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ABSTRACT

Solid waste, including waste tires, contributes significantly to global environmental pollution, with
approximately one billion used tires generated annually. The use of waste tires as a source of
sustainable aviation fuel (SAF) has the advantage of not competing with food sources, thus
supporting energy needs without sacrificing food security. However, the production of jet fuel from
waste tire pyrolysis oil faces major challenges to meet stringent American Society for Testing and
Materials (ASTM) quality standards. This article reviews the physicochemical properties of waste
tire pyrolysis oil, including viscosity, density, and sulfur content, and compares them with ASTM jet
fuel specifications. A bibliometric analysis is carried out on the development of fuel research from
waste tires being converted to jet fuel by collecting the number of papers and documents, the
number of citations, and the countries that produce the most papers related to waste tires and
their research. The development of catalysts for jet fuel production in the cracking process was
also discussed in detail. The use of waste tire pyrolysis oil in jet engines was also reviewed as an
initial step towards implementing sustainable fuels in the aviation sector.
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Introduction

Recently, global demand for sustainable aviation
fuels has been increasing rapidly. Solid waste is an
alternative raw material to meet this need [1]. Solid
waste significantly contributes to environmental
pollution worldwide, including industrial,
agricultural, municipal solid waste, waste tires, etc
[2]. Waste tires are one type of solid waste
generated by various vehicles, including large
vehicles, small vehicles, motorcycles, and heavy
equipment [[3], [4]]. The problems caused by waste
tires are not trivial because they will cause various
issues, such as social, economic, and environmental
issues [5]. Around one billion waste tires are
generated worldwide each year, and the production
of this waste will continue to increase over time [[6],

[7]1]. With such a large amount, it is a real challenge
for various stakeholders to manage the waste wisely
and in an environmentally friendly manner.

Waste tires have a high potential to be used as
fuel [[8, [9], [10], [11]] because they have a high
calorific value. Tires have a high calorific value due to
their high carbon content, which is a primary fuel
component. The calorific value of tires is influenced
by their composition, which includes natural rubber,
synthetic rubber, carbon black, and fillers [9]. The
calorific value of tires can be further enhanced by
processing them through pyrolysis, which breaks
down the tire components into their basic elements.
This process increases the calorific value of the tire.
Pyrolysis is a potential method to process waste tires
into high-value products such as pyrolysis oil, which
has a high calorific value (37-45 MJ/kg) and has the
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potential to be used as jet fuel. Waste tire pyrolysis
oil has a calorific value of 37-45 MJ/kg [12]. Previous
research has shown that around 42 wt% of the waste
tire pyrolysis process is pyrolysis oil found in the
liquid fraction [13]. The vyield of tire pyrolysis oil
depends on several factors, including heating rate,
temperature, catalyst, and others [[14], [15]].

Global jet fuel consumption is projected to rise
from 4 quadrillion Btu in 2010 to 16 quadrillion Btu
by 2050 [16]. As demand for fuel increases, the
aviation industry faces challenges in reducing carbon
emissions caused by the use of fossil fuels [[17],
[18]]. Aviation turbine (avtur) or jet fuel is kerosene-
based fuel [[19], [20]]. Producing jet fuel from
kerosene derived from pyrolysis oil is a significant
challenge for researchers. The challenge is that fuels
used in the aviation industry must meet certain
standards and be certified, according to the
American Society for Testing and Materials (ASTM)
[21]. These standards ensure the fuel's quality,
safety, and performance in jet engines. Pyrolysis oil
contains impurities, water, nitrogen, sulfur, oxygen
content, high density, and viscosity compared to
ideal jet fuel [[20], [22]]. In addition, the kerosene
fraction in waste tire pyrolysis oil is relatively small
compared to the diesel fraction [23].
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Waste tire pyrolysis with a catalyst for aviation
fuel production is promising. The main advantage of
incorporating catalysts into the pyrolysis is the
increase in yield and quality of the resulting pyrolysis
oil, and it may be even better for aviation fuels. The
works showed that catalytic pyrolysis of waste tires
substantially improves the quality of the produced
oil. Catalysts can remove sulfur content [1] and
oxygen content [24], enhancing the oil's quality and
making it more compatible with aviation fuel
specifications.

Based on the author's study, there are not many
studies that focus on the conversion of waste tires
into jet fuel through the pyrolysis process. This study
aims to provide information and knowledge about
the handling of waste tires and the hopes and
challenges of converting waste tires as fuel for
aircraft engines in the aviation sector. Catalysts that
have the potential to be used in the pyrolysis of
waste tires to produce jet fuel are reviewed. The
properties of waste tire pyrolysis oil and its
impurities, such as nitrogen, sulfur, and oxygen
compounds, were also discussed.
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Figure 1 - Map of cluster network visualization showing articles on “waste/scrap tire fuel” published in Scopus.
This map is based on 687 documents, with a minimum of ten occurrences
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Bibliometric Analysis. Scientific article data was
taken based on data from Scopus in February 2025.
Scopus was chosen because it is one of the most
extensive indexing services and journal database
providers today. The keywords used were "(waste OR
scrap) AND (tyre* OR tire*) AND fuel" in the Scopus
search column. Indexed publications were then
filtered in the range of 2015 to 2025, limited to only
articles, conference papers, and the final publication
stage. The number of publications downloaded was
687 articles. The publication data was then input into
VOSviewer (version 1.6.20). VOSviewer was used
because it can \visualize network maps for
bibliometric analysis [25]. A bibliometric analysis is
carried out on the development of fuel research
from waste tires being converted to jet fuel by
collecting the number of paper documents, number

of citations, countries that producing the most
papers related waste tire and its research.

The bibliometric analysis in

Figure 1 shows the relationship between the
various clusters in research on waste tire fuel. This
mapping shows that related research can be
categorized into four main clusters marked with
different colors. The red represents research
focusing on the catalysis aspect, and the blue
describes research on fuel applications in diesel
engines. In contrast, green relates to the
environmental and sustainability aspects of using
fuel from waste tires. The yellow indicates the
relationship of research to construction material
aspects, such as using pyrolysis residues in concrete
or asphalt mixtures.
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From the analysis of the relationship between
keywords, it can be seen that terms such as "diesel
blend," "engine," and "performance" have a strong
connection with "waste tire pyrolysis oil". This shows
that many current studies focus on blending waste
tire pyrolysis oil with conventional fuels and their
effects on engine performance and emission
characteristics. However, this map does not find a
strong direct relationship with the term "jet fuel" or
aviation fuel specifications, although the word
kerosene appears in a non-dominant part. This
indicates that although many studies are related to
the use of WTPO in diesel engines, studies that
specifically target its application as jet fuel are still
very limited or have not been a primary focus.

China and India are the two countries with the
highest number of publications in the provided
bibliometric analysis (Figure 2). This dominance can
be attributed to several factors, including rapid
industrialization, high waste tire generation, strong
research funding, and government policies
promoting sustainable energy solutions. As the
world’s largest tire producer and consumer, China
has significant research initiatives focused on waste
tire management, alternative fuel production, and
pyrolysis technology development [5]. China’s
commitment to reducing carbon emissions and
advancing waste-to-energy conversion is evident in
its policy support, technological innovation, and

financial incentives, integrating waste tire recycling
into national carbon reduction frameworks [26].
India faces significant challenges in waste tire
management due to increasing motorization and
non-biodegradability, prompting the government to
introduce the Extended Producer Responsibility
(EPR) framework in 2022 to enhance recycling and
resource recovery. Upgrading pyrolysis plants,
enforcing compliance with regulations, and raising
awareness in rural communities are crucial steps to
improving waste tire valorization while mitigating
environmental and health risks [27].

Waste Tire Handling

Conventional handling of waste tires can be
carried out in various ways: recycling, reclamation,
landfilling, retreading, reuse, incineration, and
combustion [9]. Recycling is the process of creating
new products from waste tires. Reclamation involves
extracting valuable materials from waste tires, such
as steel and fibers, to reuse in other industries.
Landfilling is a method of disposal that involves
burying waste tires in a specific location. Retreading
is the refurbishing of worn-out tires by replacing
their treads so they can be used again. Incineration
and combustion are waste management methods
for waste tires that involve applying heat treatment
to reduce the mass massively, but this method
results in heavy environmental pollution.
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The chemical composition of waste tires is
crucial in understanding their behaviour during
pyrolysis. Waste tires typically consist of 60% natural
rubber (NR) and synthetic rubber (SR), 30% carbon
black, and 10% organic and inorganic fillers [28]. This
composition affects elasticity, wear resistance, and
shock absorption [28].

Non-conventional waste tire treatment methods
such as gasification, liquefaction, hydrothermal
liguefaction, and pyrolysis are considered more
environmentally friendly [31]. Gasification involves
converting tires into syngas, a versatile fuel source.
Liquefaction processes break down tires into liquid
fuels or chemicals. Hydrothermal liquefaction
utilizes high temperatures and pressures to convert
tires into bio-oil.

Waste Tire Pyrolysis

Pyrolysis, a thermal decomposition process
without oxygen, transforms tires into valuable
products like pyrolysis oil, gas, and char. Pyrolysis oil
is generally considered the most beneficial among
these products [[32], [33], [34], [35]]. Pyrolysis has
become one of the most practical chemical recycling
and waste utilization techniques [[36], [37], [38]].
When waste tires undergo a pyrolysis process, they
will decompose into products with simpler
compositions [39]. It breaks down the complex
hydrocarbon polymers in waste tires into smaller
molecules, producing a mixture of liquid, gas, and
solid products [40]. Catalysts added to the pyrolysis

process can significantly influence the pyrolysis
results. The liquid fraction, often called pyrolysis oil
or bio-oil, contains a variety of hydrocarbons that are
suitable for further processing into fuels such as
gasoline, diesel, and kerosene. In addition, pyrolysis
gas, which mainly consists of hydrogen, methane,
and other light hydrocarbons, can be used for heat
and power generation, while the solid residue,
known as char, can be used in a variety of industries,
including as a carbon feedstock.

Figure 4 shows the various types of reactors used
in tire pyrolysis, such as fixed-bed, fluidized-bed,
rotary kiln, and auger or screw reactors. Each type of
reactor has a different working method,
temperature characteristics, and heating rate.
Fluidized-bed provides a higher oil yield due to faster
and more even heating, while rotary kiln is used for
continuous large-volume pyrolysis [41]. Slow
pyrolysis typically uses low heating rates (around 10
°C/min) with long vapor residence times, producing
around 30-55% pyrolysis oil yields. Fast pyrolysis
with higher heating rates and short residence times
can produce pyrolysis oil yields of over 50%. Flash
pyrolysis, such as in conical spouted bed reactors,
has very high heating rates with vapor residence
times of less than 2 seconds, producing pyrolysis oil
yields of up to around 58% and limonene yields of up
to 14.1% at temperatures around 475 °C[29].
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Properties of Waste Tire Pyrolysis Oil

M.F. Laresgoiti [42] employed gas
chromatography (GC) to examine a comprehensive
array of over 130 compounds in tire pyrolysis oils
with many aromatics. The oil is suitable for
automotive and diesel oils based on distillation. It's
been reported, too, that oil from waste tires is a
blend of aliphatic and aromatic compounds, much
like petroleum fuel [12]. Indeed, the properties of
the liquid fraction are generally similar to those of
the light oil fraction, like gasoline [41].

One of the main problems with jet fuel made
from pyrolysis oil is that it contains impurities such
as water, nitrogen, sulfur, and oxygen compounds.
These impurities can reduce the performance of the
jet engine and can even increase the risk of jet
engine damage [43]. To comply with established
aviation fuel standards, the levels of these impurities
must be lowered.

Waste tire pyrolysis oil has been classified based
on the property of its density, and interest has been
gained in its use as an alternative fuel, more so in
comparison with conventional jet fuel. Table 1 shows
the properties of waste tire pyrolysis oil. According
to Sharma [44], the densities of waste tire pyrolysis
oil typically lie around 0.86 g/cm3. This range
indicates that waste tire pyrolysis oil is denser than
conventional fuels, including jet fuel, generally with
a density of about 0.775 kg/m3 [45]. According to
Yaqoob et al. [46], the higher density of waste tire
pyrolysis oil compared to other kinds of fuel could
make a difference in combustion characteristics and
suitability for various engines. Thus, while the
density of waste tire pyrolysis oil is comparable to jet
fuel, its chemical composition and impurities must

Table 1 - Comparison of Jet A-1 to waste tire pyrolysis oil.

be further improved to be an ideal drop-in
replacement for conventional aviation fuel.

The significant barriers of waste tire pyrolysis oil
come from its high viscosity, which often entails
complete  reconstruction of the engine's
construction to be compatible with the specification
and not damage the engine [51]. Waste tire pyrolysis
oil generally has a higher viscosity than conventional
jet fuels. Some reports show the viscosity of waste
tire pyrolysis oil at about 3.8 to 15 cSt at ambient
temperature, which depends on product
composition and operating parameters [52]. It is
considerably higher than conventional jet fuels, such
as Jet A-1, whose viscosity usually lies much lower at
similar temperatures. Indeed, the pyrolysis oil
obtained from waste tires is especially identified
with dark color and foul smell, with its chemical
composition having a high content of BTX (benzene,
toluene, and xylene) and polycyclic aromatic
hydrocarbons (PAH), which is believed to give rise to
its high viscosity [53]. The formation of BTX is
strongly influenced by secondary reactions occurring
during tire pyrolysis [32].

The calorific value of waste tire pyrolysis oil was
about 40.8 MlJ/kg, which is competitive with
conventional jet fuel, as reported by Islam et al. [48].
However, sulfur compounds in waste tire pyrolysis oil
would be a severe problem because of their direct
application in aviation use, which may lead to
increased emissions and malfunction in operations
[54]. The higher polycyclic aromatic hydrocarbons
(PAH) concentration in waste tires affects a higher
adiabatic flame temperature, leading to a higher
heat release rate [[19], [55]].

The flash point is the lowest temperature at
which the vapors of pyrolysis oil can ignite.

Properties Jet A-1 Reference [44] Reference [47] Reference [48] Reference [49]
Density(g/cm3) 0.7752 0.91 0.86 0.97 0.94

Freezing point (°C) -402 - - - -

Viscosity (cSt) 8(at—20°C)2 3.35 (at 20 °C) 2.47 (at40°C)  4.90 (at 30 °C) 4.62 (at 40 °C)
Calorific value (MJ/kg) 42.82 38.10 41.74 40.80 38.00

Flash point (°C) 382 49.00 56.54 32.00 41.60

Cetane number - - <45 - -

Carbon (%) 86.56P 86.92 80.94 84.80 87.57
Hydrogen (%) 13.25b 10.46 12.72 9.01 10.35
Nitrogen (%) - 0.65 - 0.70 <1.00

Sulfur (%) 0.302 0.95 1.36 1.35

2 properties of Jet A-1 are taken from Hemighaus et al. [45], and ® properties of Jet A-1 are taken from Kumar et al. [50].




Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources

Table 2 - Type of sulfur compound in waste tire pyrolysis oil

Sulfur Compound Removal (% area)

Reducing Method Ref

Thiophene, Benzothiophene,
Dibenzothiophene, and their
derivatives

Maximum sulfur removal
87.8% (NiMo/c-Al>03)

Catalytic Hydrodesulfurization [65]
(HDS), post-pyrolysis process using
NiMo, CoMo, and Mo catalysts

Benzothiophene, 3-
Methylbenzothiophene,
Dibenzothiophene derivatives

1.36% to 0.60%
(NiMoS/Al,03)

Sulfur reduction from

Pyrolysis followed by simultaneous [66]
catalytic desulfurization (cracking +
HDS), formation of H2S

Benzothiophene, Phenyl
thiophene, Dibenzothiophene,
Inorganic sulfides, aliphatic sulfur,
sulfates

78.1% (Fe;03)

Sulfur removal in gas up to
87.7%; benzothiophene

Catalytic pyrolysis with Fe20s; Fe-S [67]
bond formation, C-S bond cleavage,
dehydrogenation, oxygen migration

Thiophene, Benzothiophene,
Dibenzothiophene, sulfoxides,

sulfones oil) via ODS

Sulfur removal 81-84%
(solvent fraction and raw

Oxidative desulfurization (ODS) [68]
post-pyrolysis; oxidation of sulfur to
sulfoxides/sulfones and adsorption

by Al203

The presence of many other compounds formed
during pyrolysis can affect the flash point of these
oils. For example, Lépez et al. [56] and Martinez et
al. [57] studied the continuous pyrolysis of waste
tires and then the co-pyrolysis of biomass. In both
works, the resultant oils showed different flash point
according to feedstock and operating conditions. Co-
pyrolysis of biomass with waste tires has been
explored to enhance liquid fuel yield [[58], [59]].

During pyrolysis, the tire material degrades with
the volatilization of hydrocarbons, nitrogen-
containing species, and gases like hydrogen. Waste
tires contain a significant amount of nitrogen that
may be responsible for generating nitrogenous
compounds in pyrolysis products, which may affect
the combustion characteristics of the resulting fuels.
Nitrogen can form nitrogen oxides when burned,
which are harmful gases contributing to air pollution
[[60], [61], [62]]. Understanding nitrogen dynamics
during pyrolysis is crucial in optimizing fuel quality
and reducing emissions.

Its sulfur content must be reduced when it is
used as jet fuel. The sulfur content comes from
applying additives during the factory tire production
process [[63], [64]]. The content of sulfur
compounds in waste tire pyrolysis oil consists of
thiophenes, benzothiophenes, dibenzothiophenes,
and several derivatives [65]. Other researchers who
identified sulfur compounds are presented in Table
2.

Several mechanisms carry out the reduction of
sulfur compounds in waste tires from pyrolysis. In
the post-pyrolysis hydrodesulfurization (HDS)
process, sulfur compounds such as thiophene,

benzothiophene, and dibenzothiophene are
removed by hydrogenation reactions under high
hydrogen pressure using catalysts such as NiMo or
CoMo on alumina, which convert sulfur to HsS,
thereby significantly reducing sulfur content [65]. In
catalytic pyrolysis, catalysts such as Fe;0s3 help break
C-S bonds and form Fe-S bonds and facilitate
dehydrogenation and partial oxidation reactions, so
that sulfur is trapped in the form of solid or gaseous
compounds that are easier to separate [67]. In
addition, the oxidative desulfurization (ODS)
method, carried out after pyrolysis, oxidizes sulfur
compounds into sulfoxides and sulfones, which are
then adsorbed by the catalyst surface, such as Al;Os.
This increases the efficiency of sulfur removal in the
final product [68]. The pyrolysis process, followed by
simultaneous  catalytic  desulfurization  with
NiMoS/Al,O5 catalyst, also showed effectiveness in
cracking while reducing sulfur in oil products [66].

Waste tire pyrolysis oil has significant amounts
of sulfur, leading to pyrolysis equipment corrosion.
Therefore, the desulfurization method should be
applied to long-lasting [69]. Choi et al. [70] did one-
and two-stage pyrolysis of waste tires to study sulfur
content in pyrolysis oil, and the result was that
temperatures around 500 °C had lower sulfur
content.

The concentration of sulfur compounds in waste
tire pyrolysis oil derived from the pyrolysis process
depends on the operating conditions. The
mechanism of compound formation depends on the
reactor type, reactor temperature, catalyst, heating
rate, and time [64]. Catalysts can transfer sulfur
elements from the liquid phase product to the solid
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Table 3 - Comparison of the operational conditions for the pyrolysis process and sulfur content

Reactor Catalyst Temperature (°C) Sweep gas  Sulfur Content obtained Ref

Fixed bed Fe203 600 Argon COS, H2S, and SO; were decreased by [67]
773 %, 99.7 %, and 85.1 %,
respectively.

Fixed bed Zeolite 500 Nitrogen Up to 12.8 % removal [71]

Rotary Kiln Cao 400 - Sulfur content in pyrolysis oil [72]
decreased from 0.99 % to 0.91 %

Solar-powered pyrolysis CaO 650 Nitrogen H2S decreased from 1.53 to 0.39 [73]

mL/g

phase in the pyrolysis process. In addition, the type
of sweep gas used also has an influence that cannot
be ignored.

Table 3 shows the sulfur content produced due to
operating conditions in waste tire pyrolysis from
several experiments.

Using sweep gas in the pyrolysis process of waste
tires increases liquid oil yield while reducing the
amounts of solid residue (char) and gas. The sweep
gas helps to carry the vaporized products out of the
reactor more efficiently. It makes the process more
effective and increases the amount of valuable liquid
fuel produced. Water vapor as a sweep gas was
introduced to minimize sulfur content in the liquid
phase and increase the solid phase [74]. That review
revealed that the fixed bed produces the highest
amount in the oil phase.

Aviation Turbine Fuel Standards and
Certification

Aviation turbine fuel (avtur) or jet fuel is used in
aircraft. This fuel is a mixture of hundreds of

be used, crude oil must be processed at oil refineries.
The first processing process is carried out by staged
distillation, while a more complex process is carried
out in the second processing. The fuel produced
mostly becomes gasoline and diesel, while a small
part becomes avtur. Gasoline has a lighter density
and is more volatile than avtur, while diesel is
heavier and more prone to clumping into solids.
Avtur must follow strict standards and get
certification to ensure quality, safety, and optimal
performance in aircraft engines [[20], [75]]. The
American Society for Testing and Materials (ASTM)
has developed standards for avtur quality and
testing procedures. This standard has been widely
adopted worldwide. Following ASTM standards is
very important for fuel suppliers and aircraft
manufacturers because not following these rules can
make engines less efficient and unsafe. These
standards include fuel composition, purity, volatility,
and thermal stability. By following ASTM standards,
jet fuel suppliers ensure their products meet the

hydrocarbons extracted from crude oil. Crude oilisa  strict requirements for the safe and reliable
black, viscous liquid that cannot be used directly. To  operation of jet engines.
Table 4 - Specification Properties of Jet Fuels [[76], [77], [78]]
Fuel Jet A Jet A-1 TS-1 JetB JP-8
Specification ASTM D DEF STAN GOST 10227 CGSB-3.22 MIL-
1655 91-91 DTL83133
Sulfur, mass% 0.30 0.30 0.25 0.40 0.3
Flash point, °C, min 38 38 28 — 38
Density, 15°C, kg/m3 775-840 775-840 min 774@20°C 750-801 775-840
Freezing Point, °C, max -40 -47.0 -50 (Chilling point) -51 -47
Viscosity, —20°C, mm2/sec, max 8 8.0 8.0 @ —40°C — 8
Heating value, MJ/kg, min 42.8 42.8 42.9 42.8 42.8
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Aviation turbine fuel is commonly divided into
two main types: Jet A and Jet A-1, which are widely
used in commercial aeroplanes, and JP-8, primarily
used by the military [76]. ASTM has issued jet fuel
standards for avtur fuels, namely Jet A and Jet A-1
[77]. This standard is usually used in fuel used by
commercial airlines. Flights outside the United
States and Eastern Europe commonly use the A-1 jet.
In the United Kingdom (UK), there is a DEF STAN
standard that regulates Jet A-1 fuel. A GOST standard
regulates TS-1 jet fuel in Russia and Eastern Europe.
The country near the North Pole, Canada, has a
standard in the form of the Canadian General
Standards Board (CGSB), which accommodates Jet B
type fuel regulations. Table 4 specifies the type of jet
fuel.

Jet A-1 has a carbon number of 8 to 16, which is

highly controlled during fuel refinery processes to
meet regulatory standards [79]. It ensures the fuel
delivers the required energy density and combustion
characteristics for safe and efficient flight
operations. The precise formulation of Jet A-1
enhances engine performance and minimises
environmental impact by reducing emissions and
improving fuel efficiency.
One of the considerations for using fuel is that the
plane needs energy to move and resist the force of
gravity so that the aircraft can fly. The energy
quantity in the fuel is expressed in units of MJ/kg or
megajoules per litre (MJ/L) according to the
International Metric (SI) units. From Table 4, it can be
seen that there is not much of a significant difference
between jet fuels above.

Avtur is composed of hundreds of hydrocarbons
that have freezing points. The hydrocarbon
component that has the highest freezing point will
be solid first. The freezing point is the temperature
at which the molecules begin to freeze. This

parameter is crucial for aviation operating at
extreme altitudes where temperatures are very low
[75]. A low freezing point will ensure the fuel
remains liquid during flight. It will affect the smooth
and stable fuel flow to the engine combustion
chamber.

Viscosity indicates a viscous fluid level that can
be affected by temperature. Too high a viscosity in a
fluid, in this case, fuel, can cause significant
problems and impair engine performance [80].
Proper viscosity will maintain a smooth supply of
fuel to the combustion chamber. The pumping
power of jet fuel is affected by viscosity. The greater
viscosity will disrupt the smooth supply of fuel and
disrupt the stability of fuel flow, especially in icy
temperature conditions. An example of standard
tests for jet fuel properties is listed in Table 5.

The sulfur content shows the percentage of
sulfur in the fuel. Sulfur is an element that causes
corrosion and impure gas emissions, such as sulfur
dioxide, which is dangerous to health and the
environment. 0.30% means the sulfur content of this
fuel is relatively low.

The lower the sulfur, the less pollution is
generated. It will prevent corrosion in the engine,
keeping it in good condition while helping the
environment. Usually, fuel with low sulfur content is
more expensive as it needs extra refinement.

The flash point refers to the lowest temperature
at which a fuel might ignite with the availability of an
ignition source. Therefore, a minimum value of 38°C
implies that this fuel has reasonable safety and is not
easy to burn at low temperatures. The higher the
flash point, the safer the fuel against fire hazards in
handling and storage applications. This aspect of
flash point is quite significant for the transportation
and storage of fuel. High flash point acts as a
measure to avoid accidental fire outbreaks.

Table 5 - ASTM Standard for fuel jet quality testing (adapted from [77] and [81])

Property Standard test method Description

Viscosity ASTM D 445 /IP 71 Test method for measuring the kinematic viscosity of petroleum products
and liquid fuels at various temperatures

Sulfur ASTM D 1266 /IP 107 The test method used to determine sulfur content in petroleum products
and other materials through the Lamp Combustion method.

Flash Point ASTM D 56 The test method used to determine the flash point of liquids using a Tag
Closed Cup apparatus, commonly applied to assess the flammability of
petroleum products.

Density ASTM D 1298 / IP 160 The test method used to determine the density or relative density
(specific gravity) of petroleum products and liquid hydrocarbons is a
hydrometer.

Heating ASTM D4809 Test method for determining the heat of combustion of liquid

Value hydrocarbon fuels using a bomb calorimeter, providing critical data for

fuel performance evaluation and quality control
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Density is the measure of how compact the fuel
is. It would mean that a range of 775-840 kg/m3
indicates a density of this fuel at 15°C. Density
impacts the volume and weight that can fit in any
given tank. Since this fuel is denser, it possibly
contains more energy per volume. Consistent
density ensures that for an engine to perform
optimally, the appropriate amount of fuel reaches
the engine for efficient combustion.

ASTM D7566-18 has set five synthetic paraffinic
kerosene (SPK) types as blending components with
conventional jet fuel [79]. SPK is made from
renewable sources like vegetable oil and waste. The
goal is greenhouse gas emissions reduction. It will
make flights more environmentally friendly. The
types of SPK are Fischer-Tropsch SPK (FT-SPK),
Hydroprocessed Esters and Fatty Acids SPK (HEFA-
SPK), Synthesized Iso-Paraffinic SPK (SIP-SPK),
Alcohol to Jet SPK (ATJ-SPK), and Alcohol to Jet SPK
(HC-HEFA-SPK). FT-SPK is processed from biomass or
natural gas. HEFA-SPK is made from vegetable oil or
animal fats. SIP-SPK is made from fermented sugar,
and ATJ-SPK is made from alcohol turned into jet
fuel. HC-HEFA-SPK is made from sugar through
chemical and biotechnology processes. Each SPK
type can be mixed up to a certain percentage with
conventional jet fuel. Benefits include lower
emissions, the use of renewable resources, and less
reliance on petroleum. However, ASTM has not
recognized the pyrolysis process as a pathway in
production or blending with jet fuel.

Catalytic Cracking as an Approach to Producing
Jet Fuel

The role of catalysts in the pyrolysis process for
producing avtur is to optimize yields and quality.
Without a catalyst, pyrolysis can depend only on high
temperatures to degrade long hydrocarbon chains
into smaller compounds, often forming products of
uncontrolled composition and quality [82]. Catalysts
drive the pyrolysis reaction along more selective
pathways and produce a hydrocarbon fraction [83]
that can be driven more closely to match the jet fuel
specification. Catalysts improve product selectivity,
whereby the pyrolysis process affords more light
hydrocarbons and preferred fuel components like
aromatic and aliphatic C8-C16 in agreement with jet
fuel characteristics [84]. Catalysts can also improve
energy efficiency in the pyrolysis process [85].
Catalysts allow lower reaction temperatures and cut
reaction times compared to pyrolysis without
catalysts, reducing energy consumption [86].

Catalyst for jet fuel production in the cracking
process is listed in Table 6. Table 6 provides
information on using various catalysts in the high-
temperature cracking process for jet fuel production
from various feedstocks. Catalysts have been widely
used by researchers in pyrolysis. Not a few have also
researched the use of catalysts to produce avtur,
which can potentially be used in waste tire pyrolysis.
Prasad et al. [87] studied an experiment on
producing bio-jet fuels through catalytic pyrolysis of
sawdust using MgO-modified activated biochar.
These studies have evidenced that the optimum
composition of catalysts improves yields of jet fuels,
with a maximum yield of 29% at 600°C with 10 wt%
MgO. Poor performance was noticed for AC alone
due to strong surface -OH and -COOH groups; hence,
adding MgO neutralises them and gives higher yields
of bio-jet fuel. The results explained that the acid
and base sites of the catalyst played a vital role in the
conversion process; hence, this method is one of the
green ways of producing bio-jet fuel. It can be
concluded that MgOAC has been considered one of
the promising, efficient, and economical catalysts in
biomass pyrolysis.

Fu et al. [88] studied catalytic co-pyrolysis of
lignin and polypropylene (PP) using Fe/AC as a
catalyst. The research included evaluating the effect
of reactants, such as iron loading, reaction
temperature, catalyst/feedstock, and ligament/PP
ratio, on the yield and distribution of the jet fuel
range hydrocarbons. Adding PP increased the H/C
ratio in the pyrolysis system and improved the
quality of pyrolytic oil. PP was manifested as a
hydrogen donor, which supplied hydrogen radicals
that suppressed the polycondensation and cross-
linking of the lignin pyrolysis intermediate. It led to
increased pyrolysis oil from using both FP and lignin
instead of using only FP, proving that PP and lignin
had a synergistic relationship with each other.

Increased Fe loading on the catalyst led to
improved jet fuel range hydrocarbon production and
encouraged the development of cycloalkanes and
aromatics. Deoxygenation and alkylation reactions
were mediated by the Fe¥ sites, converting phenols
into  high-carbon aromatics, improving the
distribution of hydrocarbons in the jet fuel range.
The study established the optimal conditions of 550
°C, 1:1 lignin/Polypropylene ratio, and 1:2 catalyst/
feedstock ratio for maximizing the production of jet
fuel range hydrocarbons. However, excessive
amounts of catalysts negatively affected high carbon
hydrocarbon and cycloalkane yields.
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Table 6 - Catalyst for jet fuel production in the cracking process

Catalyst Catalyst Category Feedstock Reactor Temperatur Avtur Ref
Type e (°C) Fraction (%)

MgO modified Metal oxide Sawdust Batch 600 29 [87]
Fe/AC Activated carbon Lignin/polypropylene  Fixed bed 550 35.39 [88]
Activated carbon Activated carbon Soapstock Fixed bed 500 98 [89]
Zeolite Y Zeolite Municipal plastic Fixed bed 500 30 [90]
Metal-loaded activated LDPE Fixed bed 600 96.17* [91]
carbon Activated carbon

Activated carbon Activated carbon LDPE/wheat straw Fixed bed 550 95.4* [92]
Activated carbon Activated carbon Waste plastics Fixed bed 500 100* [93]
Ca0 and Zn-modified Camphorwood/LDPE  Fixed bed 550 18.45 [94]
HBeta Metal oxide/Zeolite

Sulfonated activated Sawdust/LDPE Fixed bed 500 97.51% [95]
carbon Activated carbon

Metal/HZSM-5(38) Metal/Zeolite Sawdust Fixed bed 550 ~55%* [96]
Fe/biochar Metal/Biochar Syringe Fixed bed 500 78 [97]
SBA-15 Mesoporous silica Coconut oil Fixed bed 500 NA [98]
Ni-Mo/silica-alumina Metal/Aluminosilicate Waste cooking oil Fixed bed 420 55.6 [99]
Bentonite Mineral Jatropha oil Batch 350 40 [100]
Carbon-loaded platinum  \etal/Carbon Polyisoprene rubbers  Fixed bed 460 83.6 [101]
NiAg/SAPO-11 Metal/Silica alumina Pure alkanes Fixed bed 380 67 [43]

Duan [89] reported in the paper focused on the  temperature for thermal decomposition and

catalytic pyrolysis of soapstock using an H3PO,-
activated corn cob-derived activated carbon catalyst
to produce jet fuel, gasoline-range hydrocarbons,
and H;-enriched biogas. The loading concentration
of H3PO, was essential for developing acid groups
and porous properties of the ACC, which significantly
impacted the yield and chemical profile of the
produced bio-oil and biogas. The maximum
selectivities of jet fuel (98.78%) and gasoline
(91.03%) were achieved under the optimal
conditions with a pyrolysis temperature of 500°C and
a soapstock-to-ACC ratio of 1:1.5. This study had
novelty and an efficient route for waste soapstock
transformation into valuable energy products. At the
same time, further investigations should be
conducted to improve catalysts and detailed
reaction mechanisms at the molecular level.

The type of catalyst used significantly impacts
the production of jet fuel fractions. Activated carbon
can significantly break down feedstock into jet fuel,
especially for waste plastic feedstock. lJet fuel
produced using this catalyst can reach 100% area.
Meanwhile, metal-loaded activated carbon used in
LDPE produces 96.17%. In addition, operating
temperature also plays an important role in
conversion efficiency. Most of the process occurs in
the range of 500-600°C, which is the optimal

catalytic reactions that produce medium-chain
hydrocarbons  (C8-C16), following jet fuel
specifications. For example, Ni-Mo/silica-alumina
used in a fixed bed reactor at 420°C produces 55.6%
of the avtur fraction, indicating that this catalyst has
high activity in the cracking reaction despite the
lower temperature. Considering this, these catalysts
also have the potential to be used on waste tires to
be converted into jet fuel.

Experiments Attempting to Produce Jet Fuel
Base from Waste Tires

Producing high-quality oil from pyrolysis due to
impurities and contaminants is tough. Various
methods have been proposed to improve the quality
of oil derived from pyrolysis to produce jet fuel. One
method involves strict testing methodologies
necessary for jet fuel to be accepted for aviation use.
Most of these test methods typically involve the
analysis of key parameters such as sulfur content,
density, viscosity, and composition to meet aviation
fuel requirements. Using modern testing equipment
and methodology, one would be able to obtain an
appropriate estimation of the quality of jet fuel
derived from pyrolysis oil. Table 7 lists researchers
attempting to obtain jet fuel range from waste tire

pyrolysis.
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Table 7 - Experiments attempting to produce jet fuel base from waste tires

Reactor type Feed Catalyst Working Sweep Gas Upgrading Process Ref.
Stock Temperature
(°C)
Semi-batch Tire - 550, 650, 700 - Distillation 149-232 -C [102]
Fixed Tire Pt/Zeolite 500, 600, 700 Nitrogen Polar-aromatic fractionation [103]
Fixed Tire Zeolite 600 Nitrogen - [104]
Fixed Tire - 500 - Distillation 131-225 -C [19]
Lopez et al. [102] experimented with the increased the production of polar-aromatic

GRAUTHERMIC-Tires process. GRAUTHERMIC-Tires
was a novel process developed to efficiently valorize
granulated scrap tires through thermolysis at
moderate temperatures at atmospheric pressure. In
the GRAUTHERMIC-Tires process, vertical, parallel,
tubular reactors without internal moving parts
restrict the entrance of oxygen into the thermolysis
environment to prevent combustion. In this work,
the effect of thermolysis temperature in the range of
500 to 700 °C was investigated for the yields of solid-
char, liquid tire-derived oil, waste tire pyrolysis oil,
and gaseous products from granulated scrap tires
(GST) in a semi-batch pilot plant. Results showed
that high gas yields, waste tire pyrolysis oil, and char
fractions could be achieved. Gas yields varied in the
range of 15-22 wt.%, and the waste tire pyrolysis oil
yields varied in the range of 34-46 wt.%, and char
yields in the range of 39-44 wt.%, attesting to the
goodness of the process for the valorization of
valuable materials from GST. Waste tire pyrolysis oil
was distilled into the following categories: gasoline
(<149 C), jet fuel (149-232 °C), diesel (232—343 <C),
fuel oil (343—371 °C), and heavy vacuum gas oil (>371
°C). Jet fuel fraction was obtained in a significant
amount. The waste tire pyrolysis oil recovered had a
GCV of 41-44 MJ/kg and could be qualified as
heating oils and, therefore, usable as a fuel. The
fraction of incondensable gas can also be used for
electricity production with a gas turbine and can
yield 4.1-6.5 kWh of electricity per gram of treated
GST. The value of the resulting char was much higher
for other industries, with a GCV of 27-28 MJ/kg and
high ash and zinc contents. Although the results from
this study were positive, it was realised that market
demand for the obtained products was an important
factor affecting the economic viability of pyrolytic
treatment of waste tires.

Dung et al. [103] focused on the influence of
pyrolysis temperature and the use of Pt-loaded
catalysts on polar-aromatic content in waste tire
pyrolysis oils. An increase in pyrolysis temperature

compounds, often unwanted, given their complex
structure and environmental implications. This work
noted that bifunctional catalysts, such as Pt/HBETA,
significantly improved polar-aromatic reduction in
comparison with Pt/HMOR since HBETA enjoys a
better surface area and Pt dispersion, and these
improvements in hydrogenation activity were, in
turn, responsible for the improvement in reduction.
This work also noted that the preparation of
catalysts via calcination and impregnation was one
of the key steps in optimizing catalytic performance.
The results also indicated that the hydrogenation
rate catalysed by Pt was higher compared to the
conversion into heavier polar-aromatic compounds,
thus minimising their concentration in pyrolytic oils.
The work, in general, highlighted useful insights
toward pyrolysis conditions and catalyst design,
which could potentially reduce the vyield of
undesirable polar-aromatic compounds and improve
the quality of tire oils.

Osayi et al. [104] aimed to investigate the
properties of the pyrolytic oil obtained from waste
tires through pyrolysis using synthesized zeolite NaY
as the catalyst. Pyrolysis was conducted at 600 °C
with different catalyst concentrations in the range of
1 to 10 wt%. The maximum yield of CPO was 21.3
wt.% at the catalyst-to-tire ratio of 7.5 wt.%, though
lower than the yield of noncatalyzed pyrolytic oil
that reached 34.40 wt.%. The chemical composition
of the pyrolytic oil was tremendously enhanced with
a significantly increased vyield of valuable
compounds like benzene, ethylbenzene, toluene,
and xylenes in order of CPO (5 wt.%) > CPO (1 wt.%)
> CPO (10 wt.%) > CPO (7.5 wt.%) > noncatalyzed
pyrolytic oil in terms of the yield of benzene. GC-MS,
FT-IR, and NMR techniques were separately applied
to the present study to evaluate the chemical
composition and present functional groups within
the pyrolytic oil. The CPO consisted of a complex
mixture of aromatics, olefins, and paraffins that
represented a wide hydrocarbon profile. Besides,
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the zeolite NaY catalyst also showed the possibility
of increasing hydrocarbon yield in the carbon range
of C6-C15, which corresponds to the available
gasoline and jet fuel yields with lower yields of diesel
and fuel oils. In general, synthesised NaY zeolite was
a highly active catalyst that improved both the
quality and yield of the pyrolysis oil from waste tires;
hence, it demonstrated its potential for industrial
applications in the production of valuable chemical
compounds.

Suchocki et al. [19] experimented on the
performance-emission characteristics of a miniature
GTM-140 gas turbine engine fired with blends of jet
fuel with waste tire pyrolysis oil, which is presented
in this paper. Before blending, waste tire pyrolysis oil
was distilled at 131-225 °C to meet the kerosene
base property and to reduce impurities. The
research work met the demand for alternative fuels
depleted by fossil fuels and the environmental
concern for waste tires that are difficult to recycle.
The pyrolysis process transformed the tires into
pyrolysis in a liquid fuel form, which is usable instead
of conventional fuels in gas turbines. The work
reported an experimental study that aims to find out
the potential impacts of using various
concentrations of waste tire pyrolysis oil blended
with kerosene on turbine performance, given static
thrust, thrust-specific fuel consumption (TSFC), and
emission of harmful gases such as NOy, CO, and SO,.
The experimental results revealed that waste tire
pyrolysis oil blends give good enough thrust, while to
maintain the same rotational speed, the fuel flow
rate needs to be higher than that of pure kerosene.
This increased the TSFC, which points to efficiency
issues when waste tire pyrolysis oil is used. It was
further found in the study that NOx emissions tend
to increase with a higher waste tire pyrolysis oil
concentration, indicating a potential linkage
between fuel composition and nitrogen oxide
formation. On the other hand, the SO, emission
results were below for all the blends, which may be
considered an environmental merit for the
application of waste tire pyrolysis oil. The testing
methodology ranged from turbine inlet and outlet
temperatures to fuel flow and emissions measured
at different load conditions to comprehensively
present the operational characteristics of the gas
turbine running on waste tire pyrolysis oil blend. Test
results also proved that waste tire pyrolysis oil can
be considered as an alternative fuel. However,
further optimisation of its viscosity and combustion
characteristics was  necessary for  better
performance and reduction of the emission level. In

general, this paper provided useful insight into the
feasibility study of applying waste-derived fuels to
gas turbines, opening up a path toward more
sustainable energy solutions for power generation.
Sajdak et al. [30] explored the conversion of
pyrolysis oil from car tires into jet fuel, focusing on

optimizing  hydrodeoxygenation  (HDO) and
hydrocracking (HC) processes to maximize the
kerosene fraction yield. The study used

NiMo/y-Al,0; catalysts under varying temperature,
pressure, and time conditions to refine tire pyrolysis
oil (TPO) and then analyzed the impact of these
conditions on the oil's composition and properties.
The research indicates that hydrodeoxygenation
(HDO) and hydrocracking (HC) processes can
effectively upgrade tire pyrolysis oil (TPO) into a
substance with properties similar to aviation fuel
fractions. During the HDO process, the sulfur and
nitrogen contents were significantly reduced. HDO
generally increasing the content of paraffins, iso-
paraffins, and naphthenes, while aromatics can be
reduced.

Discussion

Jet fuel is a complex fuel made up of hundreds
of different types of hydrocarbons derived from
crude oil. Aircraft use aviation turbine fuel, which is
a complex fuel manufactured from hundreds of
different hydrocarbons obtained from crude oil
processing. Jet fuel has to meet strict standards for
safety and efficiency in aircraft engines, as set out by
organisations such as the ASTM. These
internationally accepted standards relate to fuel
characteristics such as composition, purity, volatility,
and thermal stability. For example, ASTM specifies
Jet A and Jet A-1 for commercial aircraft, while other
states have their specifications, such as the UK with
DEF STAN, Russia and Eastern Europe with GOST, and
CGSB in Canada for Jet B. The existence of such
regulations ensures that jet fuel will be able to meet
even the most stringent requirements to safely and
reliably power jet engines anywhere in the world.

Jet fuel comes with essential requirements in
aircraft, which include the energy content, freezing
point, viscosity, sulfur content, flash point, and
density, which are all great concerns in ensuring
safety in their operations. Several standards in jet
fuel, like ASTM, have been set for all these
parameters to ensure dependability for high-altitude
and low-temperature conditions that require low
freezing points and proper viscosity for a continued
smooth flow of fuel toward the engine. More
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recently, ASTM introduced SPK types derived from
renewable sources, such as FT-SPK, HEFA-SPK, SIP-
SPK, and ATJ-SPK, which can be blended into
conventional jet fuel to reduce greenhouse gas
emissions. Although the previous pathways have
been approved by ASTM for blending, all pyrolysis-
derived fuels remain unapproved as a jet fuel
production or blending pathway [20]. The difference
indicates that sources of renewable jet fuel are still
being explored, and more tests should be done to
ensure they meet the strict standards set for aviation
fuels.

Waste tire pyrolysis with distillation purification,
as mentioned in the previous literature, was used to
start mini turbine engines, although there are
differences in terms of properties. The results of the
study showed that there were no significant
problems in the combustion chamber operating the
mini-turbine engine [20]. On the side of combustion
results, there are still gases that are harmful and
pollute the environment produced from the
combustion process. However, the study requires a
larger test scale to determine the effect of waste tire
pyrolysis on aviation turbine fuel over a longer and
comprehensive period.

Such catalysts play an important role in
optimising  pyrolysis  processes toward the
production of jet fuel by improving product yield and
selectivity, and adding energy efficiency. This means
that catalytic pyrolysis of biomass, lignin,
polypropylene, waste tires, and other materials on
MgO-modified activated biochar, Fe/AC, and zeolites
will break them down into desirable jet-fuel-range
hydrocarbons. On the other hand, catalyst selectivity
prefers to move toward producing specific
hydrocarbon fractions, such as C8-C16 aliphatic and
aromatic compounds, within the jet fuel
specifications. MgO-modified-activated biochar
increases the yield of sawdust toward jet fuel. Fe/AC
acts as a catalyst for co-pyrolysis between lignin and
polypropylene, producing hydrocarbons of jet-fuel
quality. Moreover, catalysts like H3POs-activated
carbon and zeolites offer some promise for
improving the selectivity and lowering the impurities
in pyrolysis oils of soapstock and waste tires. Waste
tire pyrolysis oil, for instance, may be refined and can
be mixed with kerosene for consumption in turbines,
though further improvement in the viscosity and
management of emissions is required. Although
promising, pyrolysis has not yet been approved as a
certified pathway to jet fuel by ASTM because
additional research and validation will be needed to
meet the strict aviation standards.

The next step that can be taken after getting tire
pyrolysis oil is to do hydrodeoxygenation (HDO) and
hydrocracking (HC). Some literature states that this
process can bring tire pyrolysis oil (TPO) properties
closer to the jet fuel fraction by reducing
contaminants and sulfur content. The distillation
process is necessary to obtain the right boiling point
and meet the volatility requirements of jet fuel. Even
so, processes that need to be carried out, such as
isomerization and additives, still need to be carried
out. Isomerization improves the branching of
hydrocarbon molecules, leading to better cold flow
properties. Additives will improve its stability,
prevent corrosion, and enhance other properties.
Adding appropriate additives is necessary before the
fuel can be certified for use.

Conclusion

Waste tire pyrolysis is a promising pathway for
sustainable aviation fuel production. Pyrolysis offers
dual benefits in waste tire handling and alternative
energy production. The bibliometric analysis shows
the development of research on waste tire fuels. The
study of keyword relationships shows that current
research is highly focused on mixing waste tire
pyrolysis oil with conventional fuels, and application
as jet fuel is still a relatively unexplored area. From
several previous studies, tire pyrolysis oil has been
tried to be used in micro turbine engines on a
laboratory scale. These results need to be validated
on a larger scale and for a longer time to find a more
significant impact. Although jet fuel derived from
waste tires shows promise, there are still challenges
to overcome, especially in meeting stringent aviation
standards such as ASTM. These challenges include
optimizing properties such as viscosity, density,
freezing point, and sulfur content, as well as
addressing emissions of harmful compounds such as
nitrogen oxides. Catalyst development has shown
potential for improving the yield and quality of
pyrolysis oil to meet aviation fuel specifications.
MgO, Fe/AC, and zeolite are some of the catalysts
used on biomass to produce jet fuel and have
potential applications in waste tire pyrolysis.
However, further refining processes such as
hydrodeoxygenation, hydrocracking, distillation, and
isomerization are necessary to bring waste tire
pyrolysis oil closer to jet fuel specifications. Future
work should focus on refining pyrolysis processes,
developing advanced catalysts, and conducting
large-scale testing to validate the long-term viability
of this pathway for sustainable jet fuel production.
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TYWIHAEME

KaTTbl KanabIKTap, COHbIH, iWiHAe WWHanap KanablFbl ahaHAbIK KOpLUaFaH OpTaHbIH acTaHyblHA
aWTapAblKTal ynec Kocadbl, bl calblH WamameH 6ip Muaavapa naiAanaHbiaFaH WKWHanap
naga 6onagbl. Kangplk WWMHanapabl TypakTbl aBUAUMANBIK OTbIHHbIH, (SAF) Kesi peTiHae
nainganaHy asbIK-TyNiK Ke3aepimeH 6acekenecneiigi, ocbinaiwa asblK-TyNiK KayincisgiriHe HyKcaH
KenTipmecTeH 3Heprua Ka*KeTTiNiKTepiH KamTamacbi3 eTegi. [lereHMeH, WWHanapaplH, NMPoONn3
MaliblHaH aBUAKEPOCHH BHAIPY AMEPUKAHABIK CbIHAKTAp MeH MaTepuangap KoFambliHblH (ASTM)
KaTaH, cana cTaHgapTTapbiHa 6alinaHbICTbl aWTapAbIKTAl KUblHAbIKTapFa Tan 6onagbl. byn
MaKanaga TYTKbIP/bIKTbI, TbIFbI3AbIKTbl KOHE KYKIpTTi Koca anfaHga, WWHanapablH, NuMponus
MaMbIHbIH, OU3MKa-XMMUANBIK KacueTTepi KapacTbipblnagbl kaHe onapabl ASTM  peaKTuBTi
OTbIHHbIH TEXHUKA/IbIK CMMATTaManapbiMeH CanbiCTbipadpbl. Makananap MeH Ky»KaTTapablH CaHbIH,
JAdMeKce3aep caHblH, WMHA KafablKTapbliHa KAaTbICTbl €H Ken MaKanapabl XapuananuTbiH engep meH
0N1apapbliH 3epTTeY/IePiH XKMHAY apKbl/ibl aBUAKEPOCUHTE aliHANAbIPbINATBIH WWMHA KaNAbIKTapbliHaH
KaHapmali 3epTTeynepiH AambiTyFa 6UBAMOMETPUANBIK Tangay *Kyprisineai. CoHOan-aK KpPeKUHr
npoueciHAe aBUaKepOCUH eHAipyre apHanfaH KaTaavsaTopaapAbl 33ip/iey Kavbl A3 KaH-KaKTbl
TanKbiNaHAbl. PeaKTUBTI KO3FaNTKbIWTapAa LWWHANapablH, NUPoavM3 MawbiHbIH, KanablKTapbiH
nainganaHy asBMauMa CEKTOPbIHAA TYpPaKTbl OTbIHAbI EHri3yaiH, 6acTankpl Kagambl peTiHae
KapacTbipblnagpl.

TyiiiH ce30ep: KaTanM3aTop, PEaKTMBTI OTbIH, GUIUKO-XMMUANbIK KAacMeTTepi, MMpoan3 maibl,
KangplK WWHanap.
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AHHOTALMUA

Teepgble oTxoAbl, BKAOYan OTpa6OTaHHbIe WKHbI, BHOCAT 3HAUMTENbHbIN BKnag B rnobanbHoe
3arpAasHeHune 0pr>Ka|ou.|,e17| cpeabl, exerogHo o6pasye'rc51 OKONO0 Oo4gHOro MmMwunnunapaa
0Tpa60TaHHbIX wuH. Ncnonb3oBaHune OTpaﬁOTaHHbIX WNH B Ka4yecTBe MUCTOYHMUKa yCTOﬁHVIBOI'O
dBMALUMOHHOIO TON/INBA (SAF) MMmeeT TO NpenmyLLecTBo, YTO OHU He KOHKYPUPYIOT C UCTOYHUKaMU

NPOAOBONLCTBUA, TEM CaMbiM MNOAAEPXMBAA NOTPEOHOCTM B 3SHeprun 6e3 ywepba ana
MNoctynuna: 2 uroHa 2025

PeueH3sunpoBaHue: 4 uroHa 2025
MpuHAaTa B neyatb: 11 uroHA 2025

NpoAOBONLCTBEHHOW  6e3onacHocT. OAHAaKO NPOUW3BOACTBO  PEAKTUBHOIO Ton/MBa W3
NUPOAU3HOrO Macna OTPaboTaHHbIX LWKMH CTA/IKMBAETCA C Cepbe3HbIMU Npobaemamu, CBA3AHHbIMK
CO CTPOTMMM CTaHAAPTaMM KavecTBa AMepuKaHCKOro obuiectsa No UCMbITAHMAM U MaTepuanam
(ASTM). B 3ToW cTaTbe paccMaTpuBalOTCA GU3MKO-XMMMUYECKME CBOMCTBA MUPOAM3HOTO Macna
0TPabOoTaHHbIX LWWMH, BKAOYAA BA3KOCTb, NIOTHOCTb U COAEPMKaHWE Cepbl, U CPABHUBAIOTCA CO
cneundmKaumamm peaktmsHoro tonausa ASTM. Mposogutca 6uBAMOMETPUYECKUIA aHanu3
pa3BUTUA TOMIMBHBIX UCCNEA0BaHUI U3 OTPabOTaHHbIX WWH, NnepepabaTbiBaeMbIX B peakTUBHOE
Ton/AMBO, NyTem cbopa KonuyecTsa cTaTell U AOKYMEHTOB, KOAMYECTBA LUTUPOBAHUI U CTPaH,
KOTOpble BbINYCKalOT 6Gosblue BCEro cTaTel, CBA3aHHbIX C OTPAabOTAaHHbIMWU LUMHAMM U WX
nccnegoBaHuAMK. Takke noapobHO obcykaanack paspaboTka KaTanmM3aTopos AnA NPOU3BOACTBA
peakTMBHOrO TOM/MBAa B MpoLecce KpekuHra. Mcnonb3oBaHne nMPOAU3HOTO Macna w3
0TPabOTaHHbIX LWWH B PEaKTUBHbIX ABUTaTeNAX TaKXKe PAaCCMaTPUBANOCh KaK NepBblIl Wwar Ha nyTu
K BHEAPEHWMIO 3KONIOTMYECKM YNCTbIX BUAOB TOMINBA B aBUALLMOHHOM CEKTOpE.

Knrodeeble c€n06a: KaTanv3aTop, pPeakTMBHOE TOMIMBO, (OU3MKO-XMMMYECKME CBOWCTBa,
NMPOIM3HOE MACN0, OTPABOTaHHbIE LWUHbI.
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