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Abstract: The increasing global population and the rapid industrial development associated there-
with have increased the demand for fossil-derived fuel oils. The sources of fossil fuels are limited,
and many studies have been being conducted to find alternative fuel sources. Waste tire pyrolysis
oil (WTPO) attracts considerable attention as an alternative fuel because its properties are similar
to those of diesel oil. However, WTPO has a high sulfur content of >1.0 wt%, which is above the
environmental standard limit of 0.1 wt%; therefore, it cannot be used in engines directly. It is thus
highly necessary to remove sulfur compounds from tire-derived oils. However, finding an appropri-
ate and environmentally friendly process is proving difficult. This review article presents the various
desulfurization methods used to removal sulfur from WTPO, such as hydrodesulfurization (HDS),
oxidative desulfurization (ODS), ultrasound-assisted oxidative desulfurization (UAOD), and acid
treatment. Of these, HDS is the most expensive as it involves high consumption of hydrogen, high
temperature (~450 °C), and high pressure (~200 bar), whereas UAOD is an efficient and economic
method of reducing the sulfur content of WTPO.

Keywords: acid treatment; extraction; hydrodesulfurization; oxidative desulfurization; pyrolysis;
waste tires

1. Introduction

Approximately 1.5 billion tons of waste tires are generated annually, and this amount
is predicted to increase [1] in line with the increased demand for cars associated with
economic development and the growth in population. For example, approximately six
million tons of waste tires are produced annually in the USA and Europe [1-3].

Waste tires are disposed of at landfills or incinerated, but several methods have
been designed to recycle tires for use in various applications or recover energy materials.
However, these methods have certain limitations, and it is difficult to recycle tires because
rubber monomers are crosslinked with sulfur during the vulcanization process to obtain
mechanical strength and improve the thermostatic properties of rubber [4,5].

The tire material is a nonbiodegradable product; therefore, its disposal (landfilling
and incineration) is problematic, unsustainable, and potentially causes both environmental
and health-related problems. Large spaces are required for tire landfilling, and it favors the
growth of insect- and mosquito-breeding grounds, which contribute to diseases. Incinera-
tion of waste tires produces harmful gases, such as CO, CO,, NOx, and SOx, and the toxic
polyaromatic hydrocarbon (PAH) fumes emitted pollute the environment and damage
human health [5-7]. However, production of waste tire oil through a pyrolysis process
attracts more attention than other polycyclic aromatic hydrocarbons (PAHs) because it has
fuel properties similar to those of petroleum diesel. Waste tire pyrolysis oil (WTPO) has a
higher heating value of 39.1-44 MJ]/kg compared to that obtained from other biomass such
as palm (18-20 MJ/kg) or rice husk (15 MJ/kg). Furthermore, WTPO can be used as an al-
ternate fuel for combustion engines, displacing fossil fuel consumption. Pyrolysis can play
a crucial role in the clean conversion of waste tires. It is a thermochemical decomposition
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process that occurs at elevated temperatures and low pressures in the absence of oxygen
which transforms tires into oil, solid char, and low-molecular liquids or gases [4,8-10].

It has been determined that WTPO has a higher sulfur content (0.7-1.7) than the
standard liquid fuel. This high sulfur content limits the application of WIPO in real
combustion engines (Table 1) [5,11-13] because the presence of sulfur compounds (Figure 1)
in WTPO causes the emission of highly toxic SOx, which is a considerable environmental
and health threat, during its combustion. Thus, an efficient desulfurization method to
remove sulfur compounds from WTPO prior to using it alone or in commercial diesel fuels
is urgently needed.

Table 1. Ultimate analysis of WTPO.

Ultimate Analysis [5] [12] [13]
Carbon 85.67 85.6 85.5
Hydrogen 10.04 10.1 8.9
Nitrogen 1.15 04 0.6
Sulfur 1.12 14 1.1
Oxygen 2.02 2.5 47
S
R R
R—Ss—R \ / \ /
Sulphides DSisquhiSdes
Thiophene

2-methylthiophene 3-methylthiophene 2,4-dimethylthiophene Benzothiophene

2-methylbenzothiophene

Figure 1. Various sulfur compounds.

This article aims to review the various desulfurization methods used for WTPO and
the associated possibility of using WTPO as an alternative energy source. The various
current methods used in the desulfurization of fuel oil, mainly of diesel and model oil, are
presented. It is expected that the oil refinery industry and researchers from other sectors
who work on the desulfurization of fuel oil, especially of WTPO, will benefit from reading
this review paper.

2. Pyrolysis of Waste Tires

Waste tires consist of high-polymer compounds, and many studies have researched
the methods of processing waste tires in an environmentally friendly and efficient manner.
Pyrolysis is considered to be the greenest and the most efficient process that allows the
production of fuels and chemicals from waste tires, and in this respect, pyrolysis of waste
tires is defined as thermochemical decomposition of organic compounds present in waste
tires [14-17].
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Waste tire pyrolysis occurs in an inert atmosphere at temperatures of 400-800 °C.
Partial gasification can also occur during pyrolysis in relation to the small amount of air
present. Several pyrolysis methods have been developed in relation to various operating
conditions, such as atmospheric, vacuum, catalytic fast, ultrafast (flash), and slow pyrolysis.
Of these, catalytic fast pyrolysis has attracted the most research attention as the use of a
catalyst in the pyrolysis process can improve the product yield, increase the reaction rate,
and shorten the reaction time. Pyrolysis of waste tires has been studied in different types
of reactors, such as fixed bed reactor screw kilns or rotary kiln reactors and fluidized bed
reactors to obtain pyrolysis products [17-19].

3. Characteristics of WTPO

Pyrolysis of waste tires under thermal conversion yields three types of products:
residual char, gases, and the main product, WTPO. The gases produced (syngas) comprise
hydrocarbons, Hy, CO, CO,, and H,S, and they are mainly used in combustion to meet
the heat energy required by the pyrolysis process. Solid black carbon is the main type
of residual char obtained during waste tire pyrolysis, and it can be reutilized as carbon
black or upgraded activated carbon, which is suitable for adsorbing heavy metals from
water [20-22]. WTPO is a dark-brown dense liquid with a strong odor, and it is composed
of hydrocarbons of various natures: aliphatic (alkanes), aromatic (benzene, toluene, xylene,
ethylbenzene, and small amounts of PAH), and heteroatom compounds. The chemical
value-added product (DL-limonene) is also found in WTPO, and it has an estimated market
price of US$ 2 per kg~ !. All these chemicals can be separated and used as sources of
energy in raw chemical materials and in the production of cosmetics, pharmaceuticals,
and petrochemicals [16,23,24]. WTPO can also be directly used in generators, boilers, and
combustion engines owing to its high heating value. However, as mentioned, WIPO
contains relatively high amounts of sulfur and has high viscosity, which further requires
catalytic upgrading if it is to be used as a fuel in vehicles [25,26].

4. The Various Desulfurization Methods Used to Upgrade WTPO

Various chemical desulfurization methods, such as hydrodesulfurization (HDS), ox-
idative, extractive, adsorption, photocatalytic, and ultrasound-assisted oxidative desulfur-
ization have been applied to upgrade WTPO, and acidic treatment has been applied as a
physical desulfurization method. All these desulfurization methods are described below.

4.1. Hydrodesulfurization of WTPO

Hydrodesulfurization (HDS) is a common process typically used in the oil refinery
industry; it is a process in which a hydrogen gas source is provided for the hydrotreatment
of fuel oil to produce ultralow-sulfur fuel oil. The HDS process is a preferred method in the
petroleum industry because of its high sulfur removal rate, catalyst stability, and its ease of
adaptation to the feed. Catalysts play a crucial role in the HDS technology. It is possible to
overcome the obstacles (sterically hindered sulfides) associated with the HDS process by
improving the catalyst activity and providing appropriate process conditions [27,28].

Jantaraksa et al. studied the HDS process to improve the quality of WTPO and
focused on the reduction of sulfur compounds using three different catalysts, molybdenum
(Mo), nickel-Mo (NiMo), or cobalt-Mo supported on alumina (y-Al;O3). The maximum
sulfur removal efficiency (87.8%) was obtained under the following optimum conditions:
temperature—250 °C, time—30 min, catalyst loading—NiMo/v-Al,O3, 2 wt%, hydrogen
pressure—2 bar [3].

Djandja et al. focused on the hydrotreatment of WTPO to produce a high-quality
hydrocarbon-rich fuel oil, and a combination of tetralin and Hy was employed to provide a
hydrogen source to enhance the hydrotreatment of WTPO. The study aimed to upgrade
WTPO by reducing the sulfur (S) and nitrogen (N) content and enable it to be used as
a fossil fuel replacement. Several types of metal catalysts (AC, Ir/C, Pt/C, Ru/C, and
Pd/C) were used in that study. The lowest N (0.09 wt%) and S (15 ppm) content was



Catalysts 2021, 11, 801

40f10

achieved under the following reaction conditions: temperature—430 °C, time—2 h, catalyst
dosage—Pt/C, 15 wt%, hydrogen pressure—6 MPa [29].

Till date, many HDS methods have been used to upgrade WTPO by reducing the
amounts of undesirable nitrogen, sulfur, and unsaturated compounds in WTPO (Table 2).
The studies conducted thus far show that the HDS process is a very effective method
that can be used to improve the quality of WTPO, decrease the viscosity, and increase
the saturated fraction content of WTPO [30-33]. However, it is very expensive because it
involves high temperature and pressure conditions and high hydrogen consumption.

Table 2. Ultimate analysis of WTPO.

Catalyst Used in the (HDS) System Reaction Conditions Sulfur Removal Efficiency References

NiMo, CoMo/vy-Al,O3

AC,Ir/C, Pt/C,Ru/C, and Pd/C
Copper-doped zeolite catalyst
Ni-doped HZSM-5 zeolite

COMO—SiOz—AlZ 03 and NiMO—Alz 03

NiMo

Temperature—250 °C, time—30 min,

catalyst dosage—2 wt%, hydrogen 87.8% [3]
pressure—20 bar

Temperature—400 °C, time—120 min,

catalyst dosage—15 wt% Reduced to 15 ppm [29]
Temperature—350 °C, time—90 min, o
catalyst dosage—7.5 g 28.4% [30]
Temperature—350 °C, catalyst o
dosage—7.5 g, time—120 min 29.2% [31]
Temperature—320-380 °C, hydrogen 81.81% (32]

pressure—3-5 MPa
Temperature—275-375 °C, hydrogen
pressure—65 bar, hydrogen/oil 92.0% [33]
ratio—1000 vol%

S

4.2. Oxidative Desulfurization (ODS) of WTPO

The process of oxidative desulfurization (ODS) (Figure 2) attracts research attention
owing to the mild associated reaction conditions and the superdeep fuel oil desulfurization
efficiency [33-35]. In the ODS process, organosulfur compounds are oxidized to sulfones
and sulfoxides, and these are ultimately removed by polar extraction, adsorption, distilla-
tion, or decomposition [36,37]. Several oxidizing agents, such as H,O,, O, K;FO4, cumin
hydroperoxide (CHP), and tert-butyl hydroperoxide (TBHP) have been used in the ODS
process. Of these, most researchers have used H,O; as an oxidizing agent because of its
commercial availability and low cost; furthermore, it is nonpolluting and comparatively
less corrosive [38—42].

@)

extraction/Adsorption

Sulfur compound

00
\\S//
Oxidizing agent [O] S Oxidizing agent [O] ——
\W/ Catalyst \@ Catalyst \ /| Sulfones removal

Sulfoxide Sulfones

Figure 2. Mechanism involved in the oxidative desulfurization of fuel oil.

Zhang et al. studied the ODS of waste tire oil by combining oxidation and selective
adsorption processes. The experiments using this ODS process were conducted in a
batch reactor using a HyO,—formic acid mixture as the oxidant and Al,O3 as the sulfur
adsorbent. The maximum ODS efficiencies of 81% and 84% were achieved from the waste
tire crude oil and distillate, respectively, under the following conditions: temperature—
80 °C, time—240 min, oil/H,O, ratio—1/4, v/v, oxidant HyO,—formic acid ratio—1/1,
v/v. The adsorbent Al,O3 also showed a high sulfur removal ability after three consecutive
desulfurization-regeneration processes [2].

Aydin et al. studied desulfurization of waste tire oil using different types of catalysts
(CaO, Ca(OH),, and NaOH), oxidants, and additives. In their work, formic acid-H,O, and
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acetic acid—-H,O, mixtures were used as oxidants and H,SO, was employed as an additive.
The reduction of sulfur was more effective when the following were employed: 5 wt%
Ca(OH); or CaO as the catalyst, a formic acid-H,O, mixture and an acetic acid-HyO,
mixture at a ratio of 1 to 2 (v/v) as the oxidants, and 10% H,SO, as the additive. The
maximum sulfur removal percentage achieved amounted to 83.75% [43].

Cherop et al. focused on modeling and optimizing oxidative desulfurization of WTPO
using a central composite design method. In their study, a formic acid-H,O, mixture
was employed as the oxidizing agent, and after the oxidation reaction, oxidized sulfur
compounds were removed by extraction with acetonitrile. The maximum sulfur removal of
86.05% was achieved at the reaction temperature of 54 °C, oxidation time of 50 min, 8§ mL
H>0, and 9 mL formic acid [44].

Trongkaew et al. studied photocatalytic oxidative desulfurization of WTPO followed
by the use of a liquid-liquid extraction method and analyzed the effects of the photocata-
lyst, photoreaction temperature, oxidant, and extraction solvent on the degree of WTPO
desulfurization. Titanium dioxide (TiO,) was selected as the photocatalyst, air and H,O,
were used as oxidizing agents, and water, methanol, and acetonitrile were used as extract-
ing solvents. The results showed that the oxidized sulfur compounds could be separated
using a water-based biphasic system. The levels of the oxidized sulfur compounds were
measured using a chromatographic analysis technique, and the maximum desulfurization
degree of 43.6% was achieved under the following optimum conditions: photoreaction
temperature of 50 °C, photocatalyst dosage of 7 g/L, reaction time of 7 h, and extraction
solvent (acetonitrile)/pyrolysis oil ratio of 4/1 (v/v) [4].

A few studies that improved the quality of waste tire oil by reducing the sulfur content
have also been conducted; all the ODS processes used in those studies are presented in
Table 3.

Table 3. The various ODS methods used to remove sulfur from WTPO.

Oxidation Desulfurization System Reaction Conditions Sulfur Removal Efficiency References

H,0,-HCOOH/ Al;,O3

TiO,-H,0,

SZI‘O2 / SBA-15-H2 02

Reaction temperature—50-80 °C,
H;Oy—formic acid ratio—1:1-1:4, v /v, 81% [2]
reaction time—240 min
Reaction temperature—50 °C,
reaction time—420 min, catalyst 43.6% [4]
dosage—7 g/L of oil
Reaction temperature—70 °C,
reaction time—60 min, catalyst 59.49% [12]
dosage—1 wt%
Reaction temperature—50 °C, catalyst

CaO, Ca(OH),, NaOH/H,0, dosage—b5 wt%, acetic acid /formic 83.75% [43]

HCOOH-H,0,; /acetonitrile

H,0,~-HCOOH/Al,O5

acid—H,0, ratio—1:2, v/v
Reaction temperature—54 °C,
reaction time—>50 min,

acetonitrile/oxidized oil ratio—1:1, 86.05% [44]
v/v
Reaction temperature—50-80 °C,
H,O,—formic acid ratio—1:1-1:4, v/ v, 81% [2]

reaction time—240 min

4.3. Ultrasound-Assisted Oxidative Desulfurization (UAOD) of WTPO

Ultrasound-assisted oxidative desulfurization (UAOD) is a method used to create
an oxidation reaction with sulfur compounds under mild reaction conditions. This inno-
vative UAOD technology has been introduced to improve the desulfurization efficiency
of conventional ODS processes [45,46]. UAOD is more effective at removing sulfur than
conventional ODS processes due to its cavitation process. Cavitation is a phenomenon that
is attributed to the formation, growth, and collision of microbubbles in the liquid medium,
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and it generates excessive heat energy and pressure in the reaction medium. The physical
and chemical effects of the cavitation phenomena improve the oxidation reaction rate in the
UAOQOD process by increasing the interfacial mass transfer rate between the hydrocarbon
and oxidant phases [47-51].

Chen et al. investigated the efficiency of removing sulfur from WTPO via the UAOD
process using a transitional metal catalyst (phosphotungstic acid, H3PW1,04), a solution
of oxidant H,O,, and a biphasic agent tetraoctylammonium bromide. The reaction mixture
was oxidized by ultrasound emission at the following conditions: oxidation time of 20 min,
oxidation temperature of 88 °C, and sonication frequency of 20 kHz; the oxidized WTPO
was extracted with acetonitrile, followed by an adsorption process that employed Al,Os as
the adsorbent. The maximum desulfurization efficiency of 89% was obtained after the two-
stage UAOD process. The results indicated that the degree of desulfurization was affected
by the catalyst amount, sonication time, and adsorption column diameter. It was also
found that oxidation efficiency increased with an increase in the percentage of transitional
metal catalysts. A longer sonication time also enhanced the oxidation process [52].

A cost-benefit analysis of removing organic sulfur from WTPO via a continuous flow
process of UAOD was also conducted by Chen et al. The cost and percentage of sulfur
removal were compared based on the use of one or two UAOD units. The cost for a single
UAOD unit was measured as $0.70/gal with a sulfur removal of 68%, whereas the cost
and removal percentage were $1.39/gal and 90.91%, respectively, for two UAOD units
connected in a series. These results indicated that the continuous-flow UAOD process
provides excellent economic benefits via the recycling of waste tires, along with elimination
of environmental pollution, such as high SO, and sulfate PM emission [53].

4.4. Desulfurization of WTPO by Acid Treatment

Islam et al. studied desulfurization of WTPO using an acid purification method that
involved three stages: (1) removal of moisture, (2) desulfurization, and (3) distillation.
Figure 3 represents an image of crude WTPO. In the first stage, crude WTPO was heated to
100 °C to remove moisture. In the second stage, concentric sulfuric acid (8%) was mixed
with moisture-free WTPO, followed by thorough stirring; this mixture was then allowed
to settle for approximately 40 h. The top layer of the mixture was a thin oil layer, the
bottom layer was thick sludge, and the sulfur removal efficiency was 61.6%. In the third
stage, the top oil layer was used in the distillation process to separate the light and heavy
hydrocarbons. The authors found that the distilled WTPO was similar to diesel fuel and t
could be used to replace diesel fuel in small engines. These results indicated that a blend
of distilled WTPO (25%) and diesel fuel (75%) could be used without the need for engine
modification [5].

Figure 3. Crude waste tire pyrolysis oil (WTPO).

Rujiravorawut et al. investigated desulfurization of WTPO using three different
conventional strong acids, Hy5SO4, HNO3, and HCl, whereby the tire-derived oil and acid
were mixed in a beaker at a ratio of 10:1. The sludge generated at the bottom of the beaker
was removed, and the oil was neutralized with a sodium hydroxide base at a ratio of 10:1.
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The reaction was conducted at a temperature of 45 °C with stirring at 800 rpm for 2 h
during the acid-base treatment, and the liquid oil product was then analyzed using gas
chromatography (GC). The result showed a reduction in the quantity of WTPO following
the acid treatment, owing to the generation of sludge. However, a major disadvantage of
this method is that further treatment is required to dispose of the sludge [54].

Ahmad et al., Al-Lal et al., and Dog ~an et al. [55-58] used acid treatment for desulfu-
rization of waste tire oil. However, the results showed that purification of waste tire oil
using acid treatment lacks promise because toxic waste is generated when these strong
acids are used in the purification process, and this exacerbates the associated environmen-
tal problems.

5. Conclusions

WTPO is an interesting hydrocarbon fuel feedstock source that has attracted con-
siderable attention in the last few years. Tire-derived oil has a high potential to replace
conventional liquid fuel owing to its high heating value and fuel properties, and its use
would minimize the reliance on natural sources. Although the fuel properties of tire-
derived oil are similar to those of fossil fuels, the sulfur content limits its direct use in
engines. During combustion in engines, the sulfur content in the fuel oil is converted to the
toxic gas SOx, which contributes to the formation of acid rain and air pollution.

The HDS process is generally used in the oil refinery industry to remove sulfur com-
pounds. However, the investment and operating costs of the HDS process are very high.
To remove organosulfur and its derivatives, the HDS process is conducted under high
temperature and pressure conditions and requires a large reactor volume. In addition,
WTPO with a high sulfur content may not be suitable for use in the HDS process be-
cause of the increased hydrogen consumption and decreased catalyst efficiency. Another
method of reducing the sulfur content of WTPO is the acid purification method, but the
acid treatment process is not a promising method because a toxic waste residue of the
sulfur content and sludge are generated during the process; this renders this method
non-environmentally friendly.

Oxidative desulfurization (ODS) followed by adsorption/extraction attracts increasing
attention as a desulfurization technique alternative to the HDS and acid treatment processes.
ODS enables effective removal of sulfur compounds, and waste tire oil with ultralow sulfur
content can be obtained under mild reaction conditions. This waste tire oil with low
sulfur content can be used directly or blended in fuel engines. Interestingly, an innovative
desulfurization technology known as UAOD combined with adsorption/extraction has
been developed as an effective technology to remove sulfur and produce good-quality
desulfurized waste tire oil under ambient conditions. In addition, the UAOD technology
provides economic benefits to the waste tire management industry.

It is noteworthy that the presence of the catalyst improves the refractive index of
WTPO and reduces the sulfur content. However, despite the advantages associated with
catalytic desulfurization, some limitations still exist (such as oil recovery, the cost of the
catalyst, and catalyst deactivation and regeneration). In addition, upgrading WTPO using
different catalytic desulfurization methods in pilot and full-scale systems also poses a
significant challenge. Therefore, a sustainable desulfurization method is urgently required
to improve the economic aspects of the process.
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