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Abstract

BACKGROUND: Pyrolysis process is one of the most effective recycling methods due to its ability to recover products like gas, oil
and char with oil being the major/important product. The shortcomings of waste tyre-derived oil from the conventional pyrolysis
process are that the oil contains high amounts of sulfur and polycyclic aromatic hydrocarbons (PAHs) and has a pungent smell,
whichmakes it difficult to utilize further. The aimof this study is to investigate the effect of chemical pre-treatedwaste tyre rubber
crumb-derived oil versus conventional waste tyre oil. The instrumentation utilized in this studywas to solely investigate the short-
comings of waste tyre pyrolysis (high sulfur and PAH content and also high temperature required for waste tyre pyrolysis).

RESULTS: The results showed a reduction in amounts of both sulfur and PAHs in treated waste tyre-derived oil by about 83%
and 77% respectively. Also, there was a reduction in initial pyrolysis temperature for the treated waste tyre crumb as compared
to untreated waste tyre crumb: a temperature range of 96–115 °C for treated waste tyre crumbs as compared to 300–400 °C for
untreated waste tyre crumbs.

CONCLUSIONS: The success of this study means the production of quality oil at a low temperature with lower amounts of PAHs
and sulfur and less odour, plus the possibilities of it being used as a petroleum fuel or for extraction of important compounds
like benzene, toluene, xylene, limonene and C12–C20 acids.
© 2023 The Authors. Journal of Chemical Technology and Biotechnology published by JohnWiley & Sons Ltd on behalf of Society
of Chemical Industry (SCI).

Supporting information may be found in the online version of this article.
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INTRODUCTION
The global growth of the automotive industry has caused an
increase in the production of tyres. This in turn has resulted in
an unavoidable steady increase in waste tyres or end-of-life tyres. It
is estimated that about 60–100 million tonnes of waste tyres are
abandoned in South Africa alone while approximately 11 million
tonnes are added each year.1 The complex nature of tyres makes it
difficult for them to undergo biological degradation, hence an
increase in stockpiles in landfills.2-4 This raises a global ecological/
environmental concern due to the threat these waste tyres pose in
landfills.5-7 This has prompted researchers all over the world to pur-
sue innovative ways to recycle waste tyres. Pyrolysis is regarded as
one of the most efficient recycling methods for waste tyres.8,9 The
process involves thermal decomposition of tyres in the absence of
oxygen, to obtain their organic and inorganic components in the
form of gases, oil and char.10,11 The most attractive product is the
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liquid product (waste tyre-derived oil, TDO) because of its many pos-
sible uses which include production of fuel, industrial solvents, resins,
adhesives and dispersion agents for pigmentation.12-15

The disadvantages of this oil are that the flash point is very low
compared to commercial petroleum fuels, and it has high levels of
carbon residue posing a threat of depositing on an engine if com-
busted.16 This is because the unrefined pyrolytic oil contains a
mixture of compounds, resulting in a wide distillation range.
Furthermore, pyrolytic oil contains high content of sulfur and
polycyclic aromatic hydrocarbons (PAHs), which makes it difficult
for it to be used as fuel.17 TDO in the literature is recorded as typ-
ically having a high sulfur content of about 1.0–1.4 wt%, which is
caused by the vulcanizing agents used in the tyre formulation.18

Sulfur compounds present in TDO such as thiols, thiophenes, ben-
zothiophenes and dibenzothiophenes have undesirable proper-
ties especially when combusted, which include being corrosive
and causing irritation and respiratory diseases.19,20

Ngxangxa21 studied the effect of temperature on the formation
of compounds in TDO and the author's findings showed that D,L-
limonenewas one of themajor constituents in TDOs. This was also
reported by several other authors who conducted related stud-
ies.22,23 In principle, it was found that when pyrolysis of waste tyre
rubber crumbs is conducted at temperatures below 500 °C limo-
nene undergoes isomerization forming cyclohexene isomers. At
500–600 °C aromatization occurs from terpenes (limonene) to
form xylene and toluene via intramolecular hydrogen transforma-
tion, followed by the loss of ethane. Trimethylbenzene is formed
through a similar path, although it only occurs later at slightly
higher temperature. At 700 °C, aromatization occurs forming aro-
matic compounds and as the temperature increases, PAHs
form.21,24

There have been some developments in trying tomitigate some
of the temperature-related challenges in waste tyre pyrolysis.
These include the use of catalysts (a specific component added
to a system to improve chemical reaction specificity), co-pyrolysis
(a process that involves two or more materials as feedstock to be
pyrolysed) and desulfurization of TDO (which can be described as
chemical assistance to catalysts to reduce sulfur content in the
tyre-derived oil).
Duan et al.25 studied the co-pyrolysis of microalgae and waste

tyres in supercritical ethanol. Results obtained from that study
showed a decrease in required temperature, deoxygenation,
denitrogenation, desulfurization and the bio-oil produced pos-
sessed an energy density close to that of petroleum diesels. Shah
et al.26 investigated the co-pyrolysis of cotton stalks and waste
tyres. The focus of the study was on the quantity and quality of
the oil. The results reported showed a 10% increase in the liquid
product of 2:3 cotton stalk to waste tyre ratio. Furthermore, the
oil produced from this ratio of materials achieved a calorific value
of 41 MJ mol−1, which is comparable to that of commercial diesel.
Martínez et al.27 studied the benefits of co-pyrolysing pine wood-
chips with waste tyre rubber crumb, seeming to stabilize the bio-
oil. They observed that radical interactions from woodchips and
waste tyre rubber crumb co-pyrolysis promoted the formation
of a stable bio-oil with upgraded properties. A 90:10 blend
showed better result in improving properties like reduced sulfur
content, water content and increasing bio-oil viscosity. Several
researchers such as Zhang et al.28 and Singh et al.29 highlighted
the key reason behind co-pyrolysis, which is the positive interac-
tion between the two or more feedstocks to improve the quality
and quantity of the oil.

The use of catalysts in the pyrolysis process not only enhances
the reaction kinetics by cracking high-molecular-weight com-
pounds into lighter compounds, but also lowers the activation
energy of the pyrolysis system.30 Several studies have been done
on the use of catalysts in tyre pyrolysis as it was a break-
through.31-33 The TDO produced when using catalysts showed
improvements in physical properties and resembled those of
commercial diesel. Osayi and Osifo34 conducted a study compar-
ing the physical properties of uncatalysed and catalysed (zeolite
NaY catalyst) TDO and commercial diesel. The reported results
showed that some of the properties were not affected such as
density, viscosity, flash point and pour point and some properties
were improved in the catalysed oil such as refractive index, heat-
ing value and sulfur content. Hydro-desulfurization catalysed by
molybdenum (Mo), nickel–Mo or cobalt–Mo supported on alu-
mina was used by Jantaraksa et al.35 for desulfurization of TDO.
The maximum sulfur removal (87.8%) was achieved for TDO. The
pyrolysis process of waste tyre is still under development. The
recently developed technology concerning pyrolysis of waste
tyres is the microwave pyrolysis reactor. This reactor enhances
the distribution of heat transfer into the feedstock (homogeneous
heat distribution) and permits operation under isothermal condi-
tions. Bett et al.36 used a microwave reactor to investigate the
optimization of TDO. The parameters used in the study were reac-
tor power, reaction time and particle size of the feedstock. With
the optimum conditions used, those authors were able to pro-
duce about 39% liquid product with physiochemical properties
similar to those of commercial diesel.
The aim of the study reported here was to find an alternative

method to assist waste tyre rubber crumb pyrolysis in minimizing
some of the thorny issues typically associated with the process.
These include high operating temperatures, high content of sulfur
and/or sulfur-containing compounds and high PAH content. The
adopted approach involved chemical pre-treatment of waste tyre
rubber crumbs before pyrolysis. This approach was informed by
the scientific knowledge that organic solvents swell a polymer easily
under ambient temperature causing the polymer matrix to open up,
giving access for an acid to break carbon–carbon and/or carbon–
sulfur bonds in the polymer chains. The hypothesis was that the
pre-pyrolysis treatment stage can causewaste tyres to be pyrolysable
at lower temperatures and in the process also reduce the content of
sulfur and/or sulfur-containing compounds by breaking the
vulcanization-induced sulfur–sulfur bonds, and thereby improve
the quality or properties of the resultant oil fraction.
In the study reported here, the effect of the chemical pre-

treatment and of low temperature on the quality of the TDO pro-
duced was studied. The quality of TDO collected in the absence of
chemical pre-treatment was compared to that of the TDO col-
lected from the pyrolysis of chemically pre-treated waste tyre rub-
ber crumbs. Thus, the chemical composition (in terms of PAHs)
and sulfur content of the TDO from both processes were investi-
gated. Gas chromatography–mass spectrometry (GC–MS) and Fou-
rier transform infrared (FTIR) spectroscopy were used to investigate
the chemical composition of the TDO; and GC coupled with a flame
photometer detector (GC-FPD) was employed to estimate the sul-
fur and/or sulfur-containing compounds present in the oil. This
study is a sequel to a previous one conducted in our laboratories
where the effect of chemical pre-treatment of waste tyre rubber
crumbs on the pyrolysis temperature was investigated.37 In that
earlier study, it was shown that the chemical mixture was selected
based on its ability to rupture the polymer backbone, toxicity, semi-
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recyclability and cost. Liquid product is an important part of the
waste tyre pyrolysis process and therefore the success of this study
may result in an industrially acceptable quality oil.

EXPERIMENTAL
Materials
Waste tyre rubber crumbs with 30 mesh particle size used in this
study were purchased from MATHE Group (PTY) Ltd, South Africa.
The chemical mixture used consisted of protonic acid (69% purity
supplied by Merck) and organic solvent (laboratory grade: supplied
by Merck).

Methods
Chemical pre-treatment
Chemical mixture was prepared by mixing protonic acid and
organic solvent mixed at a ratio of 5:95, resulting in a two-phase
heterogeneous mixture. Waste tyre rubber crumbs were soaked
in this chemical mixture and stirred at 350 rpm for 2–3 h under
ambient conditions. The liquid and solids were separated and
washed with water to terminate and neutralize the reaction. The
aqueous layer was separated from the organic layer, and the
excess solvent evaporated using a rotary evaporator, and recov-
ered. Approximately 44.4% of the solvent was recovered with a
standard deviation of ±0.67 for at least three experiments due
to the solvent system's volatility. The three R method (repeatabil-
ity, reproducibility and recovery) was used to validate this
method. This was done to measure the precision or the closeness
from a series of replicated experiments and reflect the random
errors which occur in this method. The solid was dried in a fume
hood/by air for 24 h and transferred to a desiccator to ensure that
it was properly dried (see supporting information, Fig. S1). The
dried treated solid was then subjected to pyrolysis.

Reactor
A vertical fixed-bed pyrolysis reactor with a 40 g capacity was
used. The reactor consisted of three main parts: first – reactor ves-
sel which consisted of two parts, heating jacket and reactor cylin-
der; second – condenser which was connected to a water bath to
regulate the condenser temperature; and lastly – collector, which
was subjected to different temperatures for oil fractionation/
separation (Scheme 1).

Pyrolysis conditions optimization
Controlled variable method was used for pyrolysis parameters/
conditions optimization. This method follows the principle of
observing the dependency of individual variables, all other vari-
ables being kept constant (controlled variables) so that the effect
of one variable could be tested (independent variable).38 Temper-
ature was the first condition to be optimized then nitrogen flow
rate and collector temperature. Two conditions were kept con-
stant at a time to see the effect of each condition on the product
yields. Table 1 presents the pyrolysis condition optimization in
terms of product yields. A temperature of 280 °C was chosen as
optimum for the treatment of tyre crumbs due to the objective
of this study (reducing the temperature) and maximum yield of
liquid product was achieved at this temperature. The other condi-
tions (gas flow rate and collector temperature) were optimized
based on this temperature. It was found that a decrease in the
nitrogen volumetric flow leads to an increase in liquid product
yield and a decrease in gas product; this is postulated to be due
to the increased residence time of the pyrolytic vapour in the sys-
tem. At lower volumetric flow rate, under 3 L min−1, the pyrolytic
vapour condenses inside the system, which resulted in the block-
age of the system. Dry ice was used to capture the lower molecu-
lar weight compounds, but it was not used for the first and second
collectors to avoid blocking the lines. For untreated waste tyre
rubber crumbs, 600 °C was deliberately chosen as a suitable pro-
cessing temperature because at this temperature all volatile/
decomposable materials in the tyre crumbs are usually pyrolysed.
Flow rate and collector temperature conditions used were the
same as the optimized ones used for treated tyre crumbs.

Characterization
The following instrumentation was used to analyse products
obtained from the 40 g capacity vertical fixed-bed pyrolysis reactor.

Solid samples
Bruker attenuated reflected (ATR) single reflection diamond crys-
tal, FTIR-Bruker Tensor 27, spectral range 400–4000 cm−1. CHNS
analysis: Thermo Scientific Flash 2000 coupled to an LC premier
micro-mass spectrometer. Scanning electron microscopy (SEM):
JSM-IT 100 equipped with JEOL SEM technologies with backscat-
tered electron composition detector. Differential thermal analysis
(DTA): Shimadzu DTG-60AH simultaneous DTA-TG; and SDT: TA
simultaneous DSC-TGA (SDT) Q600.

Scheme 1. Pyrolysis reactor.

Effect of pre-pyrolysis chemical treatment of waste tyre rubber www.soci.org

J Chem Technol Biotechnol 2023; 98: 1279–1289 © 2023 The Authors.
Journal of Chemical Technology and Biotechnology published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry (SCI).

wileyonlinelibrary.com/jctb

1281

http://wileyonlinelibrary.com/jctb


Liquid samples
For FTIR, the same specifications as for solid samples were used.
Shimadzu GC–MS column: SH-Rxi-5 MS (30 m, 0,25 mm,
0,25 μm); and Shimadzu GC-FPD column: Zeblon ZB-1 (30 m,
0,25 mm, 0,25 μm).

RESULTS AND DISCUSSION
Solids characterization
Pyrolysis process
A fixed-bed vertical pyrolysis reactor was used with a 40 g feedstock
capacity. The following conditions were used: gas flow rate,
20 mL min−1; gas volumetric flow rate, 3 L min−1; collector tempera-
ture, C1 and C2, ice (around 3–5 °C) and C3, dry ice (approximately
−78.7 °C). Waste tyres contain at least 50% of rubber composition
that could be pyrolysed, due to the pyrolysis reactor's ability to reach
higher temperatures in the absence of oxygen.39,40 Larger parts of
the pyrolysable substances are from the decomposition of two rub-
bers, natural rubber (NR) and styrene–butadiene rubber (SBR). NR
decomposes at a temperature range of 300–350 °C and SBR decom-
poses at a temperature range of 350–450 °C.40

Pyrolysis temperature–time programme
A comparison of temperature–time profile between treated and
untreated waste tyre samples is shown in Fig. 1. The untreated
tyre sample follows pyrolysis temperature programme with a
slight temperature increase around 240–250 °C. In our previous

study,37 this phenomenon was attributed to the presence and
decomposition energy of the processing oil typically added in tyre
formulations. The treated tyre sample graph spiked in the region
between 96 and 333 °C. The follows a phenomenon known as
self-pyrolysis, which is described to result from chain reaction
heat-up causing coupling among oil, oxidation, heat transfer
and gas.41,42 This event's duration was under 7 min, during which
the liquid product rapidly flushed out of the condenser into the
collector. Furthermore, it was also observed that light molecular
weight liquid fraction condensed first, followed by the heavier liq-
uid fraction which dripped slowly into the collector, taking over an
hour to complete.
Duan et al.25 also observed a decrease in temperature (from

500 to 330 °C) while investigating the co-pyrolysis of waste tyre
andmicroalgae in supercritical ethanol. The suggested conclusion
was that ethanol, acidic characters and zinc oxide (ZnO) were
instrumental in lowering the temperature. Firstly, those authors
suggested that microalgae would decompose first at lower tem-
perature to produce intermediate compounds that will affect
the stability of the molecular chains and promote the conversion
of the rubber in supercritical ethanol.25,43 Acidic characters also
play an important role in the conversion of waste tyres, the princi-
ple following the mechanism of acidic catalysis mentioned in sev-
eral studies.25,44 Lastly, tyres contain ZnO, which was reported to
help break down polymers into shorter chains.
The results obtained from the experiments conducted are sum-

marized in Table 2 and are categorized based on the amount of

Table 1. Pyrolysis optimization

Temperature
optimization

Nitrogen volumetric flow rate at 280 °C

Temperature (°C) Char (%) Oil (%) Gas (%)
Flow rate
(L min−1) Char (%) Oil (%) Gas (%) Collector temperature Char (%) Oil (%) Gas (%)

200 55 23.1 21.9 6 48.75 27.25 24 C1, C2 and C3 – Ice 50 40.25 9.75
250 54.1 24.3 21.6 5 49 36.5 14.5 C1 and C2 – ice; and

C3 – dry ice
50.25 46 3.75

270 49.2 25 25.8 3 50 40.25 9.75
280 48.75 27.25 24 2 — — —

Figure 1. Pyrolysis temperature–time profile. Summary of temperature history over time to monitor the temperature activity in the reactor.
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solid, liquid and gas recovered, and the time it took for the pro-
cess to end. The weight percentage of the products was calcu-
lated using mass balance. The products recovered from
untreated and treated tyre crumb pyrolysis were compared by
the time taken for the process to complete, product yields, frac-
tions of oil produced, colour of the oil and odour. The pyrolysis
process of the untreated sample started at about 60 min, when
smoke cloudiness was observed in the collector, and overall time
taken for the process to complete was 116 min. Product yields
were recorded as follows: about 7% gas, 55% liquid (attributed
to three fractions of liquid: light, light to medium and heavy frac-
tions) and 38% char. For the pre-treated sample, pyrolysis started
at about 24 min and overall time taken for the process to com-
plete was about 46 min. The yields of the different products were
50% solid product, 46% liquid and 4% gas. The liquid fractions
produced were collected in three separate collectors. It was inter-
esting to observe that at a temperature range of 96–109 °C (event
of sudden temperature spike), about 77% of the oil produced was
a light fraction oil which was produced in 7 min. This light fraction
oil had a fuel-like odour and appeared reddish in colour, the light–
medium fraction also had fuel-like odour and appeared dark
brown, while the heavier fraction oil had an unpleasant stench
and appeared black in colour. The oils produced from pyrolysing
untreated (A) and treated waste tyres (B) and their colours are
shown in Fig. 2.

Spectroscopic analysis
SEM analysis. The morphology of untreated and treated tyre sam-
ples before pyrolysis was explored using SEM. Figure 3 shows SEM
images of these samples at ×50 and ×1000 magnifications. It was

observed that after chemical treatment, the tyre crumb matrix
developed pores, which were suspected of assisting the pyrolysis
process and enabled the process to take place at lower tempera-
tures.45 It has been reported that such pores in the sample matrix
causes ease of heat diffusion and uniform heat flux, which leads to
self-pyrolysis taking place.46,47

FTIR spectroscopy of solid tyre rubber crumbs. Treated and
untreated waste tyre rubber crumb solid samples were analysed
using ATR-FTIR. From the scans of untreated waste tyre rubber
crumb before pyrolysis, NR- and SBR-related functional groups
were identified: 1372–1450 cm−1 is assigned to C H bending
of CH2 and CH3 in NR, 1600 cm−1 is assigned to C C in
both 1,4-cis-isoprene (NR)48,49 and butadiene (SBR) and lastly
698–804 cm−1 is assigned to monosubstituted benzene in
SBR.49 After 600 °C pyrolysis of untreated waste tyre rubber, these
peaks did not appear in the spectrum, only the dominant pres-
ence of carbon or char in the samples. This is because most of
the volatile material had already decomposed.
New functional group peaks were observed for the treated tyre

crumb sample due to the chemical pre-treatment. A broad peak
typical of O H stretching was observed in the region between
3000 and 3400 cm−1; another peak was observed at 1700 cm−1,
which can be assigned to C O.49 It is clear that these functional
groups formed during the treatment of tyre crumbs, which shows
that oxidation took place in the sample. In addition, from 1500 to
804 cm−1, a broad peak typical of a combination of the following
functional groups was observed: stretching of carbon atoms in
the aromatic rings at 1493 and 1450 cm−1, styrene at 1074cm−1,
cis-polybutadiene unit at 1029 cm−1 and CH unit at 1400 cm−1

Table 2. Summary of pyrolysis results of untreated and treated tyre crumb

Treated crumb Untreated crumb Lit.23 (optimum temperature 475 °C)

Char Liquid Gas Char Liquid Gas Char Liquid Gas

Amount (g) 20.1 18.4 1.5 15.3 21.82 2.89 - - -
Amount (wt%) 50.25 46 3.75 38.25 54.54 7.21 37.3 58.2 4.5
Oil odour C1 – mild tyre smell; C2 and

C3 – petroleum-like smell
C1, C2 and C3 – pungent

unpleasant smell
Pungent unpleasant tyre smell

Oil colour C1 – black; C2 – reddish; C3 – dark brown C1, C2 and C3 – black Dark brown/black
Time 46:43 (min) 116 (min) —

Figure 2. Pictorial image of oils produced from (A) untreated waste tyres and (B) treated waste tyre rubber crumbs.
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that occurs in butadiene unit.48,49 It was hypothesized that these
functional groups of the broad peak were caused by the distribu-
tion of chains due to chain scission during chemical treatment.

Thermal analysis – elemental (CHNS/O) and proximate analysis
The elemental composition and proximate analyses of untreated
and treated tyre crumbs and results from literature are summa-
rized in Table 3. It can be seen from the elemental analysis data
that the carbon content of the treated tyre crumbs was less than
that of untreated tyre crumb, the same being true for the litera-
ture. This was due to the chemical treatment which caused some
carbon–carbon and carbon–sulfur chain breakage and therefore it
could be possible that some carbons escaped in the form of small-
molecule carbon-based gases. It was also observed that there was
an increase in oxygen content in the treated samples. This obser-
vation was in line with FTIR results, which showed that the treated
sample was oxidized.
It is well known that NR and SBR polymers decompose from

300 to 450 °C; furthermore these two rubbers make up a major
portion of a tyre crumb.40 Proximate analysis results showed that
about 19 wt% of moisture/low-molecular-weight compounds
from the treated tyre crumb was expected to be pyrolysed, since
the temperature used for the pyrolysis process was 280 °C. The
proximate analysis results after pyrolysis of treated waste tyre
are as follows: moisture, 3.92 wt%; volatiles/decomposables,
11.65 wt%; fixed carbon, 79.32 wt%; ash, 5.07 wt%. The results
indicated that due to self-pyrolysis that took place, about 80%

of the decomposable/pyrolysable material was able to undergo
pyrolysis. Only about 12% of the polymer in the treated tyre
crumb was not pyrolysed. The polymer not pyrolysed was
suggested to be SBR because it is known to decompose at 400–
450 °C. Since the temperature in the reactor spiked to only 334 °
C, this suggests that some of the SBR polymer chains were not
broken during the treatment.

Liquid product characterization
FTIR analysis
The following functional groups were assigned to the following
peaks as seen in Fig. S2 in the supporting information: 3000–
3400 cm−1 is assigned to OH, 2800–2900 cm−1 to CH stretch,
1700 cm−1 to C O, 1600 cm−1 to C C, 1374–1450 cm−1 to
CH2 and CH3, 1000–1260 cm−1 to phenols and 804–900 cm−1

to monosubstituted benzene. Treated waste tyre collector
2 (C2) exhibits OH functional groups which can be seen at
wavenumbers between 3400 and 3000 cm−1 and phenol peak
at 1000–1260 cm−1. This also shows that the oil is oxidized.
Untreated waste tyre collector 1 (C1) shows an intense monosub-
stituted peak at 732 cm−1, which means a similar monosubsti-
tuted benzene compound was formed during pyrolysis. This
agrees with the literature, as Ngxangxa21 showed that monosub-
stituted aromatics are formed at 500–600 °C in the oil from L,D-lim-
onene. All the oil samples possess similar functional groups with
bands of different intensities, fromwhich it can be concluded that

Figure 3. SEM analysis: (A, C) untreated rubber crumb; (B, D) treated tyre crumbs; (A, B) at 500 μm, ×50 magnification and (C, D) at 10 μm, ×1000
magnification.
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similar oil type could be produced using less energy due to chem-
ical treatment.

GC–MS analysis
The GC–MS method for TDO was developed by optimization of
the temperature programme for better separation in the column.
It was observed from the chromatograms that there was a reduc-
tion in compounds present in the treated TDO as compared to
untreated TDO (supporting information, Fig. S3). In addition, the
former product contains a great/significant number of single aro-
matic compounds (benzene, toluene and xylene (BTX)) and long-

chain acids (e.g. hexadecenoic acid, heptadecanoic acid, etc.).
These compounds have a high market value. Treated TDO also
contained more alkane compounds as compared to untreated
TDO. It can be seen from the data in Fig. 4 that untreated TDO
has more sulfur and PAH compounds. Also, this oil contains more
alkene compounds as compared to treated TDO, with D,L-
limonene being the major compound.
Inmost pyrolysis studies, it has been recorded that tyre pyrolytic

oil contains PAHs. These compounds are problematic because
they are hazardous to the environment and are carcinogenic to
humans.51-53 In addition, the pyrolytic oils used for fuel have a
potential to cause damage to an engine because combustion of
these oils tends to form particles/deposits as they possess a high
threshold soot index (TSI).18,54 The improvement of the quality of
this type of oil is important seeing that it causes complications if
used for fuel. As explained by Ngxangxa,21 at around 500–600 °
C, aromatization of terpenes takes place forming BTX compounds.
Further aromatization took place in the untreated tyre-derived oil
as different compositions of naphthalene (PAH) compound were
much produced. It was observed that there are fewer PAHs in
the treated tyre crumbs than in untreated tyre crumbs, confirming
that PAH reduction objective was successful.

GC-FPD analysis
GC-FPD is one of the common methods used in sulfur and phos-
phorus analysis. A FPD consists of three most important parts:
first, the flame which burns the sample from the GC column; sec-
ond, the chemiluminescence detector region for absorbing and
emitting the light; lastly, the filters to isolate the sulfur and phos-
phorus emitted radiation and remove the interference before
sending it to a computer. The FPD operates as follows: sulfur com-
pounds from the GC column are burnt in a hydrogen-rich flame to
produce S2 which emits radiation near 400 nm. This radiation is
monitored by a photomultiplier tube (see supporting information,
Fig. S4).
GC-FPD analysis for sulfur content in the TDO produced was

conducted following the ASTM D5623 standard method. ASTM
D5623 is a standard test method for determining/verifying the
sulfur-containing compounds in light petroleum liquids using
GC coupled to a selective sulfur detector. Figure 5 shows overlaid
chromatogram of untreated TDO fractions (Fig. 5(A)) and treated
TDO fractions (Fig. 5(B)). This analysis was used to identify and
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Figure 4. Classifications of GC–MS compounds from (A) untreated TDO
and (B) treated TDO in their respective collectors.

Table 3. Elemental composition and proximate analysis results obtained from untreated and treated waste tyre crumbs compared to literature

Sample 1 UWT crumbs Sample 2 TWT crumbs

Literature

Duan et al.25 Wang et al.50

CHNS/O
Carbon (wt%) 80.62 57.23 78 81
Hydrogen (wt%) 7.46 4.72 6.87 6.6
Nitrogen (wt%) 0.42 6.54 1.4 1.7
Sulfur (wt%) 1.76 1.13 1.9 1.37
Oxygen (wt%) 9.74 30.19 1.63 9.8

Proximate analysis
Moisture (wt%) 2.29 18.46 0 0.7
Volatile (wt%) 57.75 39.82 68.93 62.5
Fixed carbon (wt%) 35.98 40.56 24.59 27.9
Ash (wt%) 3.98 1.17 9 8.9

Abbreviations: UWT, untreated waste tyre; TWT, treated waste tyre.
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compare the amount of sulfur present in these oils. It can be
observed from Fig. 5(A) that untreated TDO has relatively higher
quantity of sulfur compounds as compared to the treated TDO
shown in Fig. 5(B). It is suggested that chemical pre-treatment of
the waste tyre rubber crumb caused breakage of some of the
sulfur–sulfur and sulfur–carbon bonds which affected the sulfur
content in the oil (see supporting information, Table S1). One of
the observations made during the pre-treatment of waste tyre
rubber crumbs was a yellowish-brown gas emission, which we
suspect to be sulfurous (see supporting information, Fig. S5).
Some of the sulfur compounds were attributed to H2S and SOx

gases that may have evaporated during the pyrolysis process.
Equation (1) was used to calculate TDO sulfur content:

S½ �t=∑gAt=gAi=
S½ �o
S½ �t

=
A½ �o
A½ �t

ð1Þ

where [S]t is the total sulfur concentration and [S]o is the initial
concentration of the whole sample. [A]t and [A]o are the areas
under the peaks of all the sulfur compounds. Table 4 summarizes
the results calculated from GC-FPD compared to the literature.

The total sulfur content in untreated TDO was 6729 ppm
(0.67 wt%) and 2223 ppm (0.22 wt%) in treated TDO. The results
obtained agree with those of several literature studies, where
the range of sulfur content in TDO is 0.7–1.4 wt%.

Mass balance
The purpose of mass balance is to trace the total mass distribution
during pyrolysis. The method follows the principle that states that
the starting mass should be equal to the mass of products; in this
case the mass before pyrolysis is equal to the mass of products,
which is the volatiles plus the char (mass remains). This is shown
in Eqn (2):

0

5 Chromatogram

Untreated waste tyre derived oil according to their collectors.

C1

C2
C3

0

0

Chromatogram

Treated waste tyre derived oil according to their collectors.

C1
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Figure 5. GC-FPD chromatograms of sulfur compounds in (A) untreated and (B) treated waste tyre rubber crumb-derived oil.

Table 4. Summary of data gathered from GC-FPD analysis of
untreated and treated waste tyre oil compared to literature

Sulfur Untreated TDO Treated TDO Literature TDO18

ppm 6729 2223 ca 7000–14 000
wt% 0.67 0.22 ca 0.7–1.40
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Fs=V O+Gð Þs +Cs ð2Þ

where F is feed, V is volatiles and C is char, with O being oil and
G gas.
Mass balance distribution was calculated using the mass in

grams to specifically track the amount of sulfur in the solid, liquid
and gas produced. The masses were converted from weight per-
centage to grams for easy calculation. Equation (3) was used to
convert the masses:

Masswt%
100

×Massg ð3Þ

Table 5 summarizes the results obtained from mass balance in
grams. The sulfur distribution in mass was established according
to the categories of the mass before (solid) and after (solid, liquid
and gas) pyrolysis. From the treated tyre results obtained, it can be
seen that there is more sulfur in the gas product than in solid and
liquid products. This suggests that more sulfur was released in the
form of gas therefore more sulfur–sulfur bonds were broken dur-
ing the treatment, converted to SO2 and H2S gases during pyroly-
sis. While for the untreated tyre crumbs there was more sulfur in
the solid product than in the liquid and gas products. This shows
the success of the chemical treatment, as the objective is to
reduce the sulfur content in the TDO. Approximately 0.3 g of sulfur
was cut during the chemical treatment alone and only about
0.04 g is present in the liquid product. It can also be seen that
about 24% of overall sulfur was present in the untreated TDO after
pyrolysis as compared to about 10% overall sulfur remaining in
the treated TDO. Also noticed was that for untreated waste tyre
rubber crumbs, more sulfur remained in the solid product,

whereas for the treated waste tyre most sulfur left in gas form.
Therefore, this means that not only is the oil produced from trea-
ted waste tyre rubber crumb better in quality than that produced
from untreated waste tyre rubber crumb, but also the char pro-
duced from treated waste tyre rubber crumb is comparatively
better.

CONCLUSIONS
This study was focused on the improvement of waste tyre rubber
crumb pyrolysis in terms of finding a better way to perform pyrol-
ysis at a lower temperature and at the same time improve the
quality of oil produced. Chemical treatment of waste tyre rubber
crumbs before pyrolysis was proposed as an alternative way.
The optimization of pyrolysis conditions was done following the
controlled variable principle, the optimized conditions were
determined and a maximum of about 46 wt% oil was produced
for pre-treated samples, compared to about 55% for untreated
samples. Untreated TDO produced had a pungent tyre odour,
while treated TDO had a petroleum smell. GC–MS analysis
showed that treated TDO had a smaller amount of PAHs than
TDO from untreated tyre crumb. As for sulfur content, it was
reduced by about 94% in the treated TDO from untreated tyre
crumb before pyrolysis. This study was successful in achieving
the aims and objectives of this research. Table 6 summarizes the
results obtained as per the aims and objectives of this study.
Table 7 sums up the benefits of using chemical pre-treatment of

waste tyres before pyrolysis as compared to conventional

Table 5. Pyrolysis mass balance of untreated and treated tyre
samples

Untreated tyre crumbs
Treated tyre crumbs

Before pyrolysis Mass (g) Before pyrolysis Mass (g)
Overall total Overall total

Volatiles — Volatiles —

Fixed carbon/char 40 Fixed carbon/char 40
Ash 1.59 Ash 0.47

Component balance Component balance

Sulfur 0.70 Sulfur 0.45

After pyrolysis
at 600 °C Mass (g)

After pyrolysis
at 280 °C

Overall total Overall total

Volatiles 24.7 Volatiles 19.9
Fixed carbon/char 15.3 Fixed carbon/char 20.1
Ash 1.96 Ash 1.02

Component balance Component balance

Sulfur (solids) 0.53 Sulfur (solids) 0.17
Sulfur (liquid) 0.17 Sulfur (liquid) 0.04
Sulfura (gas) 0.01 Sulfura (gas) 0.24

a Calculated by difference.

Table 6. Summary of the study

Untreated waste tyre rubber crumbs
Treated waste

tyre rubber crumbs

54.5% oil yield 46% oil yield
Pungent/tyre oil smell Petroleum oil smell
High PAHs PAHs reduced by 83%
0.17 g sulfur oil 0.04 g sulfur in oil
0.53 g sulfur in char 0.17 g sulfur in char

Table 7. Advantages of chemical treatment pyrolysis

Conventional (slow)
pyrolysis Chemical treatment pyrolysis

Temperature 400–1000 °C 100–280 °C
High temperature
and long residence
time

Low temperature and short
residence time

Products High sulfur, high PAH
content; (tyre)
odour

Low sulfur, low PAH content;
petroleum odour

Sustainability Non-renewable Semi-renewable (solvent is
recovered and reused)/
reduced energy required
for waste tyre pyrolysis

Cost High Relatively cost-effective
Environmental
harm

High to medium Medium to low
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pyrolysis. This study showed that chemical treatment pyrolysis
requires low temperature, the process takes less time to complete
and small amounts of sulfur and PAHs are produced from the oil.
Therefore, this process automatically will be cheaper to perform
as compared to conventional pyrolysis. Furthermore, pyrolysing
treated waste tyres will bring less harm to the environment
because of the following discovered facts:

• Treated waste tyre crumbs had less sulfur content as compared
to untreated tyre crumbs; therefore smaller amounts of sulfur
gases are released as compared to conventional pyrolysis.

• There are fewer or no PAHs released during pyrolysis process
because, as reported in the literature, these compounds are
formed at higher temperatures.21 This study showed that fewer
PAHs were formed during the pyrolysis of treated waste tyres.

The following are the recommendations from this study: the use
of real-time GC–MS to monitor gases released during treatment
(identification of gases released – understand for possible applica-
tion). The same technique to be used for the pyrolysis process to
help understand the mechanism of decomposition reactions tak-
ing place. Also to be explored is the use of a scrubber system as air
pollution control device during pyrolysis.
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