector and cylinder scoring can be fouled within the engine which slow down the performance of any 
engine, even causes the failure of the functionality of engine (Thangarasu and Anand, 2019). 

Functional Groups analysis (via FTIR) of TPO and derived fractions

The FTIR technique is generally used to recognize the functional group in the samples. Figure 7 illustrates 
the FTIR spectra of the various fractions of TPO obtained during distillation. The peaks indicates the pres-
ence of various functional groups of mainly alkenes, aromatics, ketones, alcohols and aldehydes. The absor-
bance peak of alkene group (=C-H) bending generally found at 730 - 770 cm-1. For the various fractionated 
oils, it was observed at 731.02 cm-1, 756.10 cm-1 and 752.24 cm-1. The absorbance peaks of O-H bending & 

C-O stretching were found at 1300 - 1100 cm-1 in spectra of the fractionated oils. The peaks observed at 
1039.03 cm-1, 1045.42 cm-1, 1026.13 cm-1, 1092.07 cm-1, 1274.95 cm-1 indicate the existence ether and relat-
ed groups. Furthermore, peaks at 1778.37 cm-1, 1897.95 cm-1, 1899.88 cm-1 represents existence of the 
carboxyl (C=O) functional group in the TPO fractions. The presence of hydrocarbon groups C-H, C = C and 
alcohols in the TPO and its various fractions indicate that the liquid has potential to be used as fuel.

Conclusions

Commercially usable pyrolysis oil (TPO) was produced from waste tyre, its desulfurization and decol-
orization were performed and fractions of TPO at different temperature ranges were carried out. The 
study showed that the produced TPO and its fractions have a comparable properties of commercial 
fuels. The maximum TPO yield was found 42.0% from the waste tyre at the temperature of 500 °C 
while the reaction time and particle size were 50 minutes and 4cm×2cm×0.5cm. The desulfurization 
and decolorization process can successfully remove the most of the sulphur compounds and unexpect-
ed colors. The fractionated parts have comparable fuel properties. The physico-chemical properties 
and fractionation portion especially middle distillate fraction of TPO was similar with commercial 
diesel and other conventional fuels. The TPO needs to further purify before application because of 
higher sulfur content. The utilization of the TPO and their derivatives product will be significantly 
changed in the country’s fuel economy.
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Introduction  

In the recent years, the demand of energy and environmental pollution are of utmost concern, 
because of the rapid industrialization and population all over the world. Developing countries like 
Bangladesh need huge amount of energy to tackle the population’s need. Globally, various efforts 
have been taken to meet the energy demand of power, transport and related sectors (Mia et al., 2017; 
Unapumnuk et al., 2008).

Every year, more than 1.5 million tons of tyres generated from different tires and tube industries around 
the globe (Machin et al., 2017) whereas Bangladesh produces about 120,000 tons per annum (Aziz et al., 
2017). In Bangladesh, every year, approximately 20.5 million automobile tyres are scrapped which 
accounts for 37% of the total tyre garbage production of the country. Typically, waste tyres are disposed 
by incineration and landfilling which have a tremendous adverse effect on the environment as well as on 
human health and limiting the land spaces (Jimoda et al., 2018; Trongkaew et al., 2011). For the utilization 
of waste tyres, various techniques like incineration, grinding, retreating, reclaiming, etc. have been apply-
ing, however, all of these have significant drawbacks (Kader et al., 2015). Pyrolysis, burning of the 
substances in the absence of air, can be used for the production liquid oil (Tyre Pyrolysis Oil, TPO) from 
waste tyres which represents a source of energy that can be utilized as an alternative renewable fuel. This 
TPO can minimize the use of fossil fuel in combustion engine.

TPO is the mixture of different compounds e.g., aliphatic, aromatic, hetero-atomic and various polar 
fractions, having a calorific value is 41- 44 MJ/Kg, which is almost similar to that of the conventional fuels 
(Doǧan et al., 2012). The cetane number, a measurement of the quality or performance of diesel like fuel, of 
TPO reported to 40 - 44 while that of convention diesel fuel is 44 - 55. Although low cetane number of TPO 
shows poor thermal efficiency, rough performance in the engine and undesirable level of exhaust smoke and 
emissions (Martínez et al., 2013), but, better homogeneity, low solid content and comparatively higher flash 
point of TPO are desirable (Hossain and Davies, 2013). The TPO produced from a variety of feedstocks and 
using different pyrolysis techniques, against those of fossil fuels. High acidity, the presence of solid particles, 
high water content, high viscosity, storage and thermal instability, and low energy content are typical charac-
teristics of pyrolysis liquids. The TPO contains impurities like char which affect the engine performance and 
block the combustion chamber, piston ring grooves as well as exhaust valves of engines. The TPO also 
contains polycyclic aromatic sulfur hydrocarbons (PASH), which results in exhaust of SOx gas during com-
bustion (Bunthid et al., 2010; Lewandowski et al., 2019; Murugan et al., 2008). TPO has a higher sulfur 
content compare to other petroleum products like diesel (Ilkiliç and Aydin 2011) which creates numerous 
problems including health hazards emission and air pollution during the utilization of TPO (Toteva and Stan-
ulov 2020). The TPO used engine performance can be improved by decreasing the sulfur & moisture content 
from TPO (Ribeiro et al., 2016; Hossain et al., 2019). It is reported that the sulfur content of the initial pyrol-
ysis product can be reduced by 34.25% when the TPO was treated  with 5% Ca(OH)2 (Aydin and Ilkiliç, 
2012). The fractionation of TPO via distillation at atmospheric pressure can give various fractions (e.g., light, 
low-middle, high-middle, and heavy) and each fraction can be used for specific purposes (Campuzano et al., 
2021). However, very few studies explored the structural characteristics of each fraction. The characteristic 
behavior of various distillates at temperatures e.g., 30 - 80 ºC, 81 - 140 ºC, 181 - 220 ºC and 221 - 300 ºC as 
well as residues should require an in-depth study.

Although the growing interest in pyrolysis of tyres mainly focused on the parametric study of TPO 
production, not many studies have focused on the removal of sulfur and its related components from TPO 
and fractionation of TPO. 

In this study, the optimum conditions e.g., pyrolysis temperature, particle sizes etc. for waste tyre 
pyrolysis as well as a method for the removal of sulfur based components from pyrolysis oil using a 
solution containing specific ratio of hydrogen peroxide and formic acid was explored. Furthermore, 

the fractionation of TPO at various temperature ranges using a fractional distillation column was 
studied to identify different grades fuels e.g., gasoline, diesel etc. obtained from TPO. The physico-chemical 
properties of the liquid fuel derived from waste tyres, fractionated products were determined and 
compared with commercial fuels.

Materials and Methods

Pyrolysis of the waste tyres  

The scrap tyres, collected from various disposal sites of Dhaka City Corporation, Bangladesh, were 
chopped into three different sizes and cleaned with water thoroughly to remove any soil or extrane-
ous elements. The pyrolysis of the scrap tyres were carried out in a pyrolyzer, which was made of 
stainless-steel having a length and inner diameter of 30.0 cm and 3.0 cm, respectively. The overall 
process for the TPO production from waste tyres are reported in our previously published article 
(Galib et al., 2022). The TPO production experiments were conducted by varying the temperature 
within the range of 400 – 550 °C for different sizes of the raw materials. For each run, 300 - 500 g 
sample was loaded manually and Nitrogen (N2) gas was passed into the reactor for 2 minutes to 
purge the reactor for the removal of inside air before pyrolysis started. Furthermore, a continuous 
supply of nitrogen gas was maintained to ensure inert environment inside the reactor and to move 
away the pyrolyzed product from within the reactor to the condensers. A two steps condensing 
system (first step in a closed condenser with counter current water condensation and second step in 
a cascade of glass condenser with ice condensation) was maintained to ensure the complete conden-
sation of TPO. The condensed TPO were then collected and processed for further experiments. A 
simplified form of experimental set up with apparatus and process flow chart for waste tyres pyrolysis 
is shown in Fig. 1.

Desulfurization and de-colorization of TPO

The TPO contains high value of sulphur which should be removed before further use of it. An integrated 
technology to remove oxygenated compounds, sulphur and color from the TPO, a replication of the report-
ed method by Khaleque et. al., is illustrated in Fig. 2 (Khaleque et al., 2016).

For extraction of oxygenated compound from TPO, N, N- dimethyl formamide, for desulfurization of 
TPO, a mixture of hydrogen peroxide (H2O2) and formic acid (HCOOH) solution (a ratio of 2 : 1) at vari-
ous concentrations was used. For decolorization, activated bentonite powder was mixed with TPO. To 
accomplish the process, 100 mL of crude TPO was taken and various ratio of N, N- dimethyl formamide 
and kept in shaking for 2 hours at room temperature, followed by addition of H2O2 + HCOOH solution. 
Then, thermally activated bentonite powder was added to TPO at room temperature and the mixture was 
stirred at 700 rpm and kept for 10 minutes. The processed sample was then used for fractionation to 
receive value added products.

Fractional distillation of TPO

Measured volume of TPO (200 mL) TPO was taken in the round bottle flask and the sample in the flask 

was fractionated using fractional distillation unit. Various fractions based on temperature range were 
passed through the condenser and collected as distillates. The heaviest (> 300 oC) fraction was collected 
as residue from the flask. The fractions were as follows: 30 - 80 ºC, 81 - 140 ºC, 141 - 180 ºC, 181 - 220 
ºC, 221 - 260 ºC, 261 - 300 ºC, and residues at above 300 ºC.

Characterization of TPO and its fractions

The physico-chemical properties e.g., viscosity index, density, flash point, pour point, carbon residue, ash 
content and sulfur content  of TPO and its fractionated products from TPO were performed according to  Institute 
of Petroleum (IP) and American Society for Testing and Materials (ASTM) test methods. The sulfur content of 
TPO and fractionated oil were measured by following IP 61/59 method. The presence of various functional 
groups in the TPO and fractionated oil were identified by FT-IR study using SHIMADZU FTIR 4500.

Results and Discussion

Optimization of tpo production: Effect of temperature, reaction time and particle sizes

The TPO products optimization depended on the temperature, reaction time and particles sizes of the tyre 
sample. In our previous study , it was reported that the maximum TPO production was 42 wt.% when the 
temperature, reaction time and particle sizes of tyres were 500 °C, 50 minutes and 4×2×0.5 cm3, respec-
tively (Galib et al., 2022). Pyrolysis at low temperature and extended time promotes the secondary prod-
ucts, resulted in more char and less oil production (Hossain and Rahman, 2015). Pyrolysis at higher 
temperature (more than 500 oC) increases the heating value of volatile matters which decreased the yield 
of TPO but increased the yield of gaseous fraction because of the presence of secondary cracking reactions 
(Čepić et al., 2021). Particle size of scrap tyre more than 4×2×0.5 cm3 restricts homogenous heating and 
cannot get carbonized the core rubber which resulted in the decrease of TPO yield and increase of gas and 
char production. The following Table 1 illustrates the yields of various products at various reaction times 
when the reaction temperature was 500 °C and particle sizes was 4×2×0.5 cm3. 

Desulfurization and de-colorization of TPO

For desulfurization, a mixture of hydrogen peroxide (H2O2) + formic acid (HCOOH) (at a ratio of 2 : 1) 
solution were mixed with TPO. Various concentration solutions e. g., 10%, 15%, 20%, 25%, 30% of the 

TPO were used to oxidized the sulfur compound of TPO. The oxidizing compound was extracted by 
using different solvent such as acetone, ethanol, methanol, N, N- dimethyl formamide, but most effec-
tive compound was N, N- dimethyl formamide for extraction of oxygenated compound. A maximum of 
64.52% sulfur content was removed by the use of 25% mixture of H2O2 + HCOOH in TPO as shown in 
Fig. 3. Fig. 4 shows the visual change of color of TPO before and after desulfurization and decolorization 
treatment.

Fractional distillation of TPO

TPO was fractionated into seven parts, based on the temperatures, during distillation process. The frac-
tions were as follows: 30 - 80 ºC, 81 - 140 ºC, 141 - 180 ºC, 181 - 220 ºC, 221 - 260 ºC, 261 - 300 ºC and 
residues above 300 ºC. Fig. 5 shows a photographic view of each fraction and Fig. 6 illustrates the amount 
of product obtained at the selected temperature ranges during fractional distillation.

Fig. 6 shows yields of the product fractions at various boiling ranges as stated above which was obtained 
from TPO by distillation process. The initial boiling point (IBP) of the TPO during distillation was found 
at 30 ºC. Then almost 40 vol.% of pyrolytic liquid were distilled out at a temperature within 180 ºC, 17 
vol.% distilled out at 180-220 ºC and 20 vol.% distilled out at 220 - 300 ºC, respectively. These fractions 
were coincided with light naphtha, heavy naphtha and middle distillate as reported by Laresgoiti et al. 
2004, where car tyre -derived pyrolysis liquids gives 20% light naphtha, 35% middle distillate and10% 
heavy naphtha and. The presence of middle distillates in TPO signifies the use of this fraction as diesel 
fuel and as heating oil (Ucar et al., 2005). TPO distillation fractions have comparatively lighter products 
than that of commercial diesel fuels. The products obtained from distillation of TPO at 150 - 300 ºC may 
be atomized efficiently, allowing the combustion to begin at a lower temperature. 

Physico-chemical Properties of TPO, its distillation fractions

A comparison of waste tyre-derived TPO fuel characteristics to that of the commercial diesel fuel and 
petrol/gasoline is shown in Table 2. Table 2. illustrated the physicochemical characteristics of TPO, its 
fractionated parts and their comparisons with commercial diesel and petrol. The density i.e., specific grav-
ity of TPO was found 936.4 kg/m3 which is higher than that of commercial diesel (820 - 845 kg/m3) and 
petrol (720 - 775 kg/m3). The density of the distillates 30-80 °C, 81-140 °C, 141-180 °C, 181-220 °C, 221- 
260 °C, 261-300 °C was 802.44, 847.98, 888.69, 903.31, 931.66 and 956.1 kg/m3, respectively (at 15 °C) 
indicates that the heavier fractions have higher density. 

The viscosity of TPO, 141-180 °C fraction and 261-300 °C fractions was found 4.6, 2.6 and 5.7 cps at 40 
°C. The low viscosity of liquid is a favorable feature in handling and transporting of the liquid (Tüccar et 
al., 2018). The flash point and pour point of the various fractions were comparable with commercial 
petrol, kerosene and diesel. The calorific value, a primitive property of the fuel, of the TPO and its various 
fractions was found comparable to that of the commercial petrol, kerosene and diesel indicates the potenti-

ality of the use of tire derived oils as fuel. Carbon residues in the various distilled and residue product frac-
tions increased with the increase of distillation temperature of TPO. Because of the carbon residue, fuel 
injector and cylinder scoring can be fouled within the engine which slow down the performance of any 
engine, even causes the failure of the functionality of engine (Thangarasu and Anand, 2019). 

Functional Groups analysis (via FTIR) of TPO and derived fractions

The FTIR technique is generally used to recognize the functional group in the samples. Figure 7 illustrates 
the FTIR spectra of the various fractions of TPO obtained during distillation. The peaks indicates the pres-
ence of various functional groups of mainly alkenes, aromatics, ketones, alcohols and aldehydes. The absor-
bance peak of alkene group (=C-H) bending generally found at 730 - 770 cm-1. For the various fractionated 
oils, it was observed at 731.02 cm-1, 756.10 cm-1 and 752.24 cm-1. The absorbance peaks of O-H bending & 

C-O stretching were found at 1300 - 1100 cm-1 in spectra of the fractionated oils. The peaks observed at 
1039.03 cm-1, 1045.42 cm-1, 1026.13 cm-1, 1092.07 cm-1, 1274.95 cm-1 indicate the existence ether and relat-
ed groups. Furthermore, peaks at 1778.37 cm-1, 1897.95 cm-1, 1899.88 cm-1 represents existence of the 
carboxyl (C=O) functional group in the TPO fractions. The presence of hydrocarbon groups C-H, C = C and 
alcohols in the TPO and its various fractions indicate that the liquid has potential to be used as fuel.

Conclusions

Commercially usable pyrolysis oil (TPO) was produced from waste tyre, its desulfurization and decol-
orization were performed and fractions of TPO at different temperature ranges were carried out. The 
study showed that the produced TPO and its fractions have a comparable properties of commercial 
fuels. The maximum TPO yield was found 42.0% from the waste tyre at the temperature of 500 °C 
while the reaction time and particle size were 50 minutes and 4cm×2cm×0.5cm. The desulfurization 
and decolorization process can successfully remove the most of the sulphur compounds and unexpect-
ed colors. The fractionated parts have comparable fuel properties. The physico-chemical properties 
and fractionation portion especially middle distillate fraction of TPO was similar with commercial 
diesel and other conventional fuels. The TPO needs to further purify before application because of 
higher sulfur content. The utilization of the TPO and their derivatives product will be significantly 
changed in the country’s fuel economy.
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Introduction  

In the recent years, the demand of energy and environmental pollution are of utmost concern, 
because of the rapid industrialization and population all over the world. Developing countries like 
Bangladesh need huge amount of energy to tackle the population’s need. Globally, various efforts 
have been taken to meet the energy demand of power, transport and related sectors (Mia et al., 2017; 
Unapumnuk et al., 2008).

Every year, more than 1.5 million tons of tyres generated from different tires and tube industries around 
the globe (Machin et al., 2017) whereas Bangladesh produces about 120,000 tons per annum (Aziz et al., 
2017). In Bangladesh, every year, approximately 20.5 million automobile tyres are scrapped which 
accounts for 37% of the total tyre garbage production of the country. Typically, waste tyres are disposed 
by incineration and landfilling which have a tremendous adverse effect on the environment as well as on 
human health and limiting the land spaces (Jimoda et al., 2018; Trongkaew et al., 2011). For the utilization 
of waste tyres, various techniques like incineration, grinding, retreating, reclaiming, etc. have been apply-
ing, however, all of these have significant drawbacks (Kader et al., 2015). Pyrolysis, burning of the 
substances in the absence of air, can be used for the production liquid oil (Tyre Pyrolysis Oil, TPO) from 
waste tyres which represents a source of energy that can be utilized as an alternative renewable fuel. This 
TPO can minimize the use of fossil fuel in combustion engine.

TPO is the mixture of different compounds e.g., aliphatic, aromatic, hetero-atomic and various polar 
fractions, having a calorific value is 41- 44 MJ/Kg, which is almost similar to that of the conventional fuels 
(Doǧan et al., 2012). The cetane number, a measurement of the quality or performance of diesel like fuel, of 
TPO reported to 40 - 44 while that of convention diesel fuel is 44 - 55. Although low cetane number of TPO 
shows poor thermal efficiency, rough performance in the engine and undesirable level of exhaust smoke and 
emissions (Martínez et al., 2013), but, better homogeneity, low solid content and comparatively higher flash 
point of TPO are desirable (Hossain and Davies, 2013). The TPO produced from a variety of feedstocks and 
using different pyrolysis techniques, against those of fossil fuels. High acidity, the presence of solid particles, 
high water content, high viscosity, storage and thermal instability, and low energy content are typical charac-
teristics of pyrolysis liquids. The TPO contains impurities like char which affect the engine performance and 
block the combustion chamber, piston ring grooves as well as exhaust valves of engines. The TPO also 
contains polycyclic aromatic sulfur hydrocarbons (PASH), which results in exhaust of SOx gas during com-
bustion (Bunthid et al., 2010; Lewandowski et al., 2019; Murugan et al., 2008). TPO has a higher sulfur 
content compare to other petroleum products like diesel (Ilkiliç and Aydin 2011) which creates numerous 
problems including health hazards emission and air pollution during the utilization of TPO (Toteva and Stan-
ulov 2020). The TPO used engine performance can be improved by decreasing the sulfur & moisture content 
from TPO (Ribeiro et al., 2016; Hossain et al., 2019). It is reported that the sulfur content of the initial pyrol-
ysis product can be reduced by 34.25% when the TPO was treated  with 5% Ca(OH)2 (Aydin and Ilkiliç, 
2012). The fractionation of TPO via distillation at atmospheric pressure can give various fractions (e.g., light, 
low-middle, high-middle, and heavy) and each fraction can be used for specific purposes (Campuzano et al., 
2021). However, very few studies explored the structural characteristics of each fraction. The characteristic 
behavior of various distillates at temperatures e.g., 30 - 80 ºC, 81 - 140 ºC, 181 - 220 ºC and 221 - 300 ºC as 
well as residues should require an in-depth study.

Although the growing interest in pyrolysis of tyres mainly focused on the parametric study of TPO 
production, not many studies have focused on the removal of sulfur and its related components from TPO 
and fractionation of TPO. 

In this study, the optimum conditions e.g., pyrolysis temperature, particle sizes etc. for waste tyre 
pyrolysis as well as a method for the removal of sulfur based components from pyrolysis oil using a 
solution containing specific ratio of hydrogen peroxide and formic acid was explored. Furthermore, 

the fractionation of TPO at various temperature ranges using a fractional distillation column was 
studied to identify different grades fuels e.g., gasoline, diesel etc. obtained from TPO. The physico-chemical 
properties of the liquid fuel derived from waste tyres, fractionated products were determined and 
compared with commercial fuels.

Materials and Methods

Pyrolysis of the waste tyres  

The scrap tyres, collected from various disposal sites of Dhaka City Corporation, Bangladesh, were 
chopped into three different sizes and cleaned with water thoroughly to remove any soil or extrane-
ous elements. The pyrolysis of the scrap tyres were carried out in a pyrolyzer, which was made of 
stainless-steel having a length and inner diameter of 30.0 cm and 3.0 cm, respectively. The overall 
process for the TPO production from waste tyres are reported in our previously published article 
(Galib et al., 2022). The TPO production experiments were conducted by varying the temperature 
within the range of 400 – 550 °C for different sizes of the raw materials. For each run, 300 - 500 g 
sample was loaded manually and Nitrogen (N2) gas was passed into the reactor for 2 minutes to 
purge the reactor for the removal of inside air before pyrolysis started. Furthermore, a continuous 
supply of nitrogen gas was maintained to ensure inert environment inside the reactor and to move 
away the pyrolyzed product from within the reactor to the condensers. A two steps condensing 
system (first step in a closed condenser with counter current water condensation and second step in 
a cascade of glass condenser with ice condensation) was maintained to ensure the complete conden-
sation of TPO. The condensed TPO were then collected and processed for further experiments. A 
simplified form of experimental set up with apparatus and process flow chart for waste tyres pyrolysis 
is shown in Fig. 1.

Desulfurization and de-colorization of TPO

The TPO contains high value of sulphur which should be removed before further use of it. An integrated 
technology to remove oxygenated compounds, sulphur and color from the TPO, a replication of the report-
ed method by Khaleque et. al., is illustrated in Fig. 2 (Khaleque et al., 2016).

For extraction of oxygenated compound from TPO, N, N- dimethyl formamide, for desulfurization of 
TPO, a mixture of hydrogen peroxide (H2O2) and formic acid (HCOOH) solution (a ratio of 2 : 1) at vari-
ous concentrations was used. For decolorization, activated bentonite powder was mixed with TPO. To 
accomplish the process, 100 mL of crude TPO was taken and various ratio of N, N- dimethyl formamide 
and kept in shaking for 2 hours at room temperature, followed by addition of H2O2 + HCOOH solution. 
Then, thermally activated bentonite powder was added to TPO at room temperature and the mixture was 
stirred at 700 rpm and kept for 10 minutes. The processed sample was then used for fractionation to 
receive value added products.

Fractional distillation of TPO

Measured volume of TPO (200 mL) TPO was taken in the round bottle flask and the sample in the flask 

was fractionated using fractional distillation unit. Various fractions based on temperature range were 
passed through the condenser and collected as distillates. The heaviest (> 300 oC) fraction was collected 
as residue from the flask. The fractions were as follows: 30 - 80 ºC, 81 - 140 ºC, 141 - 180 ºC, 181 - 220 
ºC, 221 - 260 ºC, 261 - 300 ºC, and residues at above 300 ºC.

Characterization of TPO and its fractions

The physico-chemical properties e.g., viscosity index, density, flash point, pour point, carbon residue, ash 
content and sulfur content  of TPO and its fractionated products from TPO were performed according to  Institute 
of Petroleum (IP) and American Society for Testing and Materials (ASTM) test methods. The sulfur content of 
TPO and fractionated oil were measured by following IP 61/59 method. The presence of various functional 
groups in the TPO and fractionated oil were identified by FT-IR study using SHIMADZU FTIR 4500.

Results and Discussion

Optimization of tpo production: Effect of temperature, reaction time and particle sizes

The TPO products optimization depended on the temperature, reaction time and particles sizes of the tyre 
sample. In our previous study , it was reported that the maximum TPO production was 42 wt.% when the 
temperature, reaction time and particle sizes of tyres were 500 °C, 50 minutes and 4×2×0.5 cm3, respec-
tively (Galib et al., 2022). Pyrolysis at low temperature and extended time promotes the secondary prod-
ucts, resulted in more char and less oil production (Hossain and Rahman, 2015). Pyrolysis at higher 
temperature (more than 500 oC) increases the heating value of volatile matters which decreased the yield 
of TPO but increased the yield of gaseous fraction because of the presence of secondary cracking reactions 
(Čepić et al., 2021). Particle size of scrap tyre more than 4×2×0.5 cm3 restricts homogenous heating and 
cannot get carbonized the core rubber which resulted in the decrease of TPO yield and increase of gas and 
char production. The following Table 1 illustrates the yields of various products at various reaction times 
when the reaction temperature was 500 °C and particle sizes was 4×2×0.5 cm3. 

Desulfurization and de-colorization of TPO

For desulfurization, a mixture of hydrogen peroxide (H2O2) + formic acid (HCOOH) (at a ratio of 2 : 1) 
solution were mixed with TPO. Various concentration solutions e. g., 10%, 15%, 20%, 25%, 30% of the 

TPO were used to oxidized the sulfur compound of TPO. The oxidizing compound was extracted by 
using different solvent such as acetone, ethanol, methanol, N, N- dimethyl formamide, but most effec-
tive compound was N, N- dimethyl formamide for extraction of oxygenated compound. A maximum of 
64.52% sulfur content was removed by the use of 25% mixture of H2O2 + HCOOH in TPO as shown in 
Fig. 3. Fig. 4 shows the visual change of color of TPO before and after desulfurization and decolorization 
treatment.

Fractional distillation of TPO

TPO was fractionated into seven parts, based on the temperatures, during distillation process. The frac-
tions were as follows: 30 - 80 ºC, 81 - 140 ºC, 141 - 180 ºC, 181 - 220 ºC, 221 - 260 ºC, 261 - 300 ºC and 
residues above 300 ºC. Fig. 5 shows a photographic view of each fraction and Fig. 6 illustrates the amount 
of product obtained at the selected temperature ranges during fractional distillation.

Fig. 6 shows yields of the product fractions at various boiling ranges as stated above which was obtained 
from TPO by distillation process. The initial boiling point (IBP) of the TPO during distillation was found 
at 30 ºC. Then almost 40 vol.% of pyrolytic liquid were distilled out at a temperature within 180 ºC, 17 
vol.% distilled out at 180-220 ºC and 20 vol.% distilled out at 220 - 300 ºC, respectively. These fractions 
were coincided with light naphtha, heavy naphtha and middle distillate as reported by Laresgoiti et al. 
2004, where car tyre -derived pyrolysis liquids gives 20% light naphtha, 35% middle distillate and10% 
heavy naphtha and. The presence of middle distillates in TPO signifies the use of this fraction as diesel 
fuel and as heating oil (Ucar et al., 2005). TPO distillation fractions have comparatively lighter products 
than that of commercial diesel fuels. The products obtained from distillation of TPO at 150 - 300 ºC may 
be atomized efficiently, allowing the combustion to begin at a lower temperature. 

Physico-chemical Properties of TPO, its distillation fractions

A comparison of waste tyre-derived TPO fuel characteristics to that of the commercial diesel fuel and 
petrol/gasoline is shown in Table 2. Table 2. illustrated the physicochemical characteristics of TPO, its 
fractionated parts and their comparisons with commercial diesel and petrol. The density i.e., specific grav-
ity of TPO was found 936.4 kg/m3 which is higher than that of commercial diesel (820 - 845 kg/m3) and 
petrol (720 - 775 kg/m3). The density of the distillates 30-80 °C, 81-140 °C, 141-180 °C, 181-220 °C, 221- 
260 °C, 261-300 °C was 802.44, 847.98, 888.69, 903.31, 931.66 and 956.1 kg/m3, respectively (at 15 °C) 
indicates that the heavier fractions have higher density. 

The viscosity of TPO, 141-180 °C fraction and 261-300 °C fractions was found 4.6, 2.6 and 5.7 cps at 40 
°C. The low viscosity of liquid is a favorable feature in handling and transporting of the liquid (Tüccar et 
al., 2018). The flash point and pour point of the various fractions were comparable with commercial 
petrol, kerosene and diesel. The calorific value, a primitive property of the fuel, of the TPO and its various 
fractions was found comparable to that of the commercial petrol, kerosene and diesel indicates the potenti-

ality of the use of tire derived oils as fuel. Carbon residues in the various distilled and residue product frac-
tions increased with the increase of distillation temperature of TPO. Because of the carbon residue, fuel 
injector and cylinder scoring can be fouled within the engine which slow down the performance of any 
engine, even causes the failure of the functionality of engine (Thangarasu and Anand, 2019). 

Functional Groups analysis (via FTIR) of TPO and derived fractions

The FTIR technique is generally used to recognize the functional group in the samples. Figure 7 illustrates 
the FTIR spectra of the various fractions of TPO obtained during distillation. The peaks indicates the pres-
ence of various functional groups of mainly alkenes, aromatics, ketones, alcohols and aldehydes. The absor-
bance peak of alkene group (=C-H) bending generally found at 730 - 770 cm-1. For the various fractionated 
oils, it was observed at 731.02 cm-1, 756.10 cm-1 and 752.24 cm-1. The absorbance peaks of O-H bending & 

C-O stretching were found at 1300 - 1100 cm-1 in spectra of the fractionated oils. The peaks observed at 
1039.03 cm-1, 1045.42 cm-1, 1026.13 cm-1, 1092.07 cm-1, 1274.95 cm-1 indicate the existence ether and relat-
ed groups. Furthermore, peaks at 1778.37 cm-1, 1897.95 cm-1, 1899.88 cm-1 represents existence of the 
carboxyl (C=O) functional group in the TPO fractions. The presence of hydrocarbon groups C-H, C = C and 
alcohols in the TPO and its various fractions indicate that the liquid has potential to be used as fuel.

Conclusions

Commercially usable pyrolysis oil (TPO) was produced from waste tyre, its desulfurization and decol-
orization were performed and fractions of TPO at different temperature ranges were carried out. The 
study showed that the produced TPO and its fractions have a comparable properties of commercial 
fuels. The maximum TPO yield was found 42.0% from the waste tyre at the temperature of 500 °C 
while the reaction time and particle size were 50 minutes and 4cm×2cm×0.5cm. The desulfurization 
and decolorization process can successfully remove the most of the sulphur compounds and unexpect-
ed colors. The fractionated parts have comparable fuel properties. The physico-chemical properties 
and fractionation portion especially middle distillate fraction of TPO was similar with commercial 
diesel and other conventional fuels. The TPO needs to further purify before application because of 
higher sulfur content. The utilization of the TPO and their derivatives product will be significantly 
changed in the country’s fuel economy.
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Introduction  

In the recent years, the demand of energy and environmental pollution are of utmost concern, 
because of the rapid industrialization and population all over the world. Developing countries like 
Bangladesh need huge amount of energy to tackle the population’s need. Globally, various efforts 
have been taken to meet the energy demand of power, transport and related sectors (Mia et al., 2017; 
Unapumnuk et al., 2008).

Every year, more than 1.5 million tons of tyres generated from different tires and tube industries around 
the globe (Machin et al., 2017) whereas Bangladesh produces about 120,000 tons per annum (Aziz et al., 
2017). In Bangladesh, every year, approximately 20.5 million automobile tyres are scrapped which 
accounts for 37% of the total tyre garbage production of the country. Typically, waste tyres are disposed 
by incineration and landfilling which have a tremendous adverse effect on the environment as well as on 
human health and limiting the land spaces (Jimoda et al., 2018; Trongkaew et al., 2011). For the utilization 
of waste tyres, various techniques like incineration, grinding, retreating, reclaiming, etc. have been apply-
ing, however, all of these have significant drawbacks (Kader et al., 2015). Pyrolysis, burning of the 
substances in the absence of air, can be used for the production liquid oil (Tyre Pyrolysis Oil, TPO) from 
waste tyres which represents a source of energy that can be utilized as an alternative renewable fuel. This 
TPO can minimize the use of fossil fuel in combustion engine.

TPO is the mixture of different compounds e.g., aliphatic, aromatic, hetero-atomic and various polar 
fractions, having a calorific value is 41- 44 MJ/Kg, which is almost similar to that of the conventional fuels 
(Doǧan et al., 2012). The cetane number, a measurement of the quality or performance of diesel like fuel, of 
TPO reported to 40 - 44 while that of convention diesel fuel is 44 - 55. Although low cetane number of TPO 
shows poor thermal efficiency, rough performance in the engine and undesirable level of exhaust smoke and 
emissions (Martínez et al., 2013), but, better homogeneity, low solid content and comparatively higher flash 
point of TPO are desirable (Hossain and Davies, 2013). The TPO produced from a variety of feedstocks and 
using different pyrolysis techniques, against those of fossil fuels. High acidity, the presence of solid particles, 
high water content, high viscosity, storage and thermal instability, and low energy content are typical charac-
teristics of pyrolysis liquids. The TPO contains impurities like char which affect the engine performance and 
block the combustion chamber, piston ring grooves as well as exhaust valves of engines. The TPO also 
contains polycyclic aromatic sulfur hydrocarbons (PASH), which results in exhaust of SOx gas during com-
bustion (Bunthid et al., 2010; Lewandowski et al., 2019; Murugan et al., 2008). TPO has a higher sulfur 
content compare to other petroleum products like diesel (Ilkiliç and Aydin 2011) which creates numerous 
problems including health hazards emission and air pollution during the utilization of TPO (Toteva and Stan-
ulov 2020). The TPO used engine performance can be improved by decreasing the sulfur & moisture content 
from TPO (Ribeiro et al., 2016; Hossain et al., 2019). It is reported that the sulfur content of the initial pyrol-
ysis product can be reduced by 34.25% when the TPO was treated  with 5% Ca(OH)2 (Aydin and Ilkiliç, 
2012). The fractionation of TPO via distillation at atmospheric pressure can give various fractions (e.g., light, 
low-middle, high-middle, and heavy) and each fraction can be used for specific purposes (Campuzano et al., 
2021). However, very few studies explored the structural characteristics of each fraction. The characteristic 
behavior of various distillates at temperatures e.g., 30 - 80 ºC, 81 - 140 ºC, 181 - 220 ºC and 221 - 300 ºC as 
well as residues should require an in-depth study.

Although the growing interest in pyrolysis of tyres mainly focused on the parametric study of TPO 
production, not many studies have focused on the removal of sulfur and its related components from TPO 
and fractionation of TPO. 

In this study, the optimum conditions e.g., pyrolysis temperature, particle sizes etc. for waste tyre 
pyrolysis as well as a method for the removal of sulfur based components from pyrolysis oil using a 
solution containing specific ratio of hydrogen peroxide and formic acid was explored. Furthermore, 

the fractionation of TPO at various temperature ranges using a fractional distillation column was 
studied to identify different grades fuels e.g., gasoline, diesel etc. obtained from TPO. The physico-chemical 
properties of the liquid fuel derived from waste tyres, fractionated products were determined and 
compared with commercial fuels.

Materials and Methods

Pyrolysis of the waste tyres  

The scrap tyres, collected from various disposal sites of Dhaka City Corporation, Bangladesh, were 
chopped into three different sizes and cleaned with water thoroughly to remove any soil or extrane-
ous elements. The pyrolysis of the scrap tyres were carried out in a pyrolyzer, which was made of 
stainless-steel having a length and inner diameter of 30.0 cm and 3.0 cm, respectively. The overall 
process for the TPO production from waste tyres are reported in our previously published article 
(Galib et al., 2022). The TPO production experiments were conducted by varying the temperature 
within the range of 400 – 550 °C for different sizes of the raw materials. For each run, 300 - 500 g 
sample was loaded manually and Nitrogen (N2) gas was passed into the reactor for 2 minutes to 
purge the reactor for the removal of inside air before pyrolysis started. Furthermore, a continuous 
supply of nitrogen gas was maintained to ensure inert environment inside the reactor and to move 
away the pyrolyzed product from within the reactor to the condensers. A two steps condensing 
system (first step in a closed condenser with counter current water condensation and second step in 
a cascade of glass condenser with ice condensation) was maintained to ensure the complete conden-
sation of TPO. The condensed TPO were then collected and processed for further experiments. A 
simplified form of experimental set up with apparatus and process flow chart for waste tyres pyrolysis 
is shown in Fig. 1.

Desulfurization and de-colorization of TPO

The TPO contains high value of sulphur which should be removed before further use of it. An integrated 
technology to remove oxygenated compounds, sulphur and color from the TPO, a replication of the report-
ed method by Khaleque et. al., is illustrated in Fig. 2 (Khaleque et al., 2016).

For extraction of oxygenated compound from TPO, N, N- dimethyl formamide, for desulfurization of 
TPO, a mixture of hydrogen peroxide (H2O2) and formic acid (HCOOH) solution (a ratio of 2 : 1) at vari-
ous concentrations was used. For decolorization, activated bentonite powder was mixed with TPO. To 
accomplish the process, 100 mL of crude TPO was taken and various ratio of N, N- dimethyl formamide 
and kept in shaking for 2 hours at room temperature, followed by addition of H2O2 + HCOOH solution. 
Then, thermally activated bentonite powder was added to TPO at room temperature and the mixture was 
stirred at 700 rpm and kept for 10 minutes. The processed sample was then used for fractionation to 
receive value added products.

Fractional distillation of TPO

Measured volume of TPO (200 mL) TPO was taken in the round bottle flask and the sample in the flask 

was fractionated using fractional distillation unit. Various fractions based on temperature range were 
passed through the condenser and collected as distillates. The heaviest (> 300 oC) fraction was collected 
as residue from the flask. The fractions were as follows: 30 - 80 ºC, 81 - 140 ºC, 141 - 180 ºC, 181 - 220 
ºC, 221 - 260 ºC, 261 - 300 ºC, and residues at above 300 ºC.

Characterization of TPO and its fractions

The physico-chemical properties e.g., viscosity index, density, flash point, pour point, carbon residue, ash 
content and sulfur content  of TPO and its fractionated products from TPO were performed according to  Institute 
of Petroleum (IP) and American Society for Testing and Materials (ASTM) test methods. The sulfur content of 
TPO and fractionated oil were measured by following IP 61/59 method. The presence of various functional 
groups in the TPO and fractionated oil were identified by FT-IR study using SHIMADZU FTIR 4500.

Results and Discussion

Optimization of tpo production: Effect of temperature, reaction time and particle sizes

The TPO products optimization depended on the temperature, reaction time and particles sizes of the tyre 
sample. In our previous study , it was reported that the maximum TPO production was 42 wt.% when the 
temperature, reaction time and particle sizes of tyres were 500 °C, 50 minutes and 4×2×0.5 cm3, respec-
tively (Galib et al., 2022). Pyrolysis at low temperature and extended time promotes the secondary prod-
ucts, resulted in more char and less oil production (Hossain and Rahman, 2015). Pyrolysis at higher 
temperature (more than 500 oC) increases the heating value of volatile matters which decreased the yield 
of TPO but increased the yield of gaseous fraction because of the presence of secondary cracking reactions 
(Čepić et al., 2021). Particle size of scrap tyre more than 4×2×0.5 cm3 restricts homogenous heating and 
cannot get carbonized the core rubber which resulted in the decrease of TPO yield and increase of gas and 
char production. The following Table 1 illustrates the yields of various products at various reaction times 
when the reaction temperature was 500 °C and particle sizes was 4×2×0.5 cm3. 

Desulfurization and de-colorization of TPO

For desulfurization, a mixture of hydrogen peroxide (H2O2) + formic acid (HCOOH) (at a ratio of 2 : 1) 
solution were mixed with TPO. Various concentration solutions e. g., 10%, 15%, 20%, 25%, 30% of the 

TPO were used to oxidized the sulfur compound of TPO. The oxidizing compound was extracted by 
using different solvent such as acetone, ethanol, methanol, N, N- dimethyl formamide, but most effec-
tive compound was N, N- dimethyl formamide for extraction of oxygenated compound. A maximum of 
64.52% sulfur content was removed by the use of 25% mixture of H2O2 + HCOOH in TPO as shown in 
Fig. 3. Fig. 4 shows the visual change of color of TPO before and after desulfurization and decolorization 
treatment.

Fractional distillation of TPO

TPO was fractionated into seven parts, based on the temperatures, during distillation process. The frac-
tions were as follows: 30 - 80 ºC, 81 - 140 ºC, 141 - 180 ºC, 181 - 220 ºC, 221 - 260 ºC, 261 - 300 ºC and 
residues above 300 ºC. Fig. 5 shows a photographic view of each fraction and Fig. 6 illustrates the amount 
of product obtained at the selected temperature ranges during fractional distillation.

Fig. 6 shows yields of the product fractions at various boiling ranges as stated above which was obtained 
from TPO by distillation process. The initial boiling point (IBP) of the TPO during distillation was found 
at 30 ºC. Then almost 40 vol.% of pyrolytic liquid were distilled out at a temperature within 180 ºC, 17 
vol.% distilled out at 180-220 ºC and 20 vol.% distilled out at 220 - 300 ºC, respectively. These fractions 
were coincided with light naphtha, heavy naphtha and middle distillate as reported by Laresgoiti et al. 
2004, where car tyre -derived pyrolysis liquids gives 20% light naphtha, 35% middle distillate and10% 
heavy naphtha and. The presence of middle distillates in TPO signifies the use of this fraction as diesel 
fuel and as heating oil (Ucar et al., 2005). TPO distillation fractions have comparatively lighter products 
than that of commercial diesel fuels. The products obtained from distillation of TPO at 150 - 300 ºC may 
be atomized efficiently, allowing the combustion to begin at a lower temperature. 

Physico-chemical Properties of TPO, its distillation fractions

A comparison of waste tyre-derived TPO fuel characteristics to that of the commercial diesel fuel and 
petrol/gasoline is shown in Table 2. Table 2. illustrated the physicochemical characteristics of TPO, its 
fractionated parts and their comparisons with commercial diesel and petrol. The density i.e., specific grav-
ity of TPO was found 936.4 kg/m3 which is higher than that of commercial diesel (820 - 845 kg/m3) and 
petrol (720 - 775 kg/m3). The density of the distillates 30-80 °C, 81-140 °C, 141-180 °C, 181-220 °C, 221- 
260 °C, 261-300 °C was 802.44, 847.98, 888.69, 903.31, 931.66 and 956.1 kg/m3, respectively (at 15 °C) 
indicates that the heavier fractions have higher density. 

The viscosity of TPO, 141-180 °C fraction and 261-300 °C fractions was found 4.6, 2.6 and 5.7 cps at 40 
°C. The low viscosity of liquid is a favorable feature in handling and transporting of the liquid (Tüccar et 
al., 2018). The flash point and pour point of the various fractions were comparable with commercial 
petrol, kerosene and diesel. The calorific value, a primitive property of the fuel, of the TPO and its various 
fractions was found comparable to that of the commercial petrol, kerosene and diesel indicates the potenti-

ality of the use of tire derived oils as fuel. Carbon residues in the various distilled and residue product frac-
tions increased with the increase of distillation temperature of TPO. Because of the carbon residue, fuel 
injector and cylinder scoring can be fouled within the engine which slow down the performance of any 
engine, even causes the failure of the functionality of engine (Thangarasu and Anand, 2019). 

Functional Groups analysis (via FTIR) of TPO and derived fractions

The FTIR technique is generally used to recognize the functional group in the samples. Figure 7 illustrates 
the FTIR spectra of the various fractions of TPO obtained during distillation. The peaks indicates the pres-
ence of various functional groups of mainly alkenes, aromatics, ketones, alcohols and aldehydes. The absor-
bance peak of alkene group (=C-H) bending generally found at 730 - 770 cm-1. For the various fractionated 
oils, it was observed at 731.02 cm-1, 756.10 cm-1 and 752.24 cm-1. The absorbance peaks of O-H bending & 

C-O stretching were found at 1300 - 1100 cm-1 in spectra of the fractionated oils. The peaks observed at 
1039.03 cm-1, 1045.42 cm-1, 1026.13 cm-1, 1092.07 cm-1, 1274.95 cm-1 indicate the existence ether and relat-
ed groups. Furthermore, peaks at 1778.37 cm-1, 1897.95 cm-1, 1899.88 cm-1 represents existence of the 
carboxyl (C=O) functional group in the TPO fractions. The presence of hydrocarbon groups C-H, C = C and 
alcohols in the TPO and its various fractions indicate that the liquid has potential to be used as fuel.

Conclusions

Commercially usable pyrolysis oil (TPO) was produced from waste tyre, its desulfurization and decol-
orization were performed and fractions of TPO at different temperature ranges were carried out. The 
study showed that the produced TPO and its fractions have a comparable properties of commercial 
fuels. The maximum TPO yield was found 42.0% from the waste tyre at the temperature of 500 °C 
while the reaction time and particle size were 50 minutes and 4cm×2cm×0.5cm. The desulfurization 
and decolorization process can successfully remove the most of the sulphur compounds and unexpect-
ed colors. The fractionated parts have comparable fuel properties. The physico-chemical properties 
and fractionation portion especially middle distillate fraction of TPO was similar with commercial 
diesel and other conventional fuels. The TPO needs to further purify before application because of 
higher sulfur content. The utilization of the TPO and their derivatives product will be significantly 
changed in the country’s fuel economy.
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Table 3. Comparison of FT-IR absorption bands of fractionated TPO at different temperature ranges

A comparison of the functional groups present in the different fractions (studied by FT-IR) is presented
in Table-3.
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Introduction  

In the recent years, the demand of energy and environmental pollution are of utmost concern, 
because of the rapid industrialization and population all over the world. Developing countries like 
Bangladesh need huge amount of energy to tackle the population’s need. Globally, various efforts 
have been taken to meet the energy demand of power, transport and related sectors (Mia et al., 2017; 
Unapumnuk et al., 2008).

Every year, more than 1.5 million tons of tyres generated from different tires and tube industries around 
the globe (Machin et al., 2017) whereas Bangladesh produces about 120,000 tons per annum (Aziz et al., 
2017). In Bangladesh, every year, approximately 20.5 million automobile tyres are scrapped which 
accounts for 37% of the total tyre garbage production of the country. Typically, waste tyres are disposed 
by incineration and landfilling which have a tremendous adverse effect on the environment as well as on 
human health and limiting the land spaces (Jimoda et al., 2018; Trongkaew et al., 2011). For the utilization 
of waste tyres, various techniques like incineration, grinding, retreating, reclaiming, etc. have been apply-
ing, however, all of these have significant drawbacks (Kader et al., 2015). Pyrolysis, burning of the 
substances in the absence of air, can be used for the production liquid oil (Tyre Pyrolysis Oil, TPO) from 
waste tyres which represents a source of energy that can be utilized as an alternative renewable fuel. This 
TPO can minimize the use of fossil fuel in combustion engine.

TPO is the mixture of different compounds e.g., aliphatic, aromatic, hetero-atomic and various polar 
fractions, having a calorific value is 41- 44 MJ/Kg, which is almost similar to that of the conventional fuels 
(Doǧan et al., 2012). The cetane number, a measurement of the quality or performance of diesel like fuel, of 
TPO reported to 40 - 44 while that of convention diesel fuel is 44 - 55. Although low cetane number of TPO 
shows poor thermal efficiency, rough performance in the engine and undesirable level of exhaust smoke and 
emissions (Martínez et al., 2013), but, better homogeneity, low solid content and comparatively higher flash 
point of TPO are desirable (Hossain and Davies, 2013). The TPO produced from a variety of feedstocks and 
using different pyrolysis techniques, against those of fossil fuels. High acidity, the presence of solid particles, 
high water content, high viscosity, storage and thermal instability, and low energy content are typical charac-
teristics of pyrolysis liquids. The TPO contains impurities like char which affect the engine performance and 
block the combustion chamber, piston ring grooves as well as exhaust valves of engines. The TPO also 
contains polycyclic aromatic sulfur hydrocarbons (PASH), which results in exhaust of SOx gas during com-
bustion (Bunthid et al., 2010; Lewandowski et al., 2019; Murugan et al., 2008). TPO has a higher sulfur 
content compare to other petroleum products like diesel (Ilkiliç and Aydin 2011) which creates numerous 
problems including health hazards emission and air pollution during the utilization of TPO (Toteva and Stan-
ulov 2020). The TPO used engine performance can be improved by decreasing the sulfur & moisture content 
from TPO (Ribeiro et al., 2016; Hossain et al., 2019). It is reported that the sulfur content of the initial pyrol-
ysis product can be reduced by 34.25% when the TPO was treated  with 5% Ca(OH)2 (Aydin and Ilkiliç, 
2012). The fractionation of TPO via distillation at atmospheric pressure can give various fractions (e.g., light, 
low-middle, high-middle, and heavy) and each fraction can be used for specific purposes (Campuzano et al., 
2021). However, very few studies explored the structural characteristics of each fraction. The characteristic 
behavior of various distillates at temperatures e.g., 30 - 80 ºC, 81 - 140 ºC, 181 - 220 ºC and 221 - 300 ºC as 
well as residues should require an in-depth study.

Although the growing interest in pyrolysis of tyres mainly focused on the parametric study of TPO 
production, not many studies have focused on the removal of sulfur and its related components from TPO 
and fractionation of TPO. 

In this study, the optimum conditions e.g., pyrolysis temperature, particle sizes etc. for waste tyre 
pyrolysis as well as a method for the removal of sulfur based components from pyrolysis oil using a 
solution containing specific ratio of hydrogen peroxide and formic acid was explored. Furthermore, 

the fractionation of TPO at various temperature ranges using a fractional distillation column was 
studied to identify different grades fuels e.g., gasoline, diesel etc. obtained from TPO. The physico-chemical 
properties of the liquid fuel derived from waste tyres, fractionated products were determined and 
compared with commercial fuels.

Materials and Methods

Pyrolysis of the waste tyres  

The scrap tyres, collected from various disposal sites of Dhaka City Corporation, Bangladesh, were 
chopped into three different sizes and cleaned with water thoroughly to remove any soil or extrane-
ous elements. The pyrolysis of the scrap tyres were carried out in a pyrolyzer, which was made of 
stainless-steel having a length and inner diameter of 30.0 cm and 3.0 cm, respectively. The overall 
process for the TPO production from waste tyres are reported in our previously published article 
(Galib et al., 2022). The TPO production experiments were conducted by varying the temperature 
within the range of 400 – 550 °C for different sizes of the raw materials. For each run, 300 - 500 g 
sample was loaded manually and Nitrogen (N2) gas was passed into the reactor for 2 minutes to 
purge the reactor for the removal of inside air before pyrolysis started. Furthermore, a continuous 
supply of nitrogen gas was maintained to ensure inert environment inside the reactor and to move 
away the pyrolyzed product from within the reactor to the condensers. A two steps condensing 
system (first step in a closed condenser with counter current water condensation and second step in 
a cascade of glass condenser with ice condensation) was maintained to ensure the complete conden-
sation of TPO. The condensed TPO were then collected and processed for further experiments. A 
simplified form of experimental set up with apparatus and process flow chart for waste tyres pyrolysis 
is shown in Fig. 1.

Desulfurization and de-colorization of TPO

The TPO contains high value of sulphur which should be removed before further use of it. An integrated 
technology to remove oxygenated compounds, sulphur and color from the TPO, a replication of the report-
ed method by Khaleque et. al., is illustrated in Fig. 2 (Khaleque et al., 2016).

For extraction of oxygenated compound from TPO, N, N- dimethyl formamide, for desulfurization of 
TPO, a mixture of hydrogen peroxide (H2O2) and formic acid (HCOOH) solution (a ratio of 2 : 1) at vari-
ous concentrations was used. For decolorization, activated bentonite powder was mixed with TPO. To 
accomplish the process, 100 mL of crude TPO was taken and various ratio of N, N- dimethyl formamide 
and kept in shaking for 2 hours at room temperature, followed by addition of H2O2 + HCOOH solution. 
Then, thermally activated bentonite powder was added to TPO at room temperature and the mixture was 
stirred at 700 rpm and kept for 10 minutes. The processed sample was then used for fractionation to 
receive value added products.

Fractional distillation of TPO

Measured volume of TPO (200 mL) TPO was taken in the round bottle flask and the sample in the flask 

was fractionated using fractional distillation unit. Various fractions based on temperature range were 
passed through the condenser and collected as distillates. The heaviest (> 300 oC) fraction was collected 
as residue from the flask. The fractions were as follows: 30 - 80 ºC, 81 - 140 ºC, 141 - 180 ºC, 181 - 220 
ºC, 221 - 260 ºC, 261 - 300 ºC, and residues at above 300 ºC.

Characterization of TPO and its fractions

The physico-chemical properties e.g., viscosity index, density, flash point, pour point, carbon residue, ash 
content and sulfur content  of TPO and its fractionated products from TPO were performed according to  Institute 
of Petroleum (IP) and American Society for Testing and Materials (ASTM) test methods. The sulfur content of 
TPO and fractionated oil were measured by following IP 61/59 method. The presence of various functional 
groups in the TPO and fractionated oil were identified by FT-IR study using SHIMADZU FTIR 4500.

Results and Discussion

Optimization of tpo production: Effect of temperature, reaction time and particle sizes

The TPO products optimization depended on the temperature, reaction time and particles sizes of the tyre 
sample. In our previous study , it was reported that the maximum TPO production was 42 wt.% when the 
temperature, reaction time and particle sizes of tyres were 500 °C, 50 minutes and 4×2×0.5 cm3, respec-
tively (Galib et al., 2022). Pyrolysis at low temperature and extended time promotes the secondary prod-
ucts, resulted in more char and less oil production (Hossain and Rahman, 2015). Pyrolysis at higher 
temperature (more than 500 oC) increases the heating value of volatile matters which decreased the yield 
of TPO but increased the yield of gaseous fraction because of the presence of secondary cracking reactions 
(Čepić et al., 2021). Particle size of scrap tyre more than 4×2×0.5 cm3 restricts homogenous heating and 
cannot get carbonized the core rubber which resulted in the decrease of TPO yield and increase of gas and 
char production. The following Table 1 illustrates the yields of various products at various reaction times 
when the reaction temperature was 500 °C and particle sizes was 4×2×0.5 cm3. 

Desulfurization and de-colorization of TPO

For desulfurization, a mixture of hydrogen peroxide (H2O2) + formic acid (HCOOH) (at a ratio of 2 : 1) 
solution were mixed with TPO. Various concentration solutions e. g., 10%, 15%, 20%, 25%, 30% of the 

TPO were used to oxidized the sulfur compound of TPO. The oxidizing compound was extracted by 
using different solvent such as acetone, ethanol, methanol, N, N- dimethyl formamide, but most effec-
tive compound was N, N- dimethyl formamide for extraction of oxygenated compound. A maximum of 
64.52% sulfur content was removed by the use of 25% mixture of H2O2 + HCOOH in TPO as shown in 
Fig. 3. Fig. 4 shows the visual change of color of TPO before and after desulfurization and decolorization 
treatment.

Fractional distillation of TPO

TPO was fractionated into seven parts, based on the temperatures, during distillation process. The frac-
tions were as follows: 30 - 80 ºC, 81 - 140 ºC, 141 - 180 ºC, 181 - 220 ºC, 221 - 260 ºC, 261 - 300 ºC and 
residues above 300 ºC. Fig. 5 shows a photographic view of each fraction and Fig. 6 illustrates the amount 
of product obtained at the selected temperature ranges during fractional distillation.

Fig. 6 shows yields of the product fractions at various boiling ranges as stated above which was obtained 
from TPO by distillation process. The initial boiling point (IBP) of the TPO during distillation was found 
at 30 ºC. Then almost 40 vol.% of pyrolytic liquid were distilled out at a temperature within 180 ºC, 17 
vol.% distilled out at 180-220 ºC and 20 vol.% distilled out at 220 - 300 ºC, respectively. These fractions 
were coincided with light naphtha, heavy naphtha and middle distillate as reported by Laresgoiti et al. 
2004, where car tyre -derived pyrolysis liquids gives 20% light naphtha, 35% middle distillate and10% 
heavy naphtha and. The presence of middle distillates in TPO signifies the use of this fraction as diesel 
fuel and as heating oil (Ucar et al., 2005). TPO distillation fractions have comparatively lighter products 
than that of commercial diesel fuels. The products obtained from distillation of TPO at 150 - 300 ºC may 
be atomized efficiently, allowing the combustion to begin at a lower temperature. 

Physico-chemical Properties of TPO, its distillation fractions

A comparison of waste tyre-derived TPO fuel characteristics to that of the commercial diesel fuel and 
petrol/gasoline is shown in Table 2. Table 2. illustrated the physicochemical characteristics of TPO, its 
fractionated parts and their comparisons with commercial diesel and petrol. The density i.e., specific grav-
ity of TPO was found 936.4 kg/m3 which is higher than that of commercial diesel (820 - 845 kg/m3) and 
petrol (720 - 775 kg/m3). The density of the distillates 30-80 °C, 81-140 °C, 141-180 °C, 181-220 °C, 221- 
260 °C, 261-300 °C was 802.44, 847.98, 888.69, 903.31, 931.66 and 956.1 kg/m3, respectively (at 15 °C) 
indicates that the heavier fractions have higher density. 

The viscosity of TPO, 141-180 °C fraction and 261-300 °C fractions was found 4.6, 2.6 and 5.7 cps at 40 
°C. The low viscosity of liquid is a favorable feature in handling and transporting of the liquid (Tüccar et 
al., 2018). The flash point and pour point of the various fractions were comparable with commercial 
petrol, kerosene and diesel. The calorific value, a primitive property of the fuel, of the TPO and its various 
fractions was found comparable to that of the commercial petrol, kerosene and diesel indicates the potenti-

ality of the use of tire derived oils as fuel. Carbon residues in the various distilled and residue product frac-
tions increased with the increase of distillation temperature of TPO. Because of the carbon residue, fuel 
injector and cylinder scoring can be fouled within the engine which slow down the performance of any 
engine, even causes the failure of the functionality of engine (Thangarasu and Anand, 2019). 

Functional Groups analysis (via FTIR) of TPO and derived fractions

The FTIR technique is generally used to recognize the functional group in the samples. Figure 7 illustrates 
the FTIR spectra of the various fractions of TPO obtained during distillation. The peaks indicates the pres-
ence of various functional groups of mainly alkenes, aromatics, ketones, alcohols and aldehydes. The absor-
bance peak of alkene group (=C-H) bending generally found at 730 - 770 cm-1. For the various fractionated 
oils, it was observed at 731.02 cm-1, 756.10 cm-1 and 752.24 cm-1. The absorbance peaks of O-H bending & 

C-O stretching were found at 1300 - 1100 cm-1 in spectra of the fractionated oils. The peaks observed at 
1039.03 cm-1, 1045.42 cm-1, 1026.13 cm-1, 1092.07 cm-1, 1274.95 cm-1 indicate the existence ether and relat-
ed groups. Furthermore, peaks at 1778.37 cm-1, 1897.95 cm-1, 1899.88 cm-1 represents existence of the 
carboxyl (C=O) functional group in the TPO fractions. The presence of hydrocarbon groups C-H, C = C and 
alcohols in the TPO and its various fractions indicate that the liquid has potential to be used as fuel.

Conclusions

Commercially usable pyrolysis oil (TPO) was produced from waste tyre, its desulfurization and decol-
orization were performed and fractions of TPO at different temperature ranges were carried out. The 
study showed that the produced TPO and its fractions have a comparable properties of commercial 
fuels. The maximum TPO yield was found 42.0% from the waste tyre at the temperature of 500 °C 
while the reaction time and particle size were 50 minutes and 4cm×2cm×0.5cm. The desulfurization 
and decolorization process can successfully remove the most of the sulphur compounds and unexpect-
ed colors. The fractionated parts have comparable fuel properties. The physico-chemical properties 
and fractionation portion especially middle distillate fraction of TPO was similar with commercial 
diesel and other conventional fuels. The TPO needs to further purify before application because of 
higher sulfur content. The utilization of the TPO and their derivatives product will be significantly 
changed in the country’s fuel economy.
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Introduction  

In the recent years, the demand of energy and environmental pollution are of utmost concern, 
because of the rapid industrialization and population all over the world. Developing countries like 
Bangladesh need huge amount of energy to tackle the population’s need. Globally, various efforts 
have been taken to meet the energy demand of power, transport and related sectors (Mia et al., 2017; 
Unapumnuk et al., 2008).

Every year, more than 1.5 million tons of tyres generated from different tires and tube industries around 
the globe (Machin et al., 2017) whereas Bangladesh produces about 120,000 tons per annum (Aziz et al., 
2017). In Bangladesh, every year, approximately 20.5 million automobile tyres are scrapped which 
accounts for 37% of the total tyre garbage production of the country. Typically, waste tyres are disposed 
by incineration and landfilling which have a tremendous adverse effect on the environment as well as on 
human health and limiting the land spaces (Jimoda et al., 2018; Trongkaew et al., 2011). For the utilization 
of waste tyres, various techniques like incineration, grinding, retreating, reclaiming, etc. have been apply-
ing, however, all of these have significant drawbacks (Kader et al., 2015). Pyrolysis, burning of the 
substances in the absence of air, can be used for the production liquid oil (Tyre Pyrolysis Oil, TPO) from 
waste tyres which represents a source of energy that can be utilized as an alternative renewable fuel. This 
TPO can minimize the use of fossil fuel in combustion engine.

TPO is the mixture of different compounds e.g., aliphatic, aromatic, hetero-atomic and various polar 
fractions, having a calorific value is 41- 44 MJ/Kg, which is almost similar to that of the conventional fuels 
(Doǧan et al., 2012). The cetane number, a measurement of the quality or performance of diesel like fuel, of 
TPO reported to 40 - 44 while that of convention diesel fuel is 44 - 55. Although low cetane number of TPO 
shows poor thermal efficiency, rough performance in the engine and undesirable level of exhaust smoke and 
emissions (Martínez et al., 2013), but, better homogeneity, low solid content and comparatively higher flash 
point of TPO are desirable (Hossain and Davies, 2013). The TPO produced from a variety of feedstocks and 
using different pyrolysis techniques, against those of fossil fuels. High acidity, the presence of solid particles, 
high water content, high viscosity, storage and thermal instability, and low energy content are typical charac-
teristics of pyrolysis liquids. The TPO contains impurities like char which affect the engine performance and 
block the combustion chamber, piston ring grooves as well as exhaust valves of engines. The TPO also 
contains polycyclic aromatic sulfur hydrocarbons (PASH), which results in exhaust of SOx gas during com-
bustion (Bunthid et al., 2010; Lewandowski et al., 2019; Murugan et al., 2008). TPO has a higher sulfur 
content compare to other petroleum products like diesel (Ilkiliç and Aydin 2011) which creates numerous 
problems including health hazards emission and air pollution during the utilization of TPO (Toteva and Stan-
ulov 2020). The TPO used engine performance can be improved by decreasing the sulfur & moisture content 
from TPO (Ribeiro et al., 2016; Hossain et al., 2019). It is reported that the sulfur content of the initial pyrol-
ysis product can be reduced by 34.25% when the TPO was treated  with 5% Ca(OH)2 (Aydin and Ilkiliç, 
2012). The fractionation of TPO via distillation at atmospheric pressure can give various fractions (e.g., light, 
low-middle, high-middle, and heavy) and each fraction can be used for specific purposes (Campuzano et al., 
2021). However, very few studies explored the structural characteristics of each fraction. The characteristic 
behavior of various distillates at temperatures e.g., 30 - 80 ºC, 81 - 140 ºC, 181 - 220 ºC and 221 - 300 ºC as 
well as residues should require an in-depth study.

Although the growing interest in pyrolysis of tyres mainly focused on the parametric study of TPO 
production, not many studies have focused on the removal of sulfur and its related components from TPO 
and fractionation of TPO. 

In this study, the optimum conditions e.g., pyrolysis temperature, particle sizes etc. for waste tyre 
pyrolysis as well as a method for the removal of sulfur based components from pyrolysis oil using a 
solution containing specific ratio of hydrogen peroxide and formic acid was explored. Furthermore, 

the fractionation of TPO at various temperature ranges using a fractional distillation column was 
studied to identify different grades fuels e.g., gasoline, diesel etc. obtained from TPO. The physico-chemical 
properties of the liquid fuel derived from waste tyres, fractionated products were determined and 
compared with commercial fuels.

Materials and Methods

Pyrolysis of the waste tyres  

The scrap tyres, collected from various disposal sites of Dhaka City Corporation, Bangladesh, were 
chopped into three different sizes and cleaned with water thoroughly to remove any soil or extrane-
ous elements. The pyrolysis of the scrap tyres were carried out in a pyrolyzer, which was made of 
stainless-steel having a length and inner diameter of 30.0 cm and 3.0 cm, respectively. The overall 
process for the TPO production from waste tyres are reported in our previously published article 
(Galib et al., 2022). The TPO production experiments were conducted by varying the temperature 
within the range of 400 – 550 °C for different sizes of the raw materials. For each run, 300 - 500 g 
sample was loaded manually and Nitrogen (N2) gas was passed into the reactor for 2 minutes to 
purge the reactor for the removal of inside air before pyrolysis started. Furthermore, a continuous 
supply of nitrogen gas was maintained to ensure inert environment inside the reactor and to move 
away the pyrolyzed product from within the reactor to the condensers. A two steps condensing 
system (first step in a closed condenser with counter current water condensation and second step in 
a cascade of glass condenser with ice condensation) was maintained to ensure the complete conden-
sation of TPO. The condensed TPO were then collected and processed for further experiments. A 
simplified form of experimental set up with apparatus and process flow chart for waste tyres pyrolysis 
is shown in Fig. 1.

Desulfurization and de-colorization of TPO

The TPO contains high value of sulphur which should be removed before further use of it. An integrated 
technology to remove oxygenated compounds, sulphur and color from the TPO, a replication of the report-
ed method by Khaleque et. al., is illustrated in Fig. 2 (Khaleque et al., 2016).

For extraction of oxygenated compound from TPO, N, N- dimethyl formamide, for desulfurization of 
TPO, a mixture of hydrogen peroxide (H2O2) and formic acid (HCOOH) solution (a ratio of 2 : 1) at vari-
ous concentrations was used. For decolorization, activated bentonite powder was mixed with TPO. To 
accomplish the process, 100 mL of crude TPO was taken and various ratio of N, N- dimethyl formamide 
and kept in shaking for 2 hours at room temperature, followed by addition of H2O2 + HCOOH solution. 
Then, thermally activated bentonite powder was added to TPO at room temperature and the mixture was 
stirred at 700 rpm and kept for 10 minutes. The processed sample was then used for fractionation to 
receive value added products.

Fractional distillation of TPO

Measured volume of TPO (200 mL) TPO was taken in the round bottle flask and the sample in the flask 

was fractionated using fractional distillation unit. Various fractions based on temperature range were 
passed through the condenser and collected as distillates. The heaviest (> 300 oC) fraction was collected 
as residue from the flask. The fractions were as follows: 30 - 80 ºC, 81 - 140 ºC, 141 - 180 ºC, 181 - 220 
ºC, 221 - 260 ºC, 261 - 300 ºC, and residues at above 300 ºC.

Characterization of TPO and its fractions

The physico-chemical properties e.g., viscosity index, density, flash point, pour point, carbon residue, ash 
content and sulfur content  of TPO and its fractionated products from TPO were performed according to  Institute 
of Petroleum (IP) and American Society for Testing and Materials (ASTM) test methods. The sulfur content of 
TPO and fractionated oil were measured by following IP 61/59 method. The presence of various functional 
groups in the TPO and fractionated oil were identified by FT-IR study using SHIMADZU FTIR 4500.

Results and Discussion

Optimization of tpo production: Effect of temperature, reaction time and particle sizes

The TPO products optimization depended on the temperature, reaction time and particles sizes of the tyre 
sample. In our previous study , it was reported that the maximum TPO production was 42 wt.% when the 
temperature, reaction time and particle sizes of tyres were 500 °C, 50 minutes and 4×2×0.5 cm3, respec-
tively (Galib et al., 2022). Pyrolysis at low temperature and extended time promotes the secondary prod-
ucts, resulted in more char and less oil production (Hossain and Rahman, 2015). Pyrolysis at higher 
temperature (more than 500 oC) increases the heating value of volatile matters which decreased the yield 
of TPO but increased the yield of gaseous fraction because of the presence of secondary cracking reactions 
(Čepić et al., 2021). Particle size of scrap tyre more than 4×2×0.5 cm3 restricts homogenous heating and 
cannot get carbonized the core rubber which resulted in the decrease of TPO yield and increase of gas and 
char production. The following Table 1 illustrates the yields of various products at various reaction times 
when the reaction temperature was 500 °C and particle sizes was 4×2×0.5 cm3. 

Desulfurization and de-colorization of TPO

For desulfurization, a mixture of hydrogen peroxide (H2O2) + formic acid (HCOOH) (at a ratio of 2 : 1) 
solution were mixed with TPO. Various concentration solutions e. g., 10%, 15%, 20%, 25%, 30% of the 

TPO were used to oxidized the sulfur compound of TPO. The oxidizing compound was extracted by 
using different solvent such as acetone, ethanol, methanol, N, N- dimethyl formamide, but most effec-
tive compound was N, N- dimethyl formamide for extraction of oxygenated compound. A maximum of 
64.52% sulfur content was removed by the use of 25% mixture of H2O2 + HCOOH in TPO as shown in 
Fig. 3. Fig. 4 shows the visual change of color of TPO before and after desulfurization and decolorization 
treatment.

Fractional distillation of TPO

TPO was fractionated into seven parts, based on the temperatures, during distillation process. The frac-
tions were as follows: 30 - 80 ºC, 81 - 140 ºC, 141 - 180 ºC, 181 - 220 ºC, 221 - 260 ºC, 261 - 300 ºC and 
residues above 300 ºC. Fig. 5 shows a photographic view of each fraction and Fig. 6 illustrates the amount 
of product obtained at the selected temperature ranges during fractional distillation.

Fig. 6 shows yields of the product fractions at various boiling ranges as stated above which was obtained 
from TPO by distillation process. The initial boiling point (IBP) of the TPO during distillation was found 
at 30 ºC. Then almost 40 vol.% of pyrolytic liquid were distilled out at a temperature within 180 ºC, 17 
vol.% distilled out at 180-220 ºC and 20 vol.% distilled out at 220 - 300 ºC, respectively. These fractions 
were coincided with light naphtha, heavy naphtha and middle distillate as reported by Laresgoiti et al. 
2004, where car tyre -derived pyrolysis liquids gives 20% light naphtha, 35% middle distillate and10% 
heavy naphtha and. The presence of middle distillates in TPO signifies the use of this fraction as diesel 
fuel and as heating oil (Ucar et al., 2005). TPO distillation fractions have comparatively lighter products 
than that of commercial diesel fuels. The products obtained from distillation of TPO at 150 - 300 ºC may 
be atomized efficiently, allowing the combustion to begin at a lower temperature. 

Physico-chemical Properties of TPO, its distillation fractions

A comparison of waste tyre-derived TPO fuel characteristics to that of the commercial diesel fuel and 
petrol/gasoline is shown in Table 2. Table 2. illustrated the physicochemical characteristics of TPO, its 
fractionated parts and their comparisons with commercial diesel and petrol. The density i.e., specific grav-
ity of TPO was found 936.4 kg/m3 which is higher than that of commercial diesel (820 - 845 kg/m3) and 
petrol (720 - 775 kg/m3). The density of the distillates 30-80 °C, 81-140 °C, 141-180 °C, 181-220 °C, 221- 
260 °C, 261-300 °C was 802.44, 847.98, 888.69, 903.31, 931.66 and 956.1 kg/m3, respectively (at 15 °C) 
indicates that the heavier fractions have higher density. 

The viscosity of TPO, 141-180 °C fraction and 261-300 °C fractions was found 4.6, 2.6 and 5.7 cps at 40 
°C. The low viscosity of liquid is a favorable feature in handling and transporting of the liquid (Tüccar et 
al., 2018). The flash point and pour point of the various fractions were comparable with commercial 
petrol, kerosene and diesel. The calorific value, a primitive property of the fuel, of the TPO and its various 
fractions was found comparable to that of the commercial petrol, kerosene and diesel indicates the potenti-

ality of the use of tire derived oils as fuel. Carbon residues in the various distilled and residue product frac-
tions increased with the increase of distillation temperature of TPO. Because of the carbon residue, fuel 
injector and cylinder scoring can be fouled within the engine which slow down the performance of any 
engine, even causes the failure of the functionality of engine (Thangarasu and Anand, 2019). 

Functional Groups analysis (via FTIR) of TPO and derived fractions

The FTIR technique is generally used to recognize the functional group in the samples. Figure 7 illustrates 
the FTIR spectra of the various fractions of TPO obtained during distillation. The peaks indicates the pres-
ence of various functional groups of mainly alkenes, aromatics, ketones, alcohols and aldehydes. The absor-
bance peak of alkene group (=C-H) bending generally found at 730 - 770 cm-1. For the various fractionated 
oils, it was observed at 731.02 cm-1, 756.10 cm-1 and 752.24 cm-1. The absorbance peaks of O-H bending & 

C-O stretching were found at 1300 - 1100 cm-1 in spectra of the fractionated oils. The peaks observed at 
1039.03 cm-1, 1045.42 cm-1, 1026.13 cm-1, 1092.07 cm-1, 1274.95 cm-1 indicate the existence ether and relat-
ed groups. Furthermore, peaks at 1778.37 cm-1, 1897.95 cm-1, 1899.88 cm-1 represents existence of the 
carboxyl (C=O) functional group in the TPO fractions. The presence of hydrocarbon groups C-H, C = C and 
alcohols in the TPO and its various fractions indicate that the liquid has potential to be used as fuel.

Conclusions

Commercially usable pyrolysis oil (TPO) was produced from waste tyre, its desulfurization and decol-
orization were performed and fractions of TPO at different temperature ranges were carried out. The 
study showed that the produced TPO and its fractions have a comparable properties of commercial 
fuels. The maximum TPO yield was found 42.0% from the waste tyre at the temperature of 500 °C 
while the reaction time and particle size were 50 minutes and 4cm×2cm×0.5cm. The desulfurization 
and decolorization process can successfully remove the most of the sulphur compounds and unexpect-
ed colors. The fractionated parts have comparable fuel properties. The physico-chemical properties 
and fractionation portion especially middle distillate fraction of TPO was similar with commercial 
diesel and other conventional fuels. The TPO needs to further purify before application because of 
higher sulfur content. The utilization of the TPO and their derivatives product will be significantly 
changed in the country’s fuel economy.
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