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Abstract: The results of testing the ignition properties of fuels in the form of blends of diesel
oil with pyrolysis oil produced from tires, used as an additive at concentrations of 0, 5, 7, 10,
15, and 20% m/m, are presented in this paper. The experiment included the preparation
of distillation curves and the determination of the flash points, derived cetane number,
and calculated cetane ratios. The results are related to the limits indicated in selected
standards and regulations on requirements for marine- and land-based compression
ignition engine fuels. The obtained results show the suitability of pyrolysis oil and the
possibility of its use as an additive to fossil fuels, which fits in with the requirements of
the policies currently being developed for reducing the use of fossil fuels and building a
circular economy.

Keywords: diesel oil; recycled oil; pyrolytic oil; fuel blends; flash point; cetane number;
calculated cetane index; distillation curve

1. Introduction

Current environmental challenges aimed at reducing climate change, alongside the
problem of depleted fossil fuel resources, are prompting scientists and engineers to look for
alternative energy sources. Pyrolytic oil (also known as post-pyrolysis or post-recycling oil)
is recycled oil (RF) produced from used tires. RF and biodiesel, derived from vegetable oils,
are promising solutions. The use of such fuels fits in with the environmental requirements
for and the building of a closed-loop economy. Fuels refined with vegetable or post-
recycling additives can, therefore, potentially be used as replacements or additives for
diesel oil. A process such as pyrolysis allows for waste to be converted into fuels with
functional properties that meet technological and environmental requirements.

Pyrolysis oil is the product of a pyrolysis process in which waste materials, such as
used tires, undergo high-temperature decomposition under anaerobic conditions. This
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product contains a mixture of hydrocarbon compounds with a wide range of boiling
points, which influences its varied physicochemical properties. As shown in a study [1],
the density of pyrolysis oil is similar to diesel fuel (about 930 kg/m?), and the calorific
value is about 42 MJ /kg, which places it, with these two parameters in mind, between
gasoline and diesel fuel. However, the relatively high content of sulfur and solid pollutants,
including ash, as well as the low value of the cetane number, are a significant barrier to
its direct use in internal combustion engines. Biodiesel is a renewable fuel with properties
similar to those of traditional diesel. Incorporating biodiesel into pyrolytic oil blends
can improve the lubricating properties of the fuel and reduce emissions compared with
conventional petroleum diesel. Such additives can reduce the content of pollutants such
as NOx (common notation for nitrogen oxides NO and NO;) and PM (particulate matter)
in exhaust [2]. Pyrolysis oil from tires, when blended with biodiesel, makes it a potential
alternative fuel [3,4]. The results presented in refs. [5,6] indicate that the combustion process
can be optimized by using biogas as a booster fuel.

Studies indicate that the use of additives, such as biodiesel, can effectively modify
combustion characteristics and improve engine performance [7]. Mixtures of pyrolytic
oil and biodiesel show synergistic effects that favorably influence their use as alternative
fuels. In a previous study [8], it was shown that blends with up to 30% pyrolytic oil
are stable and do not require modifications to engine design. Hybrid blends such as
TP10KB20 (10% pyrolysis oil, 20% biodiesel, and 70% diesel) have a higher heating value
and better lubricity properties compared with conventional diesel, which reduces engine
wear [9]. The addition of a 10% mixture of fatty acid methyl esters (FAMEs) from rapeseed
and sunflower oil significantly reduced the coefficient of friction and mechanical wear,
indicating the beneficial effect of FAME additives on lubricating film durability and ignition
properties [10].

Various purification methods are used, such as oxidative desulfurization and vacuum
distillation [11], to reduce the content of sulfur and other impurities in pyrolytic oil. In a
previous paper [12], the effectiveness of extraction techniques using methanol and adsorp-
tion on silica gel was presented, which reduced sulfur by more than 60%. The purified
pyrolytic oil can then be used as a fuel component in transportation applications. The use of
alternative fuels, such as pyrolysis oil and biodiesel, contributes to reducing environmental
impact. The process of pyrolyzing used tires reduces landfill waste and the greenhouse gas
emissions associated with burning them in the open atmosphere [13]. In addition, blending
pyrolysis oil with biodiesel can reduce NO, CO (carbon oxide), and HC (hydrocarbons)
emissions, which has been confirmed in experimental studies [14].

Pyrolysis oil and biodiesel, thus, have the potential to revolutionize the alternative
fuel market as bridge fuels before the introduction of low-carbon and carbon-free fuels, a
goal currently being pursued by industrialized countries. Their production allows for the
use of waste and renewable resources, which makes them attractive from the point of view
of the economy [15,16]. The challenge remains to optimize pyrolysis processes further and
develop technologies for the purification and modification of fuels to meet the standards
required by the transportation industry [17].

Pyrolytic oil offers a number of environmental and technological advantages. Its
widespread use, however, requires further research into the properties of fuel blends,
purification processes, and the impact on engine performance and durability. In this article,
the authors present the results of a study of the ignition properties of fuels prepared as
blends of diesel and pyrolytic oil. The authors performed an experiment to determine the
effect of the addition of pyrolysis oil to diesel fuel on the ignition temperature, volatility of
the fuel, and its propensity to spontaneous combustion.
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The flash point of a substance, according to EN IEC 60079-10-1:2021-09 [18], is the
lowest temperature of a liquid at which, under standard conditions, the liquid produces
vapor in sufficient quantity to form a combustible mixture with air [19]. This is the lowest
temperature of the analytical sample, corrected for an atmospheric pressure of 101.3 kPa, at
which the application of an ignition source will momentarily ignite the vapor above the
surface of the test liquid [20].

Auto-ignition delay is defined as the time between the atomization of a flammable
substance and the start of the combustion process after auto-ignition has occurred [21]. The
indicator used in evaluating the self-ignition properties of diesel oils (fuels for compression
ignition engines) is the cetane number (CN). Since the determination of CN requires the
use of a special CFR (Cooperative Fuel Research) test engine, for example, according to
ASTM D613-23 [22], which is a very expensive solution, a number of substitute indicators
are used in practice, such as the use of analyzers to determine the derived cetane number
(DCN) and the use of computed cetane indices (CClIs).

The experiment is designed to evaluate the effect of pyrolysis oil as a diesel additive
and the limiting of the content of pyrolysis oil in the diesel blend to meet the requirements
of selected standards in the context of the ignition properties of the tested fuel blends.
The authors refer to the compliance of the tested fuel blends with the requirements of the
Ministry of Economy of Poland and the ISO 8217 standard [23] characterizing marine fuels.
The authors also discovered the ignition temperature values, the distillation curves, and
the derived cetane numbers and then calculate the cetane indices for the fuel blends tested.
Based on the obtained results, conclusions are drawn regarding the acceptable content of
pyrolysis oil as a diesel oil additive in the context of the correct conditions for the realization
of the combustion process in compression ignition internal combustion engines fueled with
fuel blends of the mentioned type.

Our goal is to conduct as comprehensive an analysis as possible of pyrolytic oil as an
additive to diesel fuel. Due to the need to investigate various properties of pyrolytic oil and
its mixtures with diesel fuel, including ignition properties, impact on engine component
wear, rheological properties, and the effect on the composition of exhaust gases emitted by
the engine, it was necessary to divide the entire issue into a series of partial tasks. In this
article, we present the results of research on the suitability of pyrolytic oil as an additive to
diesel fuel, focusing on the ignition properties of the mixture and the compliance of the
mixtures with the relevant standards in this area.

2. Materials and Methods

In this experiment, the ignition properties of fuels obtained as a mixture of diesel oil
without FAME additives (D100 oil) with recycled fuel (RF) oil obtained from tire pyrolysis
were evaluated. Pure base oils for making blends and blends of D100 with RF were tested
at known mass percentages of RF in the blend equal to 5% m/m, 7% m/m, 10% m/m,
15% m/m, and 20% m/m. QOils with the characteristics shown in Table 1 were used to
make the blends. Appendix A lists the dominant components of pyrolysis oil identified by
mass spectrometry.
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Table 1. Characteristics of base fuels for making blends.

Diesel Oil Recycled Oil

Parameter Unit Measurement Standard (D100) (RF)
Dens“i)’ @15°C kg/m3 PN-EN ISO 12185:2004 [24] 836.4 931.9
15
Kinematic “VSCOSIW @40°C mm?/s PN-EN SO 3104:2024-01 [25] 2.728 5.09
40
Kinematic ‘”ECOSRY @100°C mm?2/s PN-EN ISO 3104:2024-01 [25] 1173 1.620
100
Lower heat value W M]/kg PN-C-04062:2018-05 [26] 45.46 42.16
. . PN-EN ISO
Flash point temperature trp C 2719:2016-08+A1:2021-06 [27] 64 38
. PN-EN ISO
Water content Cy, Yo m/m 12937:2005+Ap1:2021-11P [28] 0.002 0.020
. PN-EN ISO
Sulfur content Cg Jom/m 8754:2007+Ap1:2014-02P [29] 0.000 0.822
Fe 0.0 0.0
Cr 1.1 0.1
Pb 73 10.2
Cu 0.0 12
Sn 7.4 10.0
Al 25 0.6
Ni 7.6 13.0
Ag 05 0.1
Elemental Si ppm ASTM D6595-17 [30] 27.0 14
composition B 1.0 15
Mg 0.0 0.1
Ba 0.0 0.0
P 0.0 0.0
Zn 95 12
Mo 1.3 14
Ti 1.7 0.9
% 0.0 0.0

In the experiment, the flashpoint of the tested fuels in the closed cup was determined
using the Pensky-Martens method in accordance with PN-EN ISO 2719:2016-08+A1:2021-
06 [27] with the Flashpoint Pensky—-Martens Semi-Automatic apparatus (Walter Herzog
GmbH, Lauda-Koénigshofen, Germany). This apparatus was also used to determine the
initial boiling point of the fuels tested. It is the lowest temperature at which the appearance
of gas bubbles throughout the entire volume of the tested liquid is observed, resulting from
the boiling of the lightest fractions of the fuel [31,32].

There are a number of standards and indicators describing fuel volatility [33], including
those based on the temperatures at which specific amounts of fuel are distilled during
distillation. These often correspond to shares equal to 10%, 50%, and 90% by volume of the
fuel. One such indicator is the temperature volatility index (IT'VI), which was used in the
experiment. The TVI is determined according to the following formula [34,35]:

10 + ts0 + oo

TVI = ——505c 1

where t1g, t50, and tgy (°C) are recovery temperatures at which 10%, 50%, and 90% by
volume of the fuel are distilled.
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This is a dimensionless indicator describing the evaporability of a given fuel, and the
smaller it is, the greater the volume of the fuel that evaporates at lower temperatures.

The spontaneous ignition capacities of the tested fuels were determined using DCN
and CCI. These indicators are interpreted analogously to CN. It is assumed that, for marine
fuels, indices above 45 correspond to very good ignition properties, while those below
25 characterize very poor self-ignition properties [36]. The DCN value was determined
using the Herzog Cetane ID 510 instrument analyzer (PAC L.P.,, Houston, TX, USA) in
accordance with ASTM D7668 (2017) [37]. The CCI, on the other hand, was calculated
based on the density and temperature or temperatures extracted from the distillation
curve of the fuel in question. Distillation curves were performed in accordance with
PN EN ISO 3405:2019-05 [38] using the OptiDistTM apparatus (Walter Herzog GmbH,
Lauda-Konigshofen, Germany). The CCI can be calculated using two- and four-variable
equations [39]. The two-parameter relationship for calculating the calculated cetane index
is included in the ASTM D976 standard and has the following form [40]:

CCI = CClpogy = 454.74 — 1641.416p15 + 774.74015% — 0.554t5) + 97.803(log t50)>  (2)

where p15 (g/ cm?) is the density at 15 °C and t59 (°C) is the receiving temperature during
distillation of 50% of the fuel volume.

The four-parameter relationship, on the other hand, is outlined in ASTM D4737 [41]
and includes two procedures depending on the type of fuel classified according to the
ASTM D975 specification [42]. Procedure B for fuels included in grade no. 2-D S15 and
procedure A for other fuels. The equation for procedure A is of the following form [43]:

CCI = CClpyzaza = 45.2 4 0.0892(t ;) — 215) + {0.131 4 0.901[¢ >>15-085) _ 1)1 (¢, — 260)+

{0.0523 — 0.420[¢ 351157085 _ q]}400 — 310) + 0.00049[ (£, — 215) — (teg — 310)%]+ 3)

107[6—3.5(‘015—0.85) 1+ 60[6—3.5((315—0.85) _ 1]2/

where p15 (g/ cm?) is the density at 15 °C and tyg, t50, and tgg (°C) are the receiving temper-
atures during the distillation of 10%, 50%, and 90% of the fuel volume, respectively.

In contrast, the four-parameter equation for procedure B is described by the follow-
ing formula:

CCI = CClpaysy p = —399.90p15 + 0.1113¢19 + 0.1212¢50 + 0.0627t9¢ 4 309.33 4)

The fuels tested do not correspond to grade no. 2-D 515, for which the maximum
temperature value of tgg is 282 °C. Thus, the experiment used the relations (3) and (4).

3. Results and Discussion

The flash point of the tested fuels decreases with increasing concentrations of recycled
oil in the diesel blend, as recycled oil has a lower flash point than diesel D100. In the
case analyzed, the ignition temperature is inversely proportional to the boiling onset
temperature, which is due to the higher amount of heavy hydrocarbons in the composition
of the post-recycling fuel. The boiling onset temperature is shown in Figure 1, while the
flash point is displayed in Figure 2.

Under the initial assumption of the existence of linear relationships between these
temperatures and the content of post-recycled fuel in the blends, the aforementioned
relationships can be represented by the approximating lines, as shown in the figures. The
linear models in the cases presented show a relatively good fit to the empirical data.
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According to ISO 8217:2024 [23], the minimum flashpoint value is defined as 43 °C
for DMX distillation grade fuels and 60 °C for other non-FAME marine distillation fuels,
namely DMA, DMZ, and DMB. The tested blends meet the required limits for distillate
fuels in the concentration range for recycled oil concentrations < 5% m/m. Moreover,
for the grade fuel DMX, the standard is met by all the blends in the range of the tested
concentrations of the recycled oil blended with diesel oil, which has up to 20% recycled
oil content in the blend. In turn, the document “Regulation of the Minister of Economy
of 9 October 2015, on quality requirements for liquid fuels” [44] specifies for internal
combustion engine fuels a minimum permissible flashpoint of 55 °C, as shown in the figure
with a red dashed line. All the tested mixtures meet the requirements of this document.

Distillation curves were prepared over the entire range of distillation temperatures
for the fuel blends tested, as shown in Figure 3. All diesel-recycled oil mixtures in the
concentration range of 5-20% m/m recycled oil in the mixture show similar evaporation
characteristics. Receipt temperatures of 10, 50, and 90% v /v of the tested fuels and their
blends were used to determine the calculated CCI ignition rates.

—100% D100
——95% m/m D100 + 5% m/m RF
93% m/m D100 + 7% m/m RF
90% m/m D100 + 10% m/m RF
—85% m/m D100 + 15% m/m RF
——80% m/m D100 + 20% m/m RF
—100% RF

220 240 260 280 300 320 340 360 380
Temperature t (°C)

Figure 3. Distillation curves of the tested fuels.

The variability of the temperature volatility index (TVI) as a function of the pyrolytic
oil content in the mixture with diesel fuel is shown in Figure 4.

The curve shows good alignment with the empirical data, as evidenced by the coeffi-
cient of determination. The lowest TVI value is observed for pure diesel fuel. The tested
fuel mixtures exhibit a similar TVI value of approximately 8.1, while pure pyrolytic oil
demonstrates the lowest evaporability, with a TVI of about 8.8.

The cetane number, denoted as DCN, and the calculated CCI ignition rates are shown
in Figures 5 and 6, respectively. The figures also show the minimum limits set by the
relevant regulations.
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Figure 6. Calculated cetane index of the tested fuels.

DCN, due to the limitations of the measuring apparatus and the excessive ignition
delay, was measured for concentrations of up to 10% recycled oil in the diesel mixture. The
trend line extended beyond the measured range indicates that the potential DCN values
for concentrations of pyrolytic oil in the mixture above 20% are beyond the limit of the
analyzer’s measurement range. All the indicators decrease with increasing recycled oil
content in the mixture. According to the guidelines of the RMG of the Minister of Economy
of Poland, the minimum value of the cetane number for diesel oils is 51, so tested fuel
blends with RF content of up to 7% meet this requirement.

The ISO 8217:2024 standard [23] specifies the allowable cetane number values for
DFA, DFZ, and DFB fuel categories. All the tested blends meet the requirements for these
fuel categories.

According to the RMG guidelines of the Minister of Economy of Poland, the minimum
permissible value of the cetane index is 46. For the fuels tested using both calculation
methods indicated in ASTM standards, i.e., the two- and four-parameter equation, the
blends meet the cetane index requirements for recycled oil content in the blend of 15% m/m
and less. However, for distillate fuels classified in ISO 8217:2024 that do not contain FAME,
the minimum cetane index value is 45 for DMX fuel, 40 for DMA and DMZ fuel, and 35 for
DMB fuel. All the fuel mixtures tested in the experiment meet these requirements.

4. Conclusions

This study showed that the ignition temperature of the fuels decreases as the recycled
oil (RF) content in the diesel blend increases. This is due to the lower ignition temperature
of RF compared with diesel (D100). The minimum required flash point, according to ISO
8217:2024, is 43 °C for DMX distillation fuels and 60 °C for DMA, DMZ, and DMB fuels.
Mixtures containing less than 5% m/m RF meet the requirements for distillation fuels. For
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DMX-grade fuels, standards are met throughout the range tested (up to 20% m/m RF). All
the tested blends also meet the Polish requirement for a minimum flash point of 55 °C.

The distillation curves of the tested mixtures show similar evaporation characteristics
in the 5-20% m/v RF concentration range. Starting temperatures of 10, 50, and 90% v/v
fuels were used to determine CCI ignition rates that, similar to the cetane number of DCN,
decrease with increasing RF content. DCN, measured for concentrations up to 10% RO,
indicates that blends of up to 7% RF meet the minimum required cetane number value
(i.e., 51) according to Polish guidelines. The minimum cetane numbers/cetane indices for
all the tested mixtures are within these standards.

The research presented is an introduction to further research on engine performance
and exhaust gas emission. These topics are the subjects of our current research, and we
intend to present the results of the impact of adding pyrolytic oil from tires in selected
concentrations to diesel fuel on the composition of exhaust gases from the test engine in
the future.
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Appendix A. Pyrolysis Oil Data

Table Al. Dominant components in pyrolysis oil.

Retention Time Cheml.cal Abs.tracts Similarity Index
RT (min) Name of the Component Service Registry SI (O
Number (CAS)
41 Cyclobutane, (1-methylethylidene)- 1528-22-9 92
43 Toluene 108-88-3 97
5.7 Ethylbenzene 100-41-4 96
5.8 o-Xylene 95-47-6 96
6.1 Benzene, 1,3-dimethyl- 108-38-3 84
6.5 Benzene, (1-methylethyl)- 98-82-8 88
7.0 Benzene, 1-ethyl-4-methyl- 622-96-8 87
7.3 Tricyclo[3.1.0.0(2,4)]hex-3-ene-3-carbonitrile 103495-51-8 70
7.4 Benzene, 1,2,4-trimethyl- 95-63-6 85
7.8 D-Limonene 5989-27-5 93
8.5 Benzene, (2-methyl-1-propenyl)- 768-49-0 84
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Table Al. Cont.

. . Chemical Abstracts TR
Retention Time N fthe C ¢ Service Regist Similarity Index
RT (min) ame of the Componen ervice Registry SI ()
Number (CAS)
9.2 Benzene, 1-methyl-2-(2-propenyl)- 1587-04-8 88
9.6 1H-Indene, 2,3-dihydro-4,7-dimethyl- 6682-71-9 76
10.8 Naphthalene, 1-methyl- 90-12-0 87
11.2 2,4,4,6,6,8,8-Heptamethyl-2-nonene 39761-73-4 75
11.5 1H-Indene, 1,1,3-trimethyl- 2177-45-9 83
11.6 Tetradecane 629-59-4 66
12.0 Naphthalene, 1,6-dimethyl- 575-43-9 92
12.9 Naphthalene, 1,6,7-trimethyl- 2245-38-7 96
14.0 Heneicosane 629-94-7 91
15.5 Hexadecanenitrile 629-79-8 93
16.9 Octadecanenitrile 638-65-3 93
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