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Abstract: One method of managing used car tires is decomposition by thermochemical conversion
methods. By conducting the process at temperatures of 450-750 °C, three fractions are obtained
from tires: oil, gas, and solid. The liquid product of the pyrolysis of used car tires is pyrolysis oil,
which consists of aromatic, polyaromatic, and aliphatic hydrocarbons. Unconventional building
materials were obtained from tire pyrolysis oil and the environmental impact was evaluated. Blocks
made from pyrolysis oil showed mechanical strength of up to about 1700 N. No heavy metals or
polycyclic aromatic hydrocarbons, which were found in the crude heavy-PO fraction, were detected
in the filtrates after incubation of the block obtained from the heavy-PO fraction at 240 °C. The
highest inhibition of Sorghum saccharatum shoot (74.4%) and root (57.5%) growth was observed for
solid materials from the medium-PO fraction obtained at 240 °C. The most favorable values of the
parameters for the process of obtaining blocks based on post-PO were an annealing temperature of
180 °C, time of 20 h, and mass ratio of catalyst to catalyzed oil of 0.045.

Keywords: pyrolysis oil; oil block; oil binder; phytotoxicity; mechanical strength; environmental
assessment

1. Introduction

It is estimated that around 1 billion used tires are retired annually worldwide, half of
which are abandoned or illegally dumped. This amount is projected to rise to 1.2 billion
units by 2030 [1,2]. Due to the variable composition of tires and their high calorific value,
they have the potential to be used in the power industry or for the production of energy ma-
terials [3]. Decomposition of waste tires by thermochemical conversion methods involves
heating shredded or whole tires at 400-750 °C without oxygen [4]. The pyrolysis process
can be carried out in several ways. The main distinctions in the literature are gas—solid
systems, liquid—solid systems, and conducting the process under reduced pressure [5,6].
In vacuum pyrolysis, on the other hand, the reactor is heated with molten salts. The
process temperature is lower, at 480-520 °C, and the pressure is 20 kPa [7]. In addition,
by performing simulated distillation, better fractional separation results are obtained than
with atmospheric distillation. Thus, it is possible to achieve a final boiling point of about
600 °C, which indicates the presence of heavy hydrocarbon compounds in the pyrolysis
oil [6]. A number of new studies are being carried out in the field of pyrolysis affecting the
quality of the products obtained [8,9].

In the process of tire pyrolysis, three fractions are obtained: oil, gas, and solids. Further
processing allows the acquisition of valuable raw materials such as 10-30% pyrolysis gas,
38-55% pyrolysis oil, and 33-38% carbonizate [10]. The quantities of products obtained
depend strictly on the parameters for conducting the pyrolysis process, including tempera-
ture, pressure, time, and heating rate [11]. It is estimated that from one ton of waste tires
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in this process, 350 liters of synthetic light oil can be obtained, as well as technical carbon
black and metal waste, which after melting is reused. The substrate used in the process, i.e.,
used tires, is most often shredded beforehand and stripped of metal parts [12].

Pyrolysis oil (PO) consists of more than 100 chemical compounds [13,14]. The main
components are aromatic hydrocarbons (such as benzene, toluene, and xylenes), polyaro-
matic hydrocarbons (naphthalene), and aliphatic hydrocarbons. This indicates the presence
of mainly saturated and unsaturated aliphatic, aromatic, and cyclic compounds with
7-20 carbon atoms. There may also be hydrocarbon derivatives containing oxygen, sulfur,
or nitrogen in the oil. In addition, resinous substances may be present in the PO. PO
is a dark and thick liquid with an intense odor. The light fraction, with a boiling point
below 160 °C, accounts for 20% by weight of the resulting oil; the medium fraction, with
a boiling point of 160-204 °C, accounts for 6.8%; the heavy fraction, with a boiling point
of 204-350 °C, accounts for 30.7%; and the residue, or compounds with a boiling point
above 350 °C, accounts for 42.5% [15,16]. The total PO is a mixture of all the fractions and
is called averaged oil. Separate fractions are not a desirable product because heavy oil
does not burn completely, while light oil does not have favorable starting properties as a
fuel [17-19]. PO has a high calorific value of up to 44 MJ/kg, making it an alternative to
conventional liquid fuel [20]. However, due to impurities, it can only be used as a fuel for
industrial heating equipment. The use of the oil as a softener for rubber mixtures is also
possible, despite it containing aromatic hydrocarbons [21]. The problem with using PO is
that it contains sulfur, which comes from the vulcanization of rubber. Its content can be
as high as 1%, making the oil unsuitable for direct use as an engine fuel. A correlation of
higher concentrations of sulfur compounds in PO with an increasing temperature of the
pyrolysis process has been observed [6]. Liquid products resulting from the pyrolysis of
tires are classified as hazardous waste. The problem that arises during the management of
waste PO is the presence of polycyclic aromatic hydrocarbons (PAHs) and heavy metals,
which have adverse effects on human life as well as the environment [22,23].

Due to the large amount of tire PO generated, new ways of managing it are being
sought. Attempts have been made to create unconventional building materials based on
waste oils. The literature has mainly focused on vegetable waste oils from the thermal
processing of food [24-26]. No data were found on the acquisition of oil blocks based on
post-pyrolysis oil; therefore, an attempt was made in this work to produce solid composite
materials (oil blocks) based on pyrolysis oil.

Using oil blocks made from oil from the pyrolysis of automobile tires as a building
material, there is a risk that harmful components of PO will enter the environment and
accumulate in plants and living organisms. It should be investigated whether the solid oil
matrix produced from the oil from the pyrolysis of automobile tires can be safely used in
an environment where it will come into contact with soil and water. Due to the presence of
a number of compounds in the PO that are potentially hazardous to the environment, this
paper investigates the acquisition of unconventional building materials from PO from the
tire pyrolysis process and evaluates their impact on the environment.

The aim of the research was to investigate the possibility of obtaining solid oil materials
based on oil derived from the pyrolysis of tires, and to assess their impact on the natural
environment, which will determine the potential application of these materials.

2. Experimental

The study used post-pyrolysis oils (Pos) from the pyrolysis of automobile tires—light
oil fraction (PO-L), medium oil fraction (PO-M), and heavy oil fraction (PO-H). The catalyst
used in the process of obtaining solid oil materials was concentrated sulfuric(VI) acid with
a purity of p.p.a. Sand with a fraction size of 0.1-0.5 mm was used as a filler.

The density of post-POs was determined in accordance with ASTM D4052 [27]. Kinetic
and dynamic viscosities were determined at 20 and 100 °C using viscosity meter Stabinger
Viscometer SVM 3001 (Anton Paar GmbH, Graz, Austria) in accordance with ASTM
D 7052 [28]. Water content was determined by a coulometric method in accordance with
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ASTM D 6304C [29] using a Aquamax KF coulometric titrator (GR Scientific, Silsoe, UK). In
order to observe the changes occurring in the different fractions of PO during their heating,
thermal analysis of the oils was performed using SDT 650 apparatus (TA Instruments
New Castle, USA) in the temperature range of 25-1000 °C and a temperature increment of
10 °C/min. Determination of metal content was carried out by energy-dispersive X-ray flu-
orescence using a Epsilon1 spectrometer (Malvern PANalytical, Malvern, UK). Calibration
of the instrument was carried out on VHG-certified standards. Determination of PAHs in
POs was carried out by LC-ESI-MS/MS. The molecular structure of the three fractions of
PO, catalyzed PO (with a catalyst-to-catalyzed-oil mass ratio of: 0.045, 0.09, and 0.135), and
solids was studied by Fourier-transform infrared spectroscopy using a Nicolet iS5 FT-IR
spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) in the wavelength range of
500-4000 cm 1.

2.1. Preparation of Oil Blocks Based on Post-Pyrolysis Oils and Their Characteristics

To obtain oil blocks, PO was mixed with an acid catalyst and homogenized for 10 min,
then sand was added and mixed for another 5 min. The sample was transferred to an
aluminum mold and annealed in a laboratory chamber oven.

Variable parameters of the process were annealing temperature (210-240 °C), anneal-
ing time (12-20 h), and mass ratio of catalyst to catalyzed PO (0.045, 0.09, and 0.135). The
amount of catalyzed oil was constant at 25% by weight of sand. The process parameters for
obtaining oil blocks are shown in Table 1.

Table 1. Process parameters for obtaining oil blocks containing 25% catalyzed pyrolytic oil of light
(PO-L), medium (PO-M), and heavy (PO-H) fractions.

PO10-L-0.045 0.045 7.16 0.34
PO10-L-0.09 0.09 6.83 0.68
PO10-L-0.135 0.135 6.49 1.01
PO11-M-0.045 0.045 7.16 0.34
PO11-M-0.09 0.09 6.83 0.68 12
PO11-M-0.135 0.135 6.49 1.01
PO12-H-0.045 0.045 7.16 0.34
PO12-H-0.09 0.09 6.83 0.68
PO12-H-0.135 0.135 6.49 1.01
PO13-L-0.045 0.045 7.16 0.34 210 30
PO13-L-0.09 0.09 6.83 0.68
PO13-L-0.135 0.135 6.49 1.01
PO14-M-0.045 0.045 7.16 0.34
PO14-M-0.09 0.09 6.83 0.68 16
PO14-M-0.135 0.135 6.49 1.01
PO15-H-0.045 0.045 7.16 0.34
PO15-H-0.09 0.09 6.83 0.68

PO15-H-0.135 0.135 6.49 1.01
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Table 1. Cont.

PO16-L-0.045 0.045 7.16 0.34
PO16-L-0.09 0.09 6.83 0.68
PO16-L-0.135 0.135 6.49 1.01
PO17-M-0.045 0.045 7.16 0.34
PO17-M-0.09 0.09 6.83 0.68 20 210
PO17-M-0.135 0.135 6.49 1.01
PO18-H-0.045 0.045 7.16 0.34
PO18-H-0.09 0.09 6.83 0.68
PO18-H-0.135 0.135 6.49 1.01
PO19-L-0.045 0.045 7.16 0.34
PO19-L-0.09 0.09 6.83 0.68
PO19-L-0.135 0.135 6.49 1.01
PO20-M-0.045 0.045 7.16 0.34
PO20-M-0.09 0.09 6.83 0.68 12
PO20-M-0.135 0.135 6.49 1.01
PO21-H-0.045 0.045 7.16 0.34
PO21-H-0.09 0.09 6.83 0.68
PO21-H-0.135 0.135 6.49 1.01 30
PO22-1.-0.045 0.045 7.16 0.34
PO22-1L-0.09 0.09 6.83 0.68
PO22-1.-0.135 0.135 6.49 1.01
PO23-M-0.045 0.045 7.16 0.34
PO23-M-0.09 0.09 6.83 0.68 16 240
PO23-M-0.135 0.135 6.49 1.01
PO24-H-0.045 0.045 7.16 0.34
PO24-H-0.09 0.09 6.83 0.68
PO24-H-0.135 0.135 6.49 1.01
PO25-1L-0.045 0.045 7.16 0.34
PO25-L-0.09 0.09 6.83 0.68
PO25-1L-0.135 0.135 6.49 1.01
PO26-M-0.045 0.045 7.16 0.34
PO26-M-0.09 0.09 6.83 0.68 20
PO26-M-0.135 0.135 6.49 1.01
PO27-H-0.045 0.045 7.16 0.34
PO27-H-0.09 0.09 6.83 0.68
PO27-H-0.135 0.135 6.49 1.01

Surface analysis of the oil blocks was performed using a Hitachi TM-3000 scanning
electron microscope (Hitachi High-Technologies Corporation, Tokyo, Japan) equipped with
an EDS X-ray microanalyzer. Strength testing was carried out using a Zwick-Roell Z600
testing machine (Zwick Roell Group, Ulm, Germany) (initial force of 25 N, test speed of
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1 kN/min). In order to determine the leachability of heavy metals and PAHs from the
blocks obtained from the POs, the blocks were crushed into approximately 1 cm pieces, and
19 g was weighed from each sample. The material was poured with deionized water at a
mass ratio of 1:15 and shaken. After 1 week, the solid phase was separated from the filtrate.
Determination of heavy metals (copper, iron, magnesium, tin, and zinc) in the filtrate was
carried out by atomic absorption spectrometry using a Perkin-Elmer 370 spectrophotometer
(Perkin Elmer, Waltham, MA, USA). Determination of PAHs in the filtrate was carried out
by LC-ESI-MS/MS. The absorbability of the oil blocks was determined by measuring the
weight of the blocks 24 h and 7 days after immersing them in an air-dry state in deionized
water, then the ratio of the weight of water absorbed by the material to the weight of the
dry material was determined.

2.2. Phytotoxicity and Water Pollution from Oil Blocks

In order to determine the effects of PO-based materials on plants, a phytotoxicity test
was conducted using Tigret’s Phytotoxkit tests (according to ISO 18763 [30]). Plants were
exposed to the filtrate from a 7-day incubation of the PO blocks in deionized water. The
content of pigments and enzymes in plants exposed to oil block incubation filtrate was
determined. The plant used in the studies was the monocotyledonous Sorghum sacchara-
tum. A measure of 50 g of soil (Tigret, Warsaw, Poland) was weighed in containers and
100 sorghum seeds were placed at equal distances in each (5 rows of 20 seeds each). The
seeds were watered with seepage or deionized water (control trial) and covered with foil to
ensure better germination conditions. On the eighth day, the foil was removed, while the
seeps were replaced with deionized water.

Catalase activity was measured by the UV spectrophotometric method, which in-
volves monitoring the change in absorbance of 240 nm at high concentrations of hydrogen
peroxide solution [31]. Determination of peroxidase in S. saccharatum leaves was carried out
according to the methodology in [32]; absorbance of the solution was measured at 420 nm.

The content of assimilatory pigments (chlorophyll and carotenoids) was determined
at 470, 647, and 664 nm after sample preparation according to the procedure proposed by
Oren et al. [33]. Contamination of water in contact with the oil blocks was assessed
on the basis of inhibition of ingestion by living organisms using the acute toxicity
microbiotest—Rapidtoxkit F (Tigret, Warsaw, Poland) [34]. This standardized bioassay
conforms to ISO Standard 14380 [35]. The crustacean Thamnocephalus platyurus was used
for the study.

2.3. Statistical Analysis

Approximation profiles were created to determine the values of independent parame-
ters to obtain the most favorable estimated values of the outcome factor. The approximated
values of the output factor for combinations of input factor values were converted to a us-
ability scale. The usability values of a dependent variable can vary from 0.0 (undesirable) to
1.0 (highly desirable) [36]. Statistical analysis was conducted in version 10 of STATISTICA
by StatSoft® [37].

3. Results and Discussion
3.1. Pyrolytic Oil

Physicochemical parameters of PO fractions, such as kinetic and dynamic viscosity,
water content, and presence of heavy metals and PAHs, are shown in Table 2.
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Table 2. Physical and chemical properties of light, medium, and heavy fractions of oil from the

pyrolysis of automobile tires.

Parameter PO-L PO-M PO-H
Water (ppm) 569 674 788
Kinetic viscosity at 20 °C (cSt) 1.96 98.9 1213.6
Kinetic viscosity at 100 °C (cSt) 0.72 4,24 10.11
Dynamic viscosity at 20 °C (cSt) 1.71 95.01 1187.7
Dynamic viscosity at 100 °C (cSt) 0.59 3.84 9.35
K 5 15 4
Na 5 <1 <1
Ba 2 3 2
Ca 40 25 29
Heavy metals Cr 1 <1 <1
(ppm) Cu 0 <1 <1
Fe 387 113 83
Mg 151 4 15
Sn 41 70 16
Zn 4 12 54
naphthalene 565 258 46
acenaphthylene 13 16 4
acenaphthene 90 141 25
fluorene 84 105 43
phenanthrene 79 183 117
anthracene 27 62 43
Polycyclic fluoranthene 47 161 149
hy?il;c())rcl;argf)ns pyrene 84 284 293
(ng/L) benzo(a)anthracene 8 45 56
chrysene 9 62 78
benzo(b)fluoranthene 7 37 46
benzo(k)fluoranthene 3 7 10
benzo(a)pyrene 7 32 57
dibenzo(a,h)anthracene 6 20 25
benzo(g,h,i)perylene 5 11 12
indeno(1,2,3-cd)pyrene 9 54 74

The results of TGA-DTA thermal analysis for fractions of PO are shown in Figure 1.
For PO-L, the highest mass loss (96.5%) occurred in the temperature range of 25-300 °C.
For PO-L and PO-H, mass degradation occurred gradually and the highest mass loss (86.9%
and 83.8%, respectively) occurred in the temperature range of 50400 °C. In the temperature
range of 400-500 °C, the mass loss was about 5% for PO-L and PO-H, while in the range of
500-600 °C, it was 7.9% and 10.7%, respectively. Above 600 °C, the sample mass stabilized.
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Figure 1. TG, DTG, and DTA graphs for pyrolytic oil: (a) light, (b) medium, and (c) heavy fractions.



Materials 2023, 16, 5847

8 of 24

The DTG curve for PO-L shows peaks corresponding to two-stage degradation. The
first stage reached a maximum degradation rate of 9% /min at about 110 °C. In the second
stage, on the other hand, the rate was very low at 0.5%/min, corresponding to the degra-
dation of a small mass of oil at about 390 °C. For PO-M and PO-H, there are three peaks
corresponding to the three stages of oil degradation. The maximum degradation rate of
5.5% /min for medium oil occurred at 280 °C, while for heavy oil it was 6.5%/min at 340 °C.
The subsequent degradation steps of the samples were identical for both oil samples and
their values were 0.75%/min at 440 °C and 1.5%/min at 550 °C, respectively. At lower
temperatures, lower hydrocarbons are released, most of which are found in light oil, while
higher hydrocarbons with lower volatility are found in heavier oil fractions.

The results of FT-IR spectrometric analysis for PO-L along with the catalyzed oils with
a catalyst-to-catalyzed-oil mass ratio of 0.09, 0.045, and 0.135 are shown in Figure 2.

PO-L —  PO-L-0.09
PO-L-0.045 ———— PO-L-0.135

Transmittance [%]

N DL DL DL DL L L DL B
4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber [cm-1]

Figure 2. FT-IR spectra for pyrolytic light oil and pyrolytic light oil catalyzed with catalyst-to-
catalyzed-oil weight ratios of 0.045, 0.09, and 0.135.

For each sample, there are sharp peaks at wave numbers 2922 and 2866 cm ™! corre-
sponding to C-H bond stretching vibrations in aliphatic and aromatic compounds. The
peaks occurring at 1451 and 1375 cm ™! correspond to scissor bending vibrations of the
C-H bond (in alkanes) and symmetric bending vibrations of the C-H bond (methylene
group) [38,39]. The peak appearing for each sample with a wave number of 1641 cm ™!
can be attributed to stretching vibrations of the C—C bond present in alkanes. In turn, the
peaks present in the 1150-1000 cm ! region correspond to bending vibrations of the C-H
bond of aromatic compounds. The peaks appearing at 887 and 814 cm ! in the case of
PO-L correspond to stretching vibrations of the C=C bond and bending vibrations outside
the C-H bond plane. They testify to the presence of di- and tri-substituted alkenes. In
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the case of catalyzed PO-L with a catalyst-to-catalyzed-oil mass ratio of 0.135, the peaks
corresponding to these compounds occur at a wave number of 875 cm~! [39,40]. The
peaks at 728 and 697 cm ™! can be attributed to single-substituted aromatic compounds.
In addition, the peaks appearing in the range 1328-1035 cm ! are due to the presence of
sulfoxides and sulphonic derivatives [41]. For PO to which more sulfuric acid was added,
a sharpening of the peaks in the 1150-1000 cm ! range is observed. The presented FT-IR
spectrum for pyrolytic light oil shows similarity to the FI-IR spectrum of waste tires [38].

3.2. Oil Blocks Based on Post-Pyrolysis Oils

The results for the mechanical strength of the samples are presented by plotting the
relationship of the applied force (N) against the strain of the samples (mm). The mechanical
strength of solid oil materials obtained at 210 and 240 °C is shown in Figures 3 and 4,
respectively.

—— PO10-L-0.045 —— P012-H-0.045 PO14-M-0.08 - - PO16-L-0.09
- - PO10-L-0.08 - - PO12-H-0.09 PO14-M-0.135 — PO16-L-0.135
— PO10-L-0.135 — PO12-H-0.135 PO15-H-0.045 - PO17-M-0.135
— PO11-M-0.045 —— P0O13-L-0.045 PO15-H-0.09 —— P0O18-H-0.045
- - PO11-M-0.08 - - PO13-L-0.09 PO15-H-0.135 - - PO18-H-0.09
— PO11-M-0.135 — PO13-L-0.135 —— P0O16-L.-0.045 — PO18-H-0.135

1000 —

900 —

800 —

700 —

600 —

500 —

Contact force [N]

400 —

300 —

200 —

100 —

Deformation [mm]

Figure 3. Mechanical strength of solid oil materials obtained at 210 °C.
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—— PO19-L-0.045 - — PO21-H-0.09 PO24-H-0.045 — — P0O26-M-0.09
- - PO19-L-0.09 — PO21-H-0.135 PO24-H-0.09 — PO26-M-0.135
—  PO19-L-0.135 —— P022-L-0.045 PO24-H-0.135 —— PO27-H-0.045
—— PO20-M-0.045 — — P0O22-L-009 —— P025-.-0.045 — — PO27-H-0.09
- = PO20-M-0.09 — PO22-L-0135 - - PO25-L-0.09 — PO27-H-0.135
—  PO20-M-0.135 PO23-M-0.045 — P025-L-0.135 PO23-M-0.135
—— PO21-H-0.045 PO23-M-0.09 —— PO26-M-0.045
1800 —
A
1600 — h
"
1l |
1400 — o
1200 —
Z
S 1000 —
|
Rel
k1]
S 800 —
[
(=] oo 2
© e |
Fd
600 — il |
400 —
200 —

. ettt
0 1 2 3 4 5 6 7 8
Deformation [mm]

Figure 4. Mechanical strength of solid oil materials obtained at 240 °C.

For the samples obtained at 210 °C, the most favorable ratio of applied standard force
to strain was obtained for two samples: PO10-L-0.135 and PO16-L-0.09. Both of them were
prepared from PO-L. A significant number of samples had very low mechanical strength
(less than 800 N), these were: PO11-M-0.045, PO11-M-0.135, PO12-H-0.045, PO14-M-0.09,
and PO14-M-0.135. Most of these samples were obtained from PO-M. Thus, it can be
concluded that regardless of the ratio of catalyst to catalyzed oil, a temperature of 210 °C is
not suitable for obtaining solid materials from PO-M. Oil blocks obtained at 240 °C had
the highest strength parameters compared to the strength of materials obtained at lower
temperatures. The highest strength was characterized by 14 samples, including: PO19-L-
0.135, PO20-M-0.045, PO21-H-0.045, PO23-M-0.045, PO23-M-0.09, PO23-M-0.135, PO26-
M-0.09, and PO26-M-0.135. In the case of the samples annealed at 240 °C, no relationship
was observed between the strength of the material and the fraction of PO from which the
oil block was formed. Moreover, no relationship was observed between the strength of
the blocks and the ratio of catalyst to catalyzed oil. Based on the results obtained from the
dependence of the applied standard force on the strain of the specimen, it can be concluded
that the higher the annealing temperature of the oil blocks, the higher the strength of the
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material. For comparison, blocks based on waste cooking oil obtained at 170 °C had a
compressive strength of about 34 MPa and stiffness of almost 20.16 MPa, while blocks
obtained at 200 °C had the lowest values of these parameters due to high porosity [25].
Oil blocks obtained by the polymerization of waste cooking oil in the presence of an acid
catalyst differed in mechanical strength depending on the process parameters in which
they were obtained. The highest compressive strength of about 2600 N was characterized
by blocks containing sulfuric(VI) acid in a weight ratio of 0.03 to WCO, and the highest
annealing temperature was 220 °C [42].

The specimens that had the lowest deformation and at the same time had a standard
force value of not less than 800 N were selected for further testing and are shown in Table 3.

Table 3. Solid materials with a mechanical strength of more than 800 N and their absorbability after
24 h and 7 days.

Mechanical Strength ~ Absorbability—24h  Absorbability—7 Days

Sample N) (%) %)
PO10-L-0.135 810 2.63 491
PO16-L-0.09 923 3.91 4.38
PO19-L-0.135 1720 3.55 3.39
PO20-M-0.045 1220 5.16 7.30
PO20-M-0.135 863 6.02 7.98
PO21-H-0.045 1230 4.12 6.75
PO21-H-0.09 866 7.31 6.64
PO21-H-0.135 997 8.05 9.50
PO22-L-0.135 832 5.19 5.19
PO23-M-0.045 1090 6.16 6.79
PO23-M-0.09 1030 5.03 6.76
PO25-L-0.135 1130 5.81 7.88
PO26-M-0.045 862 3.55 5.09
PO26-M-0.09 1520 3.14 6.01
PO26-M-0.135 1190 4.05 5.24
PO27-H-0.045 933 3.61 5.41

The strength values of PO blocks are comparable to those of solid materials obtained
from waste cooking oil (WCO) [42]. The weight of oil blocks exposed to an aqueous
environment increased over time, which was due to the penetration of water into the pores
of the material. Sample PO21-H-0.135, which was made from the heavy fraction of PO,
had the highest absorbency. On the other hand, the lowest absorbability was recorded for
sample PO19-L-0.135, obtained from the light fraction of PO. The soaking value for this
sample after 7 days was lower than after 24 h, which may be due to the rapid degradation
of the sample in an aqueous environment, thus reducing its weight. Lower soaking values
were also obtained for samples annealed at lower temperatures (210 °C): PO10-L-0.135
and PO16-L-0.09. The samples were made with PO-L. Analyzing the results, it can be seen
that as the density of the PO fraction increases, the ability of the oil block to absorb water
through the material increases.

Obtaining a solid material from PO occurs through a polymerization reaction, which
results in the saturation of unsaturated bonds of the compounds contained in the oil.
Monomers under the influence of temperature and a catalyst form dimers. These, in
turn, combine with subsequent mers to form complex chains of high molecular weight.
Compounds that polymerize in PO include methylhexadiene, octene, methyloctene, and
pentadecane [43].
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PO also undergoes an esterification reaction. Compounds that have a hydroxyl func-
tional group (e.g., phenol, dimethylphenol) and a carboxyl group (e.g., benzoic acid),
as a result of heating, form dimers. Under the influence of a catalyst which is a Bron-
sted acid (e.g., sulfonic acid or sulfuric(VI) acid), the compounds in the PO undergo a
polyesterification reaction, resulting in a solid material [44].

In both cases, polymerization and esterification, these reactions occur under the
influence of appropriate process conditions, such as temperature and the presence of
catalysts. These conditions are crucial for the effective conversion of pyrolytic oil into a
stable solid material.

The mentioned polymerization and esterification reactions are just two of many possi-
ble chemical processes that can occur during the transformation of pyrolytic oil into a solid
material. There are many other reactions and mechanisms that can also play a significant
role in the formation of stable compounds with higher molecular weight. Among them
are condensation reactions, which lead to the merging of smaller units and the creation
of larger molecules. Additionally, oxidation reactions have the potential to transform the
compounds present in pyrolytic oil, forming more complex and stable compounds with
a greater molecular weight. In the presence of different types of monomers or chemical
compounds, copolymerization reactions can take place, resulting in the formation of stable
copolymers with an increased molecular weight. Furthermore, cross-linking reactions can
also play a significant role in the creation of a polymer network, enhancing the stability
and molecular weight of the material. The investigation of these reactions and mechanisms
is crucial for a better understanding of the processes involved in the creation of stable
compounds with a higher molecular weight in solid oil materials [45,46].

The surface structure of the selected oil blocks is shown in Figure 5. The blocks
formed based on PO have a similar structure. The presence of pores, which promote
the accumulation of water in the structure of the blocks, is noted, which may affect the
saturation of the material. Sand grains permanently fused in the oil matrix can also be seen.
Sharp edges were formed where the material was fractured. All the samples obtained had
a dark color.

EDS X-ray analysis of the solids showed that they consisted mainly of carbon, oxygen,
and silicon. The difference in silicon concentration between the samples is due to the
point-like nature of the analysis (silicon comes from sand added to a mixture of PO and
sulfuric acid), hence the small amounts of aluminum, sulfur, and calcium atoms.

Figure 6 shows the results of FI-IR analysis of selected six solid material samples:
PO16-L-0.09, PO18-H-0.09, PO19-L-0.135, and PO23-H-0.045.

For samples PO16-L-0.09 and PO19-L-0.135, three characteristic peaks are visible. The
first is located at a wave number of 1055 cm~! and corresponds to bending vibrations
of C-H bonds present in aromatic compounds. The peaks present at 777 and 694 cm™!
originate from the bending vibrations of the C—H bonds of single-substituent aromatic
compounds [38-40]. For samples PO18-H-0.09 and PO24-H-0.135, there are distinct peaks
at 2942, 2918, and 2852 cm ! corresponding to stretching vibrations of C-H bonds. Another
distinctive peak from bending vibrations of scissor C-H bonds is found at 1455 cm~!.
The peak at 1705 cm ™! comes from stretching vibrations of C=O bonds, characteristic
of aldehydes and ketones [47]. Bending vibrations of C-H bonds present in aromatic
compounds occur at 1033 cm~!. The peaks located at 755 and 694 cm~! come from
single-substituted aromatic compounds. In addition, a peak at 1602 cm~! corresponding
to stretching vibrations of the C=C bond found in alkenes was noticed in sample PO18-
H-0.09 [48]. The presence of this bond in the test sample may be indicative of poor
polymerization of the oil in the oil matrix [40].
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Figure 5. Photographs of oil blocks: (a) PO16-L-0.09, (b) PO24-H-0.135; SEM microphotographs:
(c) PO16-L-0.09, (d) PO24-H-0.135; and EDS analysis: (e) PO16-L-0.09, (f) PO24-H-0.135.

Molecular structure analysis of the analyzed oil blocks showed similarity for all
samples except PO18-H-0.09 and PO24-H-0.135. The apparent difference in the wave
number range 3000-2700 cm ! may be due to the polymerization reaction, which did not
occur correctly in these cases. This can also be evidenced by the material strength results,
which were unfavorable for the aforementioned samples.

Table 4 compares the content of heavy metals and selected PAHs in the POs and in the
filtrate after incubation of the oil blocks per gram of oil block.

No copper, which showed the highest concentration in PO-L, was found in the filtrate
obtained after incubation of the oil blocks in deionized water. This indicates the binding of
copper in the matrix structure of the oil block. The concentration of other heavy metals in
the filtrate was much lower than in the individual fractions of the post-PO. The highest iron
concentrations were obtained for the filtrates from the incubation of samples PO25-L-0.135,
PO16-L-0.09, PO19-L-0.135, and PO22-L-0.135. These values were above 10 mg/L and each
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of these samples was made from PO-L, in which the iron concentration was the highest. In
contrast, the lowest iron concentration was obtained for sample PO21-H-0.045 made from
PO-H. The iron content of the filtrates is also affected by the amount of catalyst used; the
lower the ratio of catalyst to catalyzed oil, the lower the iron concentration in the filtrate.
In British EQS, the limitation on discharges into the environment of iron is 1 mg/L. This
means that only the filtrate from the incubation of sample PO21-H-0.045 did not exceed the
limit on iron concentration in water [49].

As for the concentration of magnesium in the filtrates, the highest concentrations were
obtained for samples PO10-L-0.135 and PO19-L-0.135, made from the light fraction of PO.
On the other hand, the highest concentration of tin was found in the filtrates from samples
made from the medium fraction of PO (PO26-M-0.045 and PO26-M-0.09) due to the highest
concentration of tin in this fraction of oil. In addition, a high concentration of tin was found
in the filtrate from sample PO21-H-0.09 made from the heavy fraction of PO, despite the
lowest concentration of tin in PO-H. Zinc was found in the highest concentration in the
heavy fraction of the PO, meaning it was also found in the highest concentration in the
filtrate of samples made from this oil (PO21-H-0.135). In addition, comparing the values
for samples PO21-H-0.045, PO21-H-0.09, and PO21-H-0.135, it can be seen that increasing
the ratio of catalyst to catalyzed oil increased the amount of zinc leached from the oil block.
On the other hand, the filtrates obtained from the medium fraction of PO (PO23-M-0.045,
PO26-M-0.09, and PO26-M-0.135) did not show the presence of zinc.

The content of PAHs in the filtrates after incubation of oil blocks per gram of sample
was significantly lower than for the oil used to obtain 1 g of oil block. This indicates that a
significant amount of PAHs are permanently bound in the oil matrix. However, for most
samples, leaching of such amounts of PAHs was observed, which may have harmful effects
on the environment. For sample PO27-H-0.045, no leaching of PAHs was observed, which
may indicate the most favorable parameters for conducting the process of obtaining oil
blocks based on post-POs, which are: annealing temperature of 240 °C, annealing time of
20 h, and mHZSO4/molej skat.= 0.045.

PO16-L-0.09 — PO19-L-0.135
PO18-H-0.09 P0O24-H-0.135

Transmittance [%)]

J L DL L L T L N
4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber [cm-1]

Figure 6. FT-IR spectra of solid samples.
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Table 4. Comparison of heavy metals and polycyclic aromatic hydrocarbons contained in oil and filtrate per gram of oil block.
(Sn Zn Pyrene (ug) Fluoranthene Anthracene Phenanthrene Fluoranthene Acenaphthene Naphthalene
Sample mg) (mg) (mg) (mg) (ug) (ug) (1g) (ug) (ug)
Filt. 0Oil Filt. 0Oil Filt. 0Oil Filt. 0Oil Filt. 0Oil Filt. 0Oil Filt. 0Oil Filt. 0Oil Filt. 0Oil Filt. 0Oil Filt. 0Oil
PO10-L-0.135 0.01 0.11 <0.001 0.01 0.06 0.39 0.13 1.00 0.001 0.76 0.001 0.39 0.009 0.11 0.002 0.30 0.001 0.11 0 0.06 <0.001 0.12
PO16-L-0.09 0.02 0.11 <0.001 0.01 0.05 0.41 0.21 1.06 0.001 0.80 0.001 0.41 0.009 0.12 0.002 0.32 0.001 0.12 0.002 0.07 <0.001 0.13
PO19-L-0.135 0.02 0.11 <0.001 0.01 0.06 0.39 0.17 1.00 0.001 0.76 0.001 0.39 0 0.11 0.002 0.30 0.001 0.11 0.002 0.06 <0.001 0.12
PO20-M-0.045 0.02 0.12 <0.001 0.03 0.01 0.01 0.05 0.32 0 0.81 0 0.46 0 0.18 0.002 0.52 0.001 0.30 0 0.40 <0.001 0.74
PO20-M-0.135 0.03 0.18 <0.001 0.03 0.02 0.01 0.09 0.29 0 0.74 0 0.42 0 0.16 0.002 047 0 0.27 0 0.36 <0.001 0.67
PO21-H-0.045 0.02 0.05 <0.001 0.15 0.01 0.04 0.01 0.24 0.001 0.84 0.001 043 0 0.12 0.002 0.33 0.001 0.12 0.002 0.07 <0.001 0.13
PO21-H-0.09 0.04 0.04 <0.001 0.15 0.02 0.04 0.04 0.23 0.001 0.80 0 041 0 0.12 0.002 0.32 0.001 0.12 0 0.07 <0.001 0.13
PO21-H-0.135 0.02 0.04 <0.001 0.14 0.03 0.04 0.13 0.22 0 0.76 0 0.39 0 0.11 0.002 0.30 0.001 0.11 0.002 0.06 <0.001 0.12
PO22-L-0.135 0.02 0.11 <0.001 0.01 0.04 0.39 0.17 1.00 0 0.76 0.001 0.39 0 0.11 0.002 0.30 0.001 0.11 0 0.06 <0.001 0.12
PO23-M-0.045 0.04 0.20 <0.001 0.03 0.01 0.01 0.03 0.32 0.001 0.24 0.001 0.13 0 0.08 0.002 0.23 0.001 0.24 0.002 0.26 <0.001 1.62
PO23-M-0.09 0.03 0.19 <0.001 0.03 0.03 0.01 0.06 0.31 0 0.78 0 0.44 0 0.17 0 0.50 0.001 0.29 0 0.38 <0.001 0.70
PO25-L-0.135 0.03 0.18 <0.001 0.01 0.06 0.39 0.24 1.00 0.001 0.76 0.001 0.39 0 0.11 0.002 0.30 0.001 0.11 0.002 0.06 <0.001 0.12
PO26-M-0.045 0.04 0.20 <0.001 0.03 0.01 0.01 0.03 0.32 0.001 0.24 0.001 0.13 0 0.08 0.002 0.23 0.001 0.24 0 0.26 <0.001 1.62
PO26-M-0.09 0.04 0.19 <0.001 0.03 0.02 0.01 0.08 0.31 0 0.78 0 0.44 0 0.17 0.002 0.50 0.001 0.29 0 0.38 <0.001 0.70
PO26-M-0.135 0.02 0.18 <0.001 0.03 0.02 0.01 0.06 0.29 0.001 0.76 0.001 0.39 0 0.11 0.002 0.30 0.001 0.11 0 0.06 <0.001 0.12
PO27-H-0.045 0.01 0.05 <0.001 0.15 0.01 0.04 0.02 0.24 0 0.24 0 0.13 0 0.08 0 0.23 0 0.24 0 0.26 <0.001 1.62
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3.2.1. Phytotoxicity of Oil Blocks Based on Post-Pyrolysis Oils

The highest percentage of inhibition of S. saccharatum shoot growth in the soil medium
(74.4%) was obtained for the filtrate from sample PO26-M-0.09. On the other hand, for
the roots of this plant, the highest inhibition (57.5%) was obtained using the filtrate from
sample PO21-H-0.135. Both samples were annealed at 240 °C (Figure 7). When using
sponge as a substrate, the highest inhibition of S. saccharatum growth (both shoots and
roots; 52.2% and 48.1%, respectively) was obtained for the filtrate of sample PO21-H-0.135
(Figure 8).
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Figure 7. Inhibition of shoot and root growth of Sorghum saccharatum on medium from reference soil
soaked in filtrate after incubation of oil blocks in deionized water.

Positive inhibition values were obtained for all seeds in contact with the leakage after
a 7-day incubation of oily blocks on the soil medium. This indicates a decrease in the
growth of both shoots and roots of S. saccharatum in contact with substances leached from
oily blocks. Zang et al. also reported similar findings for both aboveground (—22.9%)
and belowground (—8.4%) growth under the influence of microplastics [50]. In the case of
microplastics, it is likely that although they cannot penetrate the root cuticle of the tested
radish plants, they still negatively affect plant growth. In the investigated composites, both
leached components and micro-particles can exert an influence.

In the case of seeds germinating on spongy substrate, inhibition of growth of shoots
and roots of S. saccharum was mainly observed. It can therefore be concluded that the
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components of the leakage had a detrimental effect on the plant, disturbing its proper
development, and the interaction of soil components and substances leached from PO
blocks increases the negative impact on plant development. Based on the presented results,
it can be concluded that PO blocks have a strong phytotoxic effect. These blocks are
therefore not safe for the environment, unlike WCO blocks. In a study in which oil blocks
obtained from WCO were incubated in soil saturated with deionized water and rainwater,
an increase of up to 75% and 135.1%, respectively, in the above-ground part of the plant
was observed compared to the control sample [42].
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Figure 8. Inhibition of shoot and root growth of Sorghum saccharatum on medium from reference
sponge soaked in filtrate after incubation of oil blocks in deionized water.

Numerous studies have also demonstrated that the presence of plastics in the soil can
have varying effects on plant growth and morphological characteristics [51]. For instance,
non-biodegradable plastics such as petroleum-based polypropylene did not affect the
germination of higher plant seeds but did influence their growth. The observed effects
ranged from growth inhibition to stimulation. Dicotyledonous plants exhibited particular
sensitivity to plastics, as evidenced by changes in root and stem length, which occurred
for each type of plastic tested. Exposure to polyhydroxybutyrate and polylactide-based
plastics resulted in up to a 22% inhibition of plant root growth [52]. Each PO block used
in our study had a different composition or degree of polymerization, leading to varying
impacts on plants growth. Similar findings were reported by Qi et al., who observed that
different types of plastic had varying effects on wheat, influencing both aboveground and
underground development to different extents [53].

This negative effect of PO blocks on plant development can be explained by the
leachability of organic substances containing PAHs from the resulting materials. Similar
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observations on the harmful effects of PAHs on plant growth have been reported in the
literature [54]. These compounds can be transported across cell membranes, causing them
damage and increasing their permeability, which consequently leads to the inhibition of
plant growth [55]. In addition, PAHs have been shown to interfere with the process of
photosynthesis, which first leads to inhibition of plant growth and then plant death [56,57].
Daresta et al. [58] observed a decrease in the growth of tomato seedlings and an increase
in the level of ROS in plant cells exposed to atmospheric PAHs. Similar conclusions were
reported by Paskova et al. [59], who carried out research using mustard, barley, and beans
under the influence of three PAHs and their N-heterocyclic derivatives. Desalme et al. [60]
presented the negative effect of phenanthrene on the example of clover. The lower growth
rate of the plant is therefore due to the toxic effect of one or more components that leached
from the PO block.

In addition, no effect of the annealing temperature of the oil blocks, the amount of
catalyst used, or the type of PO fraction from which the samples were made was found
on the growth inhibition of shoots and roots of S. saccharatum. The activity of catalase,
peroxidase, assimilation dyes, and dry weight in S. saccharatum leaves is shown in Table 5.

Table 5. Activity of catalase, peroxidase, and assimilation dyes in Sorghum saccharatum.

Assimilation Dyes Catalase
Sample (mg/g Fresh Mass) (numol H,O,/gl) Peroxidase
Total . . ) . . (moL/min-mL)
Chlorophyll a Chlorophyll b Chlorophyll Carotenoids  0-1min  1-2min  2-3 min 3-4 min

CONTROL 348.8 102.1 450.8 97.3 40.8 18.8 127 28 30.8
PO10-L-0.135 363.8 149.1 512.9 95.9 - - - - 5.0
PO16-L-0.09 215.9 67.5 283.4 54.0 57.1 224 7.0 3.2 3.4
PO19-L-0.135 157.4 52.1 209.5 43.3 7.2 1.1 3.9 3.0 4.0
PO20-M-0.045 283.3 108.3 391.6 88.1 130.0 17.2 1.6 0.0 4.7
PO20-M-0.135 175.5 58.4 233.9 49.7 0.8 7.7 1.1 58 48
PO21-H-0.045 146.9 62.6 209.5 39.0 51.2 2.7 1.3 5.7 4.0
PO21-H-0.09 139.7 46.6 186.4 42.1 9.1 3.0 11.9 11.4 5.0
PO21-H-0.135 170.7 68.2 238.9 52.2 22 4.6 10.6 9.8 4.9
PO22-1-0.135 150.5 51.3 201.8 47.1 335.3 33.0 229 18.0 74
PO23-M-0.045 248.5 77.8 326.3 69.8 134.3 32.1 1.7 19.1 51
PO23-M-0.09 206.4 74.4 280.7 62.4 181.2 43.8 9.2 0.0 5.2
PO25-L-0.135 228.5 69.4 297.8 67.8 13.8 25 7.2 18.3 57
PO26-M-0.045 302.1 110.0 412.0 90.0 27.6 7.0 1.6 9.2 6.1
PO26-M-0.09 2229 66.7 289.6 60.4 51.6 13.0 11.0 16.0 8.6
PO26-M-0.135 138.7 58.8 197.5 39.6 58.6 17.8 1.9 7.4 9.2
PO27-H-0.045 174.4 58.5 232.9 47.5 16.6 9.8 6.3 3.0 34

The highest concentrations of chlorophyll a and b in S. saccharatum plants were
recorded for samples made from PO-M. The highest chlorophyll concentration (412.0 mg/g
fresh weight) was achieved for sample PO26-M-0.045. At the same time, the concentration
of heavy metals was the lowest for samples made with PO-M, so it can be inferred that
heavy metals affect the chlorophyll content of plants. Comparing the catalyst content in the
oil blocks to the chlorophyll content in the plants, it can be seen that as the ratio of catalyst
to catalyzed oil increased (at the same time as the pH of the filtrate decreased), the amount
of chlorophyll in the plants decreased. In the case of carotenoids, analogous relationships
to those observed for chlorophyll were achieved.

Chlorophyll and carotenoids are vital pigments that play essential roles in the survival
and functioning of plant organisms. Consequently, changes in chlorophyll content serve as
indicators of oxidative stress in plants caused by various abiotic factors, such as salinity,
drought, unfavorable temperatures, or the presence of harmful environmental chemicals.
The reduction in carotenoid content in plants grown in contact with substances leached
from PO blocks suggests potential damage to photosystems and disruptions in their func-
tionality. Moreover, an increase in carotenoid content relative to total chlorophyll content
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indicates a certain level of plant activation prior to the onset of this stress. The interplay
between carotenoid synthesis and catabolism plays a critical role in determining carotenoid
accumulation [61]. A particularly noticeable disproportion in the content of assimilation
pigment is observed in a plant grown in soil containing PO blocks: PO26-M-0.135 and
PO21-H-0.045. It can be hypothesized that the low content of the acid catalyst contributes
to the poor polymerization of the post-pyrolysis o0il, and consequently the substances from
the PO blocks are released into the environment. The high acid content of the catalyst
causes the transfer of its components to the environment. In both cases, plants are stressed.

The catalase activity in plants exposed to substances leached from oil blocks decreased
over time. In the range of 0-60 s, the highest catalase activity (335.3 pmol H,O,/g) was
obtained for sample PO22-L-0.135. This value differs significantly from the others, and
from that obtained for the control sample, which may indicate the presence of compounds
that promote catalase activity in the filtrate. In the following minutes, catalase activity
decreased with a decreasing concentration of H,O, in the sample until it reached zero
for samples PO20-M-0.045 and PO23-M-0.09. On the other hand, for peroxidase, activity
increased with an increasing catalyst/catalyzed oil ratio and decreasing pH value of the
filtrate. The highest value (9.2 mol/min-mL) was obtained for sample PO26-M-0.135.
Peroxidase activity was significantly lower for the filtrate than for the control sample
(30.8 mol/min-mL).

The findings regarding antioxidant enzyme activity in crop plants grown in soil con-
taining PO blocks are consistent with existing literature. Peroxidases are widely distributed
in microorganisms, plants, and animals, with predominant localization in the cell wall.
These enzymes serve as key regulators of plant growth and development, playing crucial
roles in various cellular processes such as cell wall construction, reinforcement, and lignifi-
cation. The elimination of two major enzymatic systems responsible for hydrogen peroxide
removal and protection against peroxidative cell damage is an essential mechanism for pre-
serving biological membranes [62,63]. The activity of catalase and peroxidase in cell walls
is controlled by the effectiveness of the antioxidative peroxidase enzyme system [64]. The
metabolic function of peroxidase remains ambiguous due to its participation in numerous
catalytic reactions and the presence of many isoenzymes [65,66]. The activity of peroxidase
is closely associated with the quality of plant-based products, particularly in relation to
flavor, in both raw and processed foods. In numerous instances, peroxidase activity has
been correlated with fruit ripening and enzymatic browning processes, often in conjunction
with the activity of polyphenol oxidase [67,68].

Exposure of plants to PAHs causes oxidative stress, which causes disturbances in
their vital functions, e.g., in the process of photosynthesis. This causes yellowing of the
leaves and disturbances in the production of assimilation dyes, including a decrease in the
content of chlorophyll, as well as modifications in the structure of the chloroplast [60,69].
Jin et al. [70] described the influence of phenanthrene on the activity of photosystem II. This
hydrocarbon blocks photosynthetic electron transport and photochemical reactions (e.g.,
redox, reversible bleaching), negatively affecting chlorophyll pigments [71,72].

3.2.2. Contamination of the Water in Contact with the Oil Blocks Based on Post-Pyrolysis Oils

Contamination of the water that came into contact with the oil blocks was assessed
based on the food-taking ability of Thamnocephalus platyurus larvae. Figure 9 shows T. platyu-
rus larvae after contact with substances leached from the oil block and the control.

In the control sample, using standard medium, staining of the digestive tracts of
T. platyurus larvae can be observed. The appearance of unhatched cysts and early-stage
larvae that are incapable of ingesting food can also be seen. To compile the results, early-
stage larvae and unhatched cysts were not included in the total number of organisms. The
proportion of T. platyurus larvae with stained digestive tracts was 87%. When the larvae
were incubated in the tested filtrates, it can be seen that food intake was inhibited in each
sample: 0% of T. platyurus larvae had stained digestive tracts. The result of the rapid water
contamination assessment test indicates the presence of toxins, causing complete inhibition
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of food intake by T. platyurus larvae. Thus, it can be concluded that the components leached
from the PO-based blocks are dangerous contaminants that threaten living organisms.

Figure 9. Thamnocephalus platyurus larvae in: (a) control sample and (b) filtrate in contact with oil
block PO21-H-0.09.

3.2.3. Advantages and Disadvantages of Solid Oil Materials Based on Pyrolysis Oil

The use of solid oil-based materials brings a number of benefits, making them an attrac-
tive option in various sectors, including the construction industry. Firstly, the production of
these materials is characterized by relatively simple technologies, and the utilization of oil
obtained from the pyrolysis process of tires as a raw material contributes to cost reduction.

The high strength of solid oil-based materials makes them suitable for a variety of
construction applications. Additionally, they exhibit low water absorption, which positively
affects their durability and resistance to degradation. By modifying process parameters,
the time required to obtain the final product can be shortened, which is significant in terms
of production efficiency.

However, it is important to remember certain drawbacks associated with the produc-
tion of solid oil-based materials. The high energy intensity associated with the curing
process can lead to increased energy consumption. Furthermore, the production scale of
these materials may be limited due to the available furnace surface area and the availability
of raw materials, which is dependent on the geopolitical situation, posing challenges to the
stability of production.

Another disadvantage is the variable chemical composition of solid materials based
on oil derived from tire pyrolysis. The presence of heavy metals and other undesirable
compounds can affect the quality and safety of the final materials. Thus, in order to fully
consider the use of solid materials based on pyrolysis oil in the construction industry, it
is necessary to optimize the process of obtaining them in such a way that the resulting
material does not have a negative impact on the environment.

3.3. Statistical Analysis of the Results

Approximation profile and utility function for obtaining PO-based oil blocks in terms
of chlorophyll a and b, carotenoid, and peroxidase content in Sorghum saccharatum leaves
are shown in Figure 10.

The most favorable parameters for running the process were an annealing temperature
of 210 °C, annealing time of 12 h, and catalyst-to-catalyzed-oil ratio equal to 0.135. Usability
was equal to 85%.

By changing the process parameters for obtaining oil blocks based on post-pyrolysis oil,
it is possible to produce materials that have the least invasive impact on the environment.
It is important that future research of oil blocks be based on the principles of sustainable
development presented and using advanced tools for assessing sustainability, including
technical and economic ones, such as life cycle assessment and energy assessment [73].
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Figure 10. Approximation profile and utility function for obtaining PO-based oil blocks in terms of
chlorophyll a and b, carotenoid, and peroxidase content in Sorghum saccharatum leaves.

4. Conclusions and Future Perspectives

The oil blocks obtained based on pyrolysis oils showed high mechanical strength
(up to 1720 N). The highest mechanical strength was achieved for oil blocks annealed
at 240 °C. The absorbability of the oil blocks increases with an increase in the density
of the PO used. The concentration of heavy metals and PAHs in the filtrates was much
lower than in the POs used to obtain the oil blocks. Most PAHs leached from oil blocks
obtained at 180 °C. No leaching of PAHs was observed in the case of block PO27-H-0.045
(obtained at 240 °C). The highest S. saccharatum shoot and root growth inhibition was
obtained for the reference soil substrate, amounting to 74.4% (PO26-M-0.09) and 57.5%
(PO21-M-0.135), respectively. Both samples were annealed at 240 °C from the PO medium
fraction. As the ratio of catalyst to catalyzed oil increases, the content of assimilation
pigments in S. saccharatum decreases. Peroxidase activity in S. saccharatum exposed to oil
blocks increases as the catalyst/catalyzed oil ratio increases and the pH value decreases.
Food intake by T. platyurus larvae was 100% inhibited, indicating contamination of water in
contact with oil blocks. The environmental assessment carried out proves that it is possible
to modify the parameters for obtaining oil blocks so that leaching of heavy metals and PAHs
in contact with the environment is as low as possible. With the applied process parameters,
the obtained oil blocks containing post-pyrolysis oil as a binder adversely affect the growth
of plants and living organisms, which is a limitation in terms of their use, in particular for
construction purposes, where they would be exposed to contact with external factors. The
practical implications of this study include the use of waste material, but at the same time
the possibility of introducing harmful substances into the environment.



Materials 2023, 16, 5847 22 of 24

Author Contributions: Conceptualization, A.S. and M.B.; Methodology, A.S.; Investigation, A.S.,
M.K.-K. and M.D.; Writing — original draft, A.S.; Supervision, M.B. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Fazli, A.; Rodrigue, D. Recycling Waste Tires into Ground Tire Rubber (GTR)/Rubber Compounds: A Review. J. Compos. Sci.
2020, 4, 103. [CrossRef]

2. Xiao, Z.; Pramanik, A.; Basak, A.K.; Prakash, C.; Shankar, S. Material Recovery and Recycling of Waste Tyres-A Review. Clean.
Mater. 2022, 5, 100115. [CrossRef]

3.  Rogachuk, B.E.; Okolie, ].A. Waste Tires Based Biorefinery for Biofuels and Value-Added Materials Production. Chem. Eng. |. Adv.
2023, 14, 100476. [CrossRef]

4. Ramirez-Canon, A.; Mufioz-Camelo, Y.F; Singh, P. Decomposition of Used Tyre Rubber by Pyrolysis: Enhancement of the Physical
Properties of the Liquid Fraction Using a Hydrogen Stream. Environments 2018, 5, 72. [CrossRef]

5. Nkosi, N.; Muzenda, E.; Gorimbo, J.; Belaid, M. Developments in Waste Tyre Thermochemical Conversion Processes: Gasification,
Pyrolysis and Liquefaction. RSC Adv. 2021, 11, 11844-11871. [CrossRef] [PubMed]

6. Sanchis, A.; Veses, A.; Martinez, ].D.; Lopez, ] M.; Garcia, T.; Murillo, R. The Role of Temperature Profile during the Pyrolysis of
End-of-Life-Tyres in an Industrially Relevant Conditions Auger Plant. J. Environ. Manag. 2022, 317, 115323. [CrossRef] [PubMed]

7. Ryms, M.; Januszewicz, K.; Lewandowski, W.M.; Klugmann-Radziemska, E. Pyrolysis Process of Whole Waste Tires as A Biomass
Energy Recycling. Ecol. Chem. Eng. S 2013, 20, 93-107. [CrossRef]

8. Shahbeik, H.; Shafizadeh, A.; Nadian, M.H.; Jeddi, D.; Mirjalili, S.; Yang, Y.; Lam, S.S.; Pan, ].; Tabatabaei, M.; Aghbashlo, M.
Using Evolutionary Machine Learning to Characterize and Optimize Co-Pyrolysis of Biomass Feedstocks and Polymeric Wastes.
J. Clean. Prod. 2023, 387, 135881. [CrossRef]

9. Li, H.; Chen, J.; Zhang, W.; Zhan, H.; He, C.; Yang, Z.; Peng, H.; Leng, L. Machine-Learning-Aided Thermochemical Treatment of
Biomass: A Review. Biofuel Res. |. 2023, 10, 1786-1809. [CrossRef]

10. Campuzano, F,; Cardona-Uribe, N.; Agudelo, A.E; Sarathy, S.M.; Martinez, J.D. Pyrolysis of Waste Tires in a Twin-Auger Reactor
Using CaO: Assessing the Physicochemical Properties of the Derived Products. Energy Fuels 2021, 35, 8819-8833. [CrossRef]

11. Hu, Z,; Zhou, T,; Tian, H.; Feng, L.; Yao, C.; Yin, Y.; Chen, D. Effects of Pyrolysis Parameters on the Distribution of Pyrolysis
Products of Miscanthus. Prog. React. Kinet. Mech. 2021, 46, 1-13. [CrossRef]

12.  Valentini, F; Pegoretti, A. End-of-Life Options of Tyres. A Review. Adv. Ind. Eng. Polym. Res. 2022, 5, 203-213. [CrossRef]

13. Lewandowski, W.M.; Januszewicz, K.; Kosakowski, W. Efficiency and Proportions of Waste Tyre Pyrolysis Products Depending
on the Reactor Type—A Review. J. Anal. Appl. Pyrolysis 2019, 140, 25-53. [CrossRef]

14. Ruwona, W.; Danha, G.; Muzenda, E. A Review on Material and Energy Recovery from Waste Tyres. Procedia Manuf. 2019,
35,216-222. [CrossRef]

15.  Przerobu, T.; Zu, U.,; Ogumienia, Y. Recykling Energetyczny Zu z Ytych Opon. Autobusy Tech. Eksploat. Syst. Transp. 2011,
12,205-211.

16. Wasik, D.O. Wptyw Dodatku KOH Na Wydajnosé¢ Oraz Wiasciwosci Oleju z Pirolizy Opon Samochodowych. Bachelor’s Thesis,
Eindhoven University of Technology, Eindhoven, The Netherlands, 2016.

17.  Campuzano, F; Abdul Jameel, A.G.; Zhang, W.; Emwas, A.H.; Agudelo, A.F,; Martinez, J.D.; Sarathy, S.M. On the Distillation of
Waste Tire Pyrolysis Oil: A Structural Characterization of the Derived Fractions. Fuel 2021, 290, 120041. [CrossRef]

18. Costa, G.A.; dos Santos, R.G. Fractionation of Tire Pyrolysis Oil into a Light Fuel Fraction by Steam Distillation. Fuel 2019,
241, 558-563. [CrossRef]

19. Vihar, R;; Seljak, T.; Rodman Opresnik, S.; Katrasnik, T. Combustion Characteristics of Tire Pyrolysis Oil in Turbo Charged
Compression Ignition Engine. Fuel 2015, 150, 226-235. [CrossRef]

20. Jantaraksa, N.; Prasassarakich, P.; Reubroycharoen, P.; Hinchiranan, N. Cleaner Alternative Liquid Fuels Derived from the
Hydrodesulfurization of Waste Tire Pyrolysis Oil. Energy Convers. Manag. 2015, 95, 424-434. [CrossRef]

21. Han, W,; Han, D.; Chen, H.; Han, W.; Han, D.; Chen, H. Pyrolysis of Waste Tires: A Review. Polymers 2023, 15, 1604. [CrossRef]
[PubMed]

22. Montuori, P; De Rosa, E.; Di Duca, F.; De Simone, B.; Scippa, S.; Russo, I.; Sarnacchiaro, P.; Triassi, M. Polycyclic Aromatic

Hydrocarbons (PAHs) in the Dissolved Phase, Particulate Matter, and Sediment of the Sele River, Southern Italy: A Focus on
Distribution, Risk Assessment, and Sources. Toxics 2022, 10, 401. [CrossRef]


https://doi.org/10.3390/jcs4030103
https://doi.org/10.1016/j.clema.2022.100115
https://doi.org/10.1016/j.ceja.2023.100476
https://doi.org/10.3390/environments5060072
https://doi.org/10.1039/D0RA08966D
https://www.ncbi.nlm.nih.gov/pubmed/35423733
https://doi.org/10.1016/j.jenvman.2022.115323
https://www.ncbi.nlm.nih.gov/pubmed/35649337
https://doi.org/10.2478/ECES-2013-0007
https://doi.org/10.1016/j.jclepro.2023.135881
https://doi.org/10.18331/BRJ2023.10.1.4
https://doi.org/10.1021/acs.energyfuels.1c00890
https://doi.org/10.1177/14686783211010970
https://doi.org/10.1016/j.aiepr.2022.08.006
https://doi.org/10.1016/j.jaap.2019.03.018
https://doi.org/10.1016/j.promfg.2019.05.029
https://doi.org/10.1016/j.fuel.2020.120041
https://doi.org/10.1016/j.fuel.2018.12.075
https://doi.org/10.1016/j.fuel.2015.01.087
https://doi.org/10.1016/j.enconman.2015.02.003
https://doi.org/10.3390/polym15071604
https://www.ncbi.nlm.nih.gov/pubmed/37050218
https://doi.org/10.3390/toxics10070401

Materials 2023, 16, 5847 23 of 24

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

Patel, A.B.; Shaikh, S; Jain, K.R.; Desai, C.; Madamwar, D. Polycyclic Aromatic Hydrocarbons: Sources, Toxicity, and Remediation
Approaches. Front. Microbiol. 2020, 11, 562813. [CrossRef]

Chamaa, A.; Khatib Professor, J.; Elkordi, A. A review on the use of vegetable oil and its waste in construction applications. BAU
J. Sci. Technol. 2019, 1, 4. [CrossRef]

Adebayo, J.O.; Napiah, M.; Ibrahim, K.; Raduan Kabit, M. Evaluation of Waste Cooking Oil as Sustainable Binder for Building
Blocks. E3S Web. Conf. 2018, 65, 05003. [CrossRef]

Staron, A.; Kijania-Kontak, M.; Kozak, A.; Banach, M. Obtaining of Oil Blocks as a Way to Manage Hazardous Asbestos. Waste
Manag. 2020, 105, 180-189. [CrossRef]

ASTM D4052; Standard Test Method for Density, Relative Density, and API Gravity of Liquids by Digital Density Meter. ASTM:
West Conshohocken, PA, USA, 1996.

ASTM D 7052; Standard Test Method for Determining Impact Resistance of New Low Slope Roof Membranes Using Steel Balls
(Z8295Z). ASTM: West Conshohocken, PA, USA, 2017.

ASTM D 6304C; Standard Test Method for Determination of Water in Petroleum Products, Lubricating Oils, and Additives by
Coulometric Karl Fischer Titration. ASTM: West Conshohocken, PA, USA, 2016.

ISO 18763; Soil quality—Determination of the toxic effects of pollutants on germination and early growth of higher plants. ISO:
Geneva, Switzerland, 2016.

Hadwan, M.H. Simple Spectrophotometric Assay for Measuring Catalase Activity in Biological Tissues. BMC Biochem. 2018, 19, 7.
[CrossRef]

Kar, M.; Mishra, D. Catalase, Peroxidase, and Polyphenoloxidase Activities during Rice Leaf Senescence. Plant Physiol. 1976,
57,315. [CrossRef]

Oren, R.; Werk, K.S.; Buchmann, N.; Zimmermann, R. Chlorophyll-Nutrient Relationships Identify Nutritionally Caused Decline
in Piceaabies Stands. Can. J. For. Res. 1993, 23, 1187-1195. [CrossRef]

Zhao, Y,; Li, Y.; Gao, X. A New Method for Accurate Determination of Peroxidase Activity Based on Fluorescence Decrease of
Guaiacol. Chin. |. Anal. Chem. 2015, 12, 1040-1046.

ISO 14380; Water quality—Determination of the acute toxicity to Thamnocephalus platyurus (Crustacea, Anostraca). ISO: Geneva,
Switzerland, 2011.

Stanisz, A. An Affordable Statistics Course Using STATISTICA PL with Examples from Medicine—Volume II Linear and Nonlinear Models;
StatSoft Polska: Krakow, Poland, 2007.

STATISTICA (Data Analysis Software System), version 10; StatSoft, Inc.: Tulsa, OK, USA, 2011.

Taleb, D.A.; Hamid, H.A.; Deris, RR.R.; Zulkifli, M.; Khalil, N.A.; Ahmad Yahaya, A.N. Insights into Pyrolysis of Waste Tire in
Fixed Bed Reactor: Thermal Behavior. Mater. Today Proc. 2020, 31, 178-186. [CrossRef]

Singh, RK.; Mondal, S.; Ruj, B.; Sadhukhan, A.K.; Gupta, P. Interaction of Three Categories of Tyre Waste during Co-Pyrolysis:
Effect on Product Yield and Quality. J. Anal. Appl. Pyrolysis 2019, 141, 104618. [CrossRef]

Fectko, P; Kasparkova, A ; Pertile, E.; K¥iz, V.; Tora, B.; Jarosiniski, A.; Janakov4, I. Application of Pyrolysis Residue from Waste
Materials in Black Coal Flotation. Pol. J. Chem. Technol. 2010, 12, 62—66. [CrossRef]

Hossain, M.; Choi, M.; Park, H.; Choi, H. Purifying of Waste Tire Pyrolysis Oil Using an S-ZrO2/SBA-15-H202 Catalytic Oxidation
Method. Catalysts 2020, 10, 368. [CrossRef]

Staroni, A.; Papla, A.; Midura, A.; Kijania-Kontak, M.; éwiergosz, T.; Banach, M. Physicochemical Properties, Strength and
Phytotoxicity of Building Blocks with Waste Cooking Oil as Binder. . Clean. Prod. 2022, 335, 130316. [CrossRef]

Zhang, G.; Chen, F,; Zhang, Y.; Zhao, L.; Chen, ].; Cao, L.; Gao, J.; Xu, C. Properties and Utilization of Waste Tire Pyrolysis Oil: A
Mini Review. Fuel Process. Technol. 2021, 211, 106582. [CrossRef]

Nadeem, H.; Habib, N.Z.; Ng, C.A.; Zoorob, S.E.; Mustaffa, Z.; Chee, S.Y.; Younas, M. Utilization of Catalyzed Waste Vegetable
Oil as a Binder for the Production of Environmentally Friendly Roofing Tiles. ]. Clean. Prod. 2017, 145, 250-261. [CrossRef]
Diebold, ].P. A Review of the Chemical and Physical Mechanisms of the Storage Stability of Fast Pyrolysis Bio-Oils. Available
online: https://www.researchgate.net/publication/313201285_A_review_of_the_chemical and_physical _mechanisms_of_the_
storage_stability_of_fast_pyrolysis_bio-oils (accessed on 12 June 2023).

Xiong, Z.; Syed-Hassan, S.S.A.; Hu, X.; Guo, J.; Chen, Y,; Liu, Q.; Wang, Y.; Su, S.; Hu, S.; Xiang, ]. Effects of the Component
Interaction on the Formation of Aromatic Structures during the Pyrolysis of Bio-Oil at Various Temperatures and Heating Rates.
Fuel 2018, 233, 461-468. [CrossRef]

Jameel, A.G.A.; Alquaity, A.B.S,; Islam, K.M.O.; Pasha, A.A.; Khan, S.; Nemitallah, M.A.; Ahmed, U. Pyrolysis and Oxidation of
Waste Tire Oil: Analysis Evolved Gases. ACS Omega 2022, 7, 21574. [CrossRef]

Smith, B.C. Infrared Spectroscopy of Polymers, VIII: Polyesters and the Rule of Three. Spectroscopy 2022, 37, 25-28. [CrossRef]
Binkley, J.; Simpson, J.A. Heavy Metals in Wastewater Treatment Processes. In The Handbook of Water and Wastewater Microbiology;
Mara, D., Horan, N., Eds.; Academic Press: Cambridge, MA, USA, 2003; pp. 597-610. [CrossRef]

Zang, H.; Zhou, ]J.; Marshall, M.R.; Chadwick, D.R.; Wen, Y.; Jones, D.L. Microplastics in the Agroecosystem: Are They an
Emerging Threat to the Plant-Soil System? Soil Biol. Biochem. 2020, 148, 107926. [CrossRef]

Wu, X; Lu, J.; Du, M.; Xu, X; Beiyuan, J.; Sarkar, B.; Bolan, N.; Xu, W.; Xu, S.; Chen, X,; et al. Particulate Plastics-Plant Interaction
in Soil and Its Implications: A Review. Sci. Total Environ. 2021, 792, 148337. [CrossRef]

Liwarska-Bizukojc, E. Effect of Innovative Bio-Based Plastics on Early Growth of Higher Plants. Polymers 2023, 15, 438. [CrossRef]


https://doi.org/10.3389/fmicb.2020.562813
https://doi.org/10.54729/2959-331X.1005
https://doi.org/10.1051/e3sconf/20186505003
https://doi.org/10.1016/j.wasman.2020.02.009
https://doi.org/10.1186/s12858-018-0097-5
https://doi.org/10.1104/pp.57.2.315
https://doi.org/10.1139/x93-150
https://doi.org/10.1016/j.matpr.2020.01.569
https://doi.org/10.1016/j.jaap.2019.05.007
https://doi.org/10.2478/v10026-010-0020-3
https://doi.org/10.3390/catal10040368
https://doi.org/10.1016/j.jclepro.2021.130316
https://doi.org/10.1016/j.fuproc.2020.106582
https://doi.org/10.1016/j.jclepro.2017.01.028
https://www.researchgate.net/publication/313201285_A_review_of_the_chemical_and_physical_mechanisms_of_the_storage_stability_of_fast_pyrolysis_bio-oils
https://www.researchgate.net/publication/313201285_A_review_of_the_chemical_and_physical_mechanisms_of_the_storage_stability_of_fast_pyrolysis_bio-oils
https://doi.org/10.1016/j.fuel.2018.06.064
https://doi.org/10.1021/acsomega.2c01366
https://doi.org/10.56530/spectroscopy.ta9383e3
https://doi.org/10.1016/B978-012470100-7/50036-4
https://doi.org/10.1016/j.soilbio.2020.107926
https://doi.org/10.1016/j.scitotenv.2021.148337
https://doi.org/10.3390/polym15020438

Materials 2023, 16, 5847 24 of 24

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Qi, Y.; Yang, X.; Pelaez, A.M.; Huerta Lwanga, E.; Beriot, N.; Gertsen, H.; Garbeva, P.; Geissen, V. Macro- and Micro- Plastics
in Soil-Plant System: Effects of Plastic Mulch Film Residues on Wheat (Triticum aestivum) Growth. Sci. Total Environ. 2018, 645,
1048-1056. [CrossRef] [PubMed]

Reddy, K.R.; Chirakkara, R.A.; Martins Ribeiro, L.F. Effects of Elevated Concentrations of Co-Existing Heavy Metals and PAHs in
Soil on Phytoremediation. J. Hazard. Toxic Radioact. Waste 2020, 24, 04020035. [CrossRef]

Sivaram, A.K.; Logeshwaran, P.; Lockington, R.; Naidu, R.; Megharaj, M. Impact of Plant Photosystems in the Remediation of
Benzo[a]Pyrene and Pyrene Spiked Soils. Chemosphere 2018, 193, 625-634. [CrossRef]

Gawryluk, A.; Stepniowska, A.; Lipifiska, H. Effect of Soil Contamination with Polycyclic Aromatic Hydrocarbons from Drilling
Waste on Germination and Growth of Lawn Grasses. Ecotoxicol. Environ. Saf. 2022, 236, 113492. [CrossRef] [PubMed]

Tomar, R.S.; Singh, B.; Jajoo, A. Effects of Organic Pollutants on Photosynthesis. In Photosynthesis, Productivity and Environmental
Stress; John Wiley and Sons: Hoboken, NJ, USA, 2019; pp. 1-26.

Daresta, B.E.; Italiano, F.; De Gennaro, G.; Trotta, M.; Tutino, M.; Veronico, P. Atmospheric Particulate Matter (PM) Effect on the
Growth of Solanum Lycopersicum Cv. Roma Plants. Chemosphere 2015, 119, 37—42. [CrossRef]

Paskovd, V.; Hilscherova, K.; Feldmannova, M.; Bldha, L. Toxic Effects and Oxidative Stress in Higher Plants Exposed to Polycyclic
Aromatic Hydrocarbons and Their N-Heterocyclic Derivatives. Environ. Toxicol. Chem. 2009, 25, 3238. [CrossRef]

Desalme, D.; Binet, P.; Epron, D.; Bernard, N.; Gilbert, D.; Toussaint, M.L.; Plain, C.; Chiapusio, G. Atmospheric Phenanthrene
Pollution Modulates Carbon Allocation in Red Clover (Trifolium pratense L.). Environ. Pollut. 2011, 159, 2759-2765. [CrossRef]
Zacarias-Garcia, J.; Cronje, PJ.; Diretto, G.; Zacarias, L.; Rodrigo, M.J. A Comprehensive Analysis of Carotenoids Metabolism in
Two Red-Fleshed Mutants of Navel and Valencia Sweet Oranges (Citrus sinensis). Front. Plant Sci. 2022, 13, 1034204. [CrossRef]
Chen, E.L.; Chen, Y.A,; Chen, L.M,; Liu, Z.H. Effect of Copper on Peroxidase Activity and Lignin Content in Raphanus Sativus.
Plant Physiol. Biochem. 2002, 40, 439—444. [CrossRef]

Andrés, CM.C,; de la Lastra, ] M.P,; Juan, C.A.; Plou, E]J.; Pérez-Lebefa, E. Chemistry of Hydrogen Peroxide Formation and
Elimination in Mammalian Cells, and Its Role in Various Pathologies. Stresses 2022, 2, 256-274. [CrossRef]

Dumanovié, J.; Nepovimova, E.; Nati¢, M.; Kuéa, K.; Jacevi¢, V. The Significance of Reactive Oxygen Species and Antioxidant
Defense System in Plants: A Concise Overview. Front. Plant Sci. 2021, 11, 552969. [CrossRef] [PubMed]

Campomanes, P.; Rothlisberger, U.; Alfonso-Prieto, M.; Rovira, C. The Molecular Mechanism of the Catalase-like Activity in
Horseradish Peroxidase. . Am. Chem. Soc. 2015, 137, 11170-11178. [CrossRef]

Krainer, EW.; Glieder, A. An Updated View on Horseradish Peroxidases: Recombinant Production and Biotechnological
Applications. Appl. Microbiol. Biotechnol. 2015, 99, 1611. [CrossRef]

Ciou, J.Y,;; Lin, H.H.; Chiang, PY.; Wang, C.C.; Charles, A.L. The Role of Polyphenol Oxidase and Peroxidase in the Browning of
Water Caltrop Pericarp during Heat Treatment. Food Chem. 2011, 127, 523-527. [CrossRef]

Bari, L.; Hassan, P.; Absar, N.; Khatun, S.; Hossain, M. Purification and Characterization of Peroxidase From Anthracnose Disease
Infected Papaya (Carica papaya L.). Bangladesh J. Med. Biochem. 2014, 6, 49-57. [CrossRef]

Chaplygin, V.; Dudnikova, T.; Chernikova, N.; Fedorenko, A.; Mandzhieva, S.; Fedorenko, G.; Sushkova, S.; Nevidomskaya, D.;
Minkina, T.; Sathishkumar, P; et al. Phragmites Australis Cav. As a Bioindicator of Hydromorphic Soils Pollution with Heavy
Metals and Polyaromatic Hydrocarbons. Chemosphere 2022, 308, 136409. [CrossRef]

Jin, L.; Che, X.; Zhang, Z.; Li, Y.; Gao, H.; Zhao, S. The Mechanisms by Which Phenanthrene Affects the Photosynthetic Apparatus
of Cucumber Leaves. Chemosphere 2017, 168, 1498-1505. [CrossRef]

Molnar, V.E.; Tézsér, D.; Szabo, S.; Téthmérész, B.; Simon, E. Use of Leaves as Bioindicator to Assess Air Pollution Based on
Composite Proxy Measure (Apti), Dust Amount and Elemental Concentration of Metals. Plants 2020, 9, 1743. [CrossRef]
Kohan, A.; Haghighi, M.; Mirghaffari, N.; Ehtemam, M.H. Effect of Air Pollution Resulting from Exhaust Emission on the
Morphological, Physiologic and Biochemical Responses of Lettuce (Lactuca sativa Var. Longifolia). J. Plant Process Funct. 2021,
9, 43-53.

Aghbashlo, M.; Hosseinzadeh-Bandbafha, H.; Shahbeik, H.; Tabatabaei, M. The Role of Sustainability Assessment Tools in
Realizing Bioenergy and Bioproduct Systems. Biofuel Res. J. 2022, 9, 1697-1706. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.scitotenv.2018.07.229
https://www.ncbi.nlm.nih.gov/pubmed/30248830
https://doi.org/10.1061/(ASCE)HZ.2153-5515.0000538
https://doi.org/10.1016/j.chemosphere.2017.11.081
https://doi.org/10.1016/j.ecoenv.2022.113492
https://www.ncbi.nlm.nih.gov/pubmed/35395602
https://doi.org/10.1016/j.chemosphere.2014.05.054
https://doi.org/10.1897/06-162R.1
https://doi.org/10.1016/j.envpol.2011.05.015
https://doi.org/10.3389/fpls.2022.1034204
https://doi.org/10.1016/S0981-9428(02)01392-X
https://doi.org/10.3390/stresses2030019
https://doi.org/10.3389/fpls.2020.552969
https://www.ncbi.nlm.nih.gov/pubmed/33488637
https://doi.org/10.1021/jacs.5b06796
https://doi.org/10.1007/s00253-014-6346-7
https://doi.org/10.1016/j.foodchem.2011.01.034
https://doi.org/10.3329/bjmb.v6i2.17643
https://doi.org/10.1016/j.chemosphere.2022.136409
https://doi.org/10.1016/j.chemosphere.2016.12.002
https://doi.org/10.3390/plants9121743
https://doi.org/10.18331/BRJ2022.9.3.5

	Introduction 
	Experimental 
	Preparation of Oil Blocks Based on Post-Pyrolysis Oils and Their Characteristics 
	Phytotoxicity and Water Pollution from Oil Blocks 
	Statistical Analysis 

	Results and Discussion 
	Pyrolytic Oil 
	Oil Blocks Based on Post-Pyrolysis Oils 
	Phytotoxicity of Oil Blocks Based on Post-Pyrolysis Oils 
	Contamination of the Water in Contact with the Oil Blocks Based on Post-Pyrolysis Oils 
	Advantages and Disadvantages of Solid Oil Materials Based on Pyrolysis Oil 

	Statistical Analysis of the Results 

	Conclusions and Future Perspectives 
	References

