
Pyrolysis and Oxidation of Waste Tire Oil: Analysis of Evolved Gases
Abdul Gani Abdul Jameel,* Awad B.S. Alquaity, KM Oajedul Islam, Amjad Ali Pasha, Sikandar Khan,
Medhat A. Nemitallah, and Usama Ahmed*

Cite This: ACS Omega 2022, 7, 21574−21582 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: Valorization of waste such as waste tires offers a way to manage and reduce urban waste while deriving economic
benefits. The rubber portion of waste tires has high potential to produce pyrolysis fuels that can be used for energy production or
further upgraded for use as blend fuel with diesel. In the preset work, waste tire oil (WTO) was produced from the pyrolysis of waste
tires in an electric heating furnace at 500−550 °C in the absence of oxygen. Pyrolysis (in nitrogen) and oxidation (in air) of the
obtained WTO sample were then performed in a thermogravimetric (TG) furnace that was connected to a Fourier transform
infrared cell where the evolved gases were analyzed. The WTO sample was heated up to 800 °C in the TG furnace where the
temperature of the sample was ramped up at three heating rates, namely, 5, 10, and 20 °C/min. The TG mass loss and differential
thermogravimetric mass loss plots were used to analyze the thermal degradation pathways. Kinetic analysis was performed using the
distributed activation energy model to estimate the activation energies along the various stages of the reaction. The pollutant gases,
namely, CO2, CO, NO, and H2O, formed during WTO oxidation were evaluated by means of the characteristic infrared absorbance.
The functional groups evolved during pyrolysis, namely, alkanes, alkenes, aromatics, and carbonyl groups, were also analyzed. The
obtained information can be used for the better design of gasifiers and combustors, to ensure the formation of high-value gaseous
products while reducing the emissions. The utilization of waste tires by producing pyrolysis oils thus offers a way of tackling the
menace of waste tires while acting as a potential energy source.

1. INTRODUCTION

Waste car tires are quickly becoming a menace of global
proportions with more than 25.7 million tons of waste
generated annually out of which 35% is not recycled or
recovered in any shape or form.1 Waste tires are typically
aggregated and due to their low volume density and high void
ratio, consume a relatively large space in landfills or dumping
grounds. One of the several options to use waste tires is
through producing pyrolysis oil, which is a liquid fraction
obtained from their pyrolysis.2 The use of waste tire oil
(WTO) needs to be perceived in the broad context of the
concept of circular economy, which is essential to move toward
the new paradigm in sustainability.1 The tires that are typically
dumped in landfills can help meet some of the energy needs,
which is evaluated as part of the current work. When looking at
any recycling opportunity, it is imperative to understand the

net gain in energy obtained in reusing the resource as
compared to dumping it in landfills or incinerators. The
growing interest in transitioning from a linear economy to a
circular economy coupled with the relatively large heating
value of WTO (higher heating value between 40 and 44 MJ/
kg) makes it particularly suitable for potential use as a fuel in
numerous combustion systems3,4 including as drop-in fuel
blends in diesel engines.5 Moreover, the presence of natural
rubber in tires makes WTO even more attractive for
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combustion systems because of its near zero carbon or carbon
recycling credentials.
The composition of WTO depends on the feedstock and the

processes used for its conversion, which has been extracted
using several characterization techniques including nuclear
magnetic resonance (NMR),4,6 thermogravimetric analy-
sis,7−10 and Fourier transform-ion cyclotron resonance (FT-
ICR) mass spectroscopy.4 However, these techniques are not
designed to measure the composition of gases evolved during
its pyrolysis or oxidation, which is essential for understanding
the emissions during its combustion. Nevertheless, a
thermogravimetric (TG) analyzer connected with a Fourier
transform infrared (FTIR) cell can provide the required
information on the composition of gases during combustion
relevant processes. TGA-FTIR is an excellent technique
capable of performing real-time, highly accurate, and robust
measurements using a small sample size, which makes it an
obvious candidate for characterizing a large number of fuels/
chemicals including oil shale,11 lignite blends,12 biodiesel,13

palm oil waste,14 heavy fuel oil,15 and biomass.14,16−19,46

TGA-FTIR analysis for waste tires has recently been
performed in a number of studies to understand the pyrolysis
mechanism and product distribution. Xu et al.20 investigated
the thermal decomposition and product distribution of a waste
bicycle tire using TGA-FTIR and GC/MS techniques. They
observed two distinct stages in the pyrolysis process
representing rubber pyrolysis in the low-temperature stage
(285−531 °C) and pyrolysis of the remaining products in the
high-temperature stage (663−847 °C). The resulting FTIR
spectra gathered at various temperatures pointed toward the
release of aromatics in the high-temperature stage. Further
pyrolysis measurements performed using a pyrolyzer coupled
with GC−MS provided a detailed makeup of gaseous, alkenes,
and aromatic components whose product distribution varied
with temperature. The fast pyrolysis of waste tires was
investigated by Menares et al.21 using quasi-isothermal TGA
and a pyrolyzer coupled with GC−MS. Moreover, kinetic
modeling was performed to improve the understanding of the
reaction pathways controlling waste tire pyrolysis. At temper-
atures less than 500 °C, limonene and isoprene were the major
products, whereas formation of monoaromatics and gaseous
products increased at temperatures above 600 °C. Li et al.22

performed a similar detailed investigation into the pyrolysis of
waste tires using TGA-FTIR/MS and a pyrolyzer coupled with
GC-TOF/MS. A kinetic mechanism for waste tire pyrolysis
was proposed using the dominant species observed in the
pyrolysis measurements. The pyrolysis products were divided

into four main categories where aromatic species were
dominant consisting mainly of methyl benzene, para-xylene,
and mesitylene. The other important categories of products
noticed were gases and aliphatic hydrocarbons.
The objective of the current investigation is to thoroughly

evaluate the pyrolysis and oxidation of WTO using the TGA-
FTIR technique. The mass loss characteristics in air
(oxidation) and nitrogen (pyrolysis) are reported using TG
and DTG plots. Furthermore, the emission of pollutant gases
during oxidation and the evolution of functional groups during
pyrolysis have also been studied by means of an FTIR cell that
was coupled to a TG furnace. The evolved gases from WTO
on account of heating were swept to an FTIR cuvette/cell. The
absorbance bands of pollutants gases and functional groups
present in the gases were analyzed to understand the nature of
the gases evolved.

2. EXPERIMENTAL SECTION

2.1. WTO Production. Waste tire samples were collected
from a recycling facility, and the rubber portion of the tire
(without the netting and steel threads) was dried in a
desiccator to remove any bound moisture content and then
ground into powder. The size distribution of the tire particles
was measured to be around 0.5−2 mm. The schematic of the
WT pyrolysis process is presented in Figure 1. The waste tire
particles were then placed in the center of a quartz tube that
was placed inside an electric heating furnace. The quartz tube
was then purged with nitrogen for 30 min at a flow rate of 0.5
L per minute to remove any oxygen present as air in the tube.
The WT placed inside the quartz tube was then heated to a
temperature of 500−550 °C by using an electric furnace, and a
nitrogen carrier gas was supplied at a constant flow rate of 0.2
L per minute. The temperature was closely monitored by using
a thermocouple, and heating was continued for a period of 1 h.
The nitrogen gas containing the evolved gases from waste tire
pyrolysis was then pumped through an ice bath, where the
gases were condensed to yield WTO. The physical and
chemical properties of the obtained WTO are presented in
Table 1. The obtained WTO sample has a kinematic viscosity
of 2.88 × 10−6 m2/s, which is in the range for diesel fuels. It
also has an appreciable higher heating value (HHV) of 40.9
MJ/kg, which indicates its potential for energy applications.

2.2. TGA-FTIR System. Pyrolysis and oxidation of the
WTO sample were performed in a Shimadzu TGA 51H
analyzer that was coupled to an FTIR cell (Nicolet Magna IR-
560). The samples were heated inside a TGA furnace from the
initial room temperature of 25 °C to a final set furnace

Figure 1. Schematic of the WT pyrolysis employed for WTO production.
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temperature of 800 °C at three heating rates, namely, 5, 10,
and 20 °C/min. Blank tests were also performed with empty
pans in the furnace to account for any buoyancy effects. The
evolved gases in the furnace were carried to the FTIR cell by
employing nitrogen as a carrier gas. The connection between
the TG furnace and the FTIR cell was established using a
heated line constantly maintained at 200 °C to prevent the
gases from condensing. The FTIR spectra were recorded once
every 10 s with a resolution factor of 4 cm−1. The spectra were
collected at wavenumbers ranging from 4000 to 500 cm−1.

3. RESULTS AND DISCUSSION
3.1. WTO Pyrolysis. TG and DTG curves for the pyrolysis

of WTO are shown in Figure 2 at the three heating rates as

previously mentioned. The inert environment was maintained
by supplying nitrogen gas. Under pyrolysis conditions,
devolatilization, i.e., the release of volatile components, occurs
due to thermal degradation of the WTO sample as the
temperature of the sample is continuously ramped up. The first
phase in the pyrolytic devolatilization of WTO is the evolution
of low-boiling species like alkanes and alkenes present in
WTO. It has also been shown that during devolatilization, the
alkyl side chains of heavier aromatic structures are cleaved,
which result in the release of low-boiling and light components
like methane, ethane, ethylene, etc. The maximum mass loss
during this first phase is denoted by v1 in the DTG curve and
shown in Figure 2, and the corresponding temperatures
noticed were 118, 125, and 134 °C for heating rates of 5, 10,

and 20 °C/min, respectively. Then, as the temperature
increased, the rate of mass loss was observed to decrease.
This happens because of the diminution of the light
components in the fuel.
The rate of mass loss then increases sharply as the

temperature is increased. It reaches to peak values at 322,
340, and 359 °C for heating rates of 5, 10, and 20 °C/min,
respectively. This maximum mass loss is expressed by the
notation v2. This represents the second phase of the
devolatilization where the emission of compounds with higher
boiling points like aromatics likely occurs. The rate of mass
release decreases with a further increase in the temperature due
to the exhaustion of the volatile content. Finally, it reaches to a
minimum value that indicates the termination of the second
phase and of the devolatilization. The remaining part of the
sample is the carbonaceous fraction (approximately 16% of the
initial mass), which shows very little degradation on further
heating.

3.2. WTO Oxidation. The oxidation of WTO in the
presence of O2 is relatively more complex compared to
pyrolysis as it involves numerous simultaneous reactions due to
the complex and multicomponent nature of WTO. Figure 3

illustrates the oxidation of WTO for a wide range of
temperatures at different heating rates. From the DTG plot,
the oxidation of the fuel can be divided into three phases.
During the initial phase termed as low-temperature oxidation
(LTO), the sample undergoes devolatilization similar to the
phases involved in pyrolysis. This stage extends up to 340, 344,
and 336 °C for heating rates of 5, 10, and 20 °C/min,
respectively. It reaches to peak points where the rate of mass
loss is the highest noticed at 319, 324, and 315 °C for the
mentioned heating rates. As the temperature was further
increased, the rate of mass release was found to decrease, thus
concluding the LTO.
In the next phase termed as mid-temperature oxidation

(MTO), oxidation of the released gaseous components occurs.
The high temperature and the presence of metals like Ni and V
shown to be present in tire pyrolysis oils work as catalysts that
also cause liquid phase oxidation of the fuel.23 The rate of mass
loss observed in the MTO phase was observed to be the
highest as volatile fractions of the fuel continuously break and
form skin-like structures.15,24,25 This stage ends at 441, 484,

Table 1. Properties of WTO

property unit value

density (at 15 °C) kg/m3 908.1
kinematic viscosity (at 40 °C) m2/s 2.88 × 10−6

HHV MJ/kg 40.9
ultimate analysis (mass %) value

carbon 86.82
hydrogen 10.21
nitrogen 0.66
sulfur 0.40
oxygen 1.91

Figure 2. TG and DTG plots of the pyrolysis of WTO in a nitrogen
atmosphere.

Figure 3. TG and DTG plots of the oxidation of WTO.
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and 512 °C for the various heating rates discussed. At the end
of this phase, only a carbonaceous form of the fuel remains
with a high carbon to hydrogen (C/H) ratio possessing pores
and cracks throughout its volume. This introduces a mass
transfer resistance, and as a result, the rate of mass loss
decreases.
The final phase of WTO oxidation is the high-temperature

oxidation (HTO). It ranges from 441 to 540 °C, 484 to 651
°C, and 512 to 730 °C for the discussed heating rates. In this
stage, the rate of mass loss reduces to less than 1%/min as it
reaches the end. Char oxidation in the form of heterogeneous
surface reactions occurs at this stage with an extensive mass
loss.26 Available pores and cracks allow the oxygen to diffuse
through them easily, which results in the complete oxidation of
the WTO sample. Around 0.4−0.5% of the initial weight of the
sample is left at the end, which comprises mostly ash and
unburnt char particles. The profile of the TG and DTG curves
obtained during WTO oxidation showing the three stages has
also been observed for a number of fuel oils24,27−29 that closely
resemble WTO.
3.3. Kinetic Analysis. As seen from the TG and DTG

plots, pyrolysis and combustion of WTO are complex
phenomena that proceed with various stages/reactions, and
as a result, the activation energy changes with the conversion.
Kinetic analysis was performed using the distributed activation
energy (DAE) model30,31 to determine the variation in the
activation energy (E) during WTO pyrolysis and oxidation.
The chosen model can provide both the pre-exponential factor
and activation energy using which the TG mass loss profile can
be generated. The DAE model was chosen as it has been
applied to a number of samples compositionally similar to
WTO.15 A first-order reaction is assumed by the DAE model,
which is given by the following equation:

α
β

α= −−d
T

A
d

e (1 )E RT/

(1)

where α stands for conversion, T for temperature, A for the
pre-exponential factor, and β for the TG heating rate
employed. Applying a logarithm to eq 1 results in the equation
of a straight line of the form y = mx + c. Plotting ln(β dα/dT)
in the Y axis and 1/RT at a given conversion value helps to
calculate the activation energy for various heating rates. Figure
4 shows the plot of the temperature vs activation energy for the
case of WTO oxidation at a heating rate of 10 °C/min, and the
three stages observed in the DTG plot can also be observed
here. As the sample is heated from room temperature, E rises
slowly until it reaches a peak value of 410 kJ/mol, which is
observed at the peak of the LTO stage after which E slowly
falls to a plateau and then rises in the MTO stage reaching a
higher peak value of 581 kJ/mol. The peak E observed in the
HTO stage is lower than those in the LTO and MTO stages at
395 kJ/mol as the rate of mass loss observed from the DTG
plots decreases toward the end.
3.4. FTIR Analysis of Evolved Gases. The three-

dimensional FTIR spectra of the evolved gases in the TGA
furnace during pyrolysis and oxidation of WTO at 10 and 20
°C/min are presented in Figure 5. The absorbance value
corresponds to the vibrational modes of the various functional
groups present in the gases, which are displayed as a function
of the time and the wavenumber in different axes. The spectra
display a number of peaks within 4000−500 cm−1 from which
a qualitative analysis of the composition of the gases at each
moment can be identified. Also, the gradual or abrupt changes

in composition of the evolved gases with respect to the furnace
temperature can also be estimated. From Figure 5, major
differences in the position and the wavenumber of peaks can
be noticed between pyrolysis and oxidation, where the evolved
gases are completely different from each other. The following
sections discuss the evolution of stable pollutant gases released
during oxidation and hydrocarbon/oxygenated functional
groups evolved during pyrolysis.

3.4.1. Emission of Pollutant Gases. The combustion
products of WTO were evaluated using FTIR spectroscopy32

to understand the emission of pollutant gases like CO2, CO,
NO, and H2O for the mentioned heating rates. The FTIR
spectra are represented in the form of absorbance, which
corresponds to the bonds and functional groups that exist in
the evolved gases. The emission data provides a valuable
insight to design better combustors and estimate emissions.33

The assignment of the IR absorbance bands for the discussed
pollutant gases is presented in Table 2.
Figure 6a shows the emission data of CO2 at various furnace

temperatures for the oxidation of WTO. The absorbance unit
is presented in the form of absorbance/mg of WTO for all the
gases. The CO2 emission increases gradually with a noticeable
onset near 140 °C at 20 °C/min. This can be compared to the
devolatilization and the subsequent oxidation of the alkane/
alkene compounds and the paraffinic side chains of aromatic/
naphthenic species27,34 in WTO corresponding to the LTO
stage. At 20 °C/min, it reaches to its peak at 600 °C, which
indicates the beginning of the HTO stage. This stage is more
prominent compared to other stages and also dominating due
to the burning of char. This is because char consists of mostly
elemental carbon and its oxidation leads to more CO2 per unit
mass.35 The emission of CO2 is reduced drastically with a
further increase in temperature because of the depletion of
char. Almost all of the WTO components are exhausted at 710
°C. A similar phenomenon is also observed at 5 and 10 °C/
min heating rates. The maximum emission of CO2 is obtained
at 450 and 515 °C for heating rates of 5 and 10 °C/min,
respectively. The absorbance value associated with CO2 gas is
significantly higher compared to the other gases. Some minor
fractions of CO2 are observed even after 710 °C, which is the
indication of remaining CO2 in the IR cell.

Figure 4. Plot of temperature vs activation energy (E) for WTO
oxidation at 10 °C/min.
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The emission of CO at various heating rates is shown in
Figure 6b. The first formation of CO is observed at 160 °C.
The release of CO from WTO has been attributed to the
oxidation of organic compounds like stearic acid and extender
oils present in the parent tire.9 This happens during the
decarboxylation reaction, which indicates the breakage of
carbonyl groups. The first minor peak is observed around 175
°C corresponding to the LTO phase. The peak value of the
CO absorbance is observed near 448, 492, and 546 °C at 5, 10,
and 20 °C/min, respectively. This is the HTO phase where the
burning rate of char is maximum. Then, CO emissions reduce
until the temperature reaches 610 °C. The absorbance value of
CO is at least 25 times lower than that of CO2.
Nitric oxide (NO) and nitrogen dioxide (NO2) are both

released during combustion, but the vast majority comprises
NO.36 The assigned absorbance peak for NO is 1762 cm−1.
The emission profile of NO is illustrated in Figure 6c at various
temperatures and heating rates. The organically bound
nitrogen is released during the devolatilization, which also
forms NH3 or HCN by thermal decomposition.37 These
intermediate species behave like a free radical and react with
other free radicals like O− and OH− and hence form nitrogen
oxide (NO). Form Figure 6c, it can be inferred that the
formation of nitrogen starts at 215 °C, and it increases

gradually. Maximum NO formation is observed near 407, 479,
and 524 °C for 5, 10, and 20 °C/min, respectively. This
corresponds to the HTO phase. A portion of nitrogen in WTO
is not released during devolatilization as it is bounded to char
and only evolves during high-temperature oxidation.35 The
release of NO follows a decreasing pattern after reaching the
peak.
The emission of H2O vapor data is provided in Figure 6d,

which was assigned an absorbance peak of 3566 cm−1.19 A flat
line is observed in the range of 75−155 °C, which indicates the
absence of water vapor in the initial stage. After 155 °C, the
water vapor starts to be released representing the middle of the
LTO stage. As the temperature rises, the absorbance of water
vapor starts to increase and reaches to the maximum point at
421, 465, and 517 °C for heating rates of 5, 10, and 20 °C/
min, respectively. Then, it starts to decrease steadily due to the
low hydrogen content in char as compared to the volatiles.

3.4.2. Emission of Functional Groups. The evolved gases
during the pyrolysis of WTO under a nitrogen environment
were analyzed in this section in terms of four functional
groups, which are alkanes, alkenes, aromatics, and carbonyl
groups. Analysis of these functional groups indicates the
thermal decomposition reactions occurring during pyrolysis,
and this information could help optimize gasifier conditions38

such that high-value gases could be obtained while minimizing
emissions. The functional groups present in a fuel often dictate
its properties,39−43 and the evolved groups dictate the
propensity to form soot.40,44,45 The IR band assignments for
the aforementioned functional groups are provided in Table 3
including the selected wavenumber for each functional group.
Alkanes are saturated molecules formed by the hydro-

genation of alkenes that are released during pyrolysis as a result
of the alpha bond scission. They are also shown to be formed
as a result of bond cleavage between the alpha and beta carbon
atoms. The IR absorbance peak for alkanes was selected to be

Figure 5. Three-dimensional FTIR spectra of the evolved gases in the TGA furnace during (a) oxidation at 10 °C/min, (b) oxidation at 20 °C/
min, (c) pyrolysis at 10 °C/min, and (d) pyrolysis at 20 °C/min.

Table 2. IR Band Assignment for the Pollutant Gases

wavenumber
range (cm−1)

selected
wavenumber

(cm−1) nature
assigned

gas

2400−2224 2361 asymmetric stretching of
OCO bonds

CO2

2180−2108 2119 stretching of CO bonds CO
1762 1762 NO
3500−4000 3556 stretching of O−H bonds H2O

Adapted with permission from ref 15. Copyright 2017 Elsevier.
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3968 cm−1, and their evolution during WTO pyrolysis in the
presence of nitrogen is shown in Figure 7a. The presence of
heavy metals like Ni, Fe, and CO in WTO tends to catalyze the
pyrolysis and increases the rate of char gasification and syngas
formation.38 The maximum release of the alkane compounds is
indicated by the following temperatures of 340, 403, and 459
°C at 5, 10, and 20 °C/min, respectively. Then, the release of
alkanes declines gradually. A small amount of alkanes is also
detected beyond the second phase of the devolatilization as
evidenced by the low absorbance values after 600 °C. This is

mostly due to the presence of the alkanes that may have
condensed in the transfer line.
Figure 7b shows the emission profile of alkenes during the

pyrolysis of WTO at different heating rates. As shown by
Hillier et al.,47 alkenes are likely formed due to bond scission of
alpha carbon and the aromatic ring. The fraction of alkenes
detected is very small compared to the alkanes evolved during
pyrolysis. Alkenes and cycloalkenes have been observed to be
the first group of hydrocarbon species formed during the
pyrolysis of tires to produce WTO.22 The IR absorbance peak
selected for alkenes is 3018 cm−1. They are first noticed at 145
°C because of the breakage of the alkyl chain during
devolatilization. It reaches peak values near 340, 368, and
406 °C for 5, 10, and 20 °C/min, respectively. This
corresponds to the second phase of the devolatilization
noted during pyrolysis. The absorbance values decrease sharply
after this point.
The evolution of aromatics during the pyrolysis of WTO is

illustrated in Figure 7c. Of all the four groups discussed here,
aromatic groups remain the least reactive. As observed from
the figure, low fractions of aromatic groups are evolved in the
first phase of the devolatilization. This is the reason why many
studies38,48,49 reported in the literature used catalysts like
zeolites to promote the conversion of WTO into valuable
aromatic hydrocarbons. Aromatic compounds like para-xylene
and ethylbenzene have been abundantly observed in various
WTO samples.22 As the temperature is further increased,
evolution of aromatics increases, which peaks at 312, 340, and

Figure 6. Pollutant gases evolved during the oxidation of the WTO sample. (a) CO2, (b) CO, (c) NO, and (d) H2O.

Table 3. IR Band Assignment for the Various Functional
Groups

wavenumber
range (cm−1)

selected
wavenumber

(cm−1) nature
functional
group

2970−2950 2968, 2920 symmetric and asymmetric
stretching of methyl and
methylene groups

alkanes
2935−2915

3040−3010 3018 C−H stretching of alkene
groups

alkenes

CC stretching of alkene
groups

3130−3070 3079 C−H bending of aromatics aromatics
CC stretching of aromatics

1750−1680 1705 carbonyl (CO) groups ketones
and
aldehydes

Adapted with permission from ref 15. Copyright 2017 Elsevier.
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385 °C for 5, 10, and 20 °C/min, respectively. Low and
continuous absorbance signals are detected after 500 °C. This
is most probably due to the aromatics present in the transfer
line, and with time, they get re-evaporated as a consequence of
the nitrogen carrier gas that constantly flows from the furnace
to the FTIR cell.
Ketone functional groups are formed because of the thermal

degradation of WTO, they later undergo isomerization
reactions to yield aldehydes, and these groups usually remain
unseen on the FTIR spectra.19 Carbonyl groups (CO)
detected at a wavenumber of 1705 cm−1 usually represent both
ketones and aldehydes together. The evolution of carbonyl
groups in the pyrolysis of WTO at various temperatures is
demonstrated in Figure 7d. The maximum evolution is
observed near 325, 359, and 412 °C for 5, 10, and 20 °C/
min, respectively. The absorbance signals observed for
carbonyl groups are lower than that of alkenes but slightly
greater than that of the aromatic groups.

4. CONCLUSIONS

Pyrolysis and oxidation of waste tire oil (WTO) have been
reported in this current work. Pyrolysis and oxidation of a
WTO sample were carried out using a TGA-FTIR system. The
analysis was carried out at 5, 10, and 20 °C/min as the three
heating rates. During pyrolysis, two devolatilization phases
were observed where alkyl chains were depleted in phase one
and high-boiling aromatics were released during phase two. A
peak mass loss was noted during the second phase, and the

observed values were 4.1, 8.05, and 16.4%/min at temperatures
of 322, 340, and 359 °C, respectively. Subsequently, for
oxidation, three stages, namely, LTO, MTO, and HTO, were
observed by means of TG/DTG curves. The maximum weight
loss was obtained during the HTO phase where char oxidation
occurred. Peak mass loss values of 1.45, 1.91, and 2.89%/min
were noticed at 5, 10, and 20 °C/min during the HTO phase,
at the end of which an ash-like sample weighing 0.4−0.5% of
the initial weight was left behind. Kinetic analysis was
performed to estimate the activation energies (E) at various
stages. During WTO oxidation at 10 °C/min, a peak E value of
581 kJ/mol was obtained during the MTO stage. The emission
of the pollutant gases (CO2, CO, NO, and H2O) was analyzed
by means of absorbance/mg of sample. CO2 had the highest
emission during the oxidation as expected, and its absorbance
value was almost 25 times higher than that of CO. Finally, the
evolution of functional group (alkanes, alkenes, aromatics, and
carbonyl groups) was examined during the pyrolysis of WTO.
Alkanes were the most prevalent groups whereas aromatics
were the least detected groups in the analyzed gases. The
obtained information can help in the better design of gasifiers
and combustors to maximize the formation of high-value
products and minimize emissions.
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