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Abstract: Illegal dumps and landfills with disposed of tires are a fact of today, which should not be
neglected as they represent a great ecological burden for the environment, affect the surrounding
nature and disturb the landscape. This research was focused on testing the phytotoxicity of aqueous
leachates from the fractions of tires in two sets of experiments—to simulate laboratory conditions
(tire leaching in distilled water) and natural conditions (tire leaching in water from a recipient) using
the Phytotoxkit testing kit (kit for the establishment of inhibition/stimulation effect on the root devel-
opment) and the watercress test of phytotoxicity (biological method for the assessment of leachate
phytotoxicity). Plants whose seeds were selected for the test were watercress (Lepidium sativum L.)
and white mustard (Sinapis alba L.). The aqueous leachate was tested for 38 weeks. During the
experiment, physical and chemical parameters were measured at intervals of 14 days by the testing
instrument HACH TEST KIT: electric conductivity (EC), amount of dissolved oxygen (LDO) and pH.
Results of root growth inhibition (IR) on the seeds of Lepidium sativum L. and Sinapis alba L. exhibited
values ranging from 11.73% to 47.74% in the tested samples. Results of germination index (GI) on
the seeds of Lepidium sativum L. exhibited values below 66% in the tested samples, which indicated
the leachate phytotoxicity. In spite of the fact that similar studies are tackling the acute toxicity of
leachates from tires (particularly to algae, embryos and animals), this research brings complementary
information in testing the acute phytotoxicity of tire leachates to higher plants.

Keywords: leachate; root growth inhibition; germination index; Lepidium sativum L.; Sinapis alba L.;
watercress test

1. Introduction

Waste tires represent one of the most problematic sources of solid waste, namely
due to their large volume, persistence and content of substances dangerous to the en-
vironment [1,2]. These are in particular toxic compounds such as polycyclic aromatic
hydrocarbons, heavy metals (Cd, As, Cr, Pb and Zn), and other reactive additives [3-5].
It is generally stated that the main components of tires are rubber polymers (40-60%),
soot (20-35%) and softeners (15-20%). Additives include activators, vulcanizing agents,
accelerators and antidegradants [6,7]. Although the waste tires can be further processed
(pyrolysis, recycling, retreading, etc.) [2,8-10], they occur every year in forests and at the
bottoms of rivers and ponds. Such places with the occurrence of waste (tires, among other
things) are called illegal dumps.

Illegal dumps arise as a result of incorrect or illegal waste disposal on sites other than
those approved for landfilling and dumping [11]. Illegal uncontrolled stores of waste occur
most frequently on forest margins, in ditches, on the peripheries of inhabited areas and
elsewhere [12]. The reason for their coming into existence is particularly the fact that waste
generators are not willing to pay for the disposal, there are not collection yards and the
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generators are not aware of the serious impacts of illegal waste dumping [11,13]. Tires are
one of the waste types found on illegal dumps, even for several tens of years due to their
slow rate of decomposition. The illegal dumps contaminate soils, can pollute water sources
and induce changes on the Earth’s surface. As pointed out by Keesstra et al. (2016), the
sustainable existence of human communities depends on the reasonable usage of natural
resources and care of the environment [14].

Apart from illegal dumps where they are, waste tires also get into the environment in
other ways, even during the phase of their use. This mainly has to do with their fractions
(in the form of nanoparticles), so-called tire wear, which occurs upon the tire contact with
the road, thus polluting the environment. Over the course of years, leachates from these
particles get into both surface water and groundwater [15]. Waste tires contain heavy
metals and chemicals that have been proven to be carcinogenic and mutagenic [16,17].
These substances are released into the environment during their gradual decomposition,
and toxins from them may contaminate the aquatic or soil environments. Contaminated
soils are dangerous not only to flora and fauna but also to human health [18,19]. There are
also increasing concerns about the effect of nanomaterials on live organisms, including
higher plants. Nanoparticles can markedly change the physical and chemical characteristics
of materials and can negatively affect the development and yields of higher plants. There is
only limited information available about the effects of nanoparticles on higher plants [20].
Waste tires currently occur in the beds of watercourses, especially in developing countries,
but developed countries are no exception either. Such a kind of waste can be potentially
risky for the environment. In connection with this research, the phytotoxicity of leachates
from waste tires was examined in laboratory receptacles. The phytotoxicity of leachates
was ascertained, pointing to possible risks following out from illegal waste handling as
well as from using it in the aqueous environment.

The phytotoxicity of leachate is generally established using GI [21,22] and IR, giving
the percentage of root growth stimulation or inhibition [21,23,24]. These two indices are the
most sensitive parameters of relative germination of seeds and relative elongation of roots,
which take into account both the low toxicity affecting root development and the high
toxicity affecting germination [23,25]. Tests of phytotoxicity are considered as a method of
highly reproducible screening of wastewater samples, sediments, soils, sewer sludge and
leachates, serving to reveal their possible toxicity to plants [26]. With the current annual
global production of tires reaching approximately one billion, the number of waste tires
is expected to increase gradually [27]. The evaluation of their impact on the environment
is therefore very important. The goal of this study was: (a) to determine the degree of
phytotoxicity of leachates from waste tires in laboratory conditions and (b) to monitor the
variability of physical and chemical parameters of leachates from waste tires over time.

2. Materials and Methods

In this study, a waste tire was chosen after the end of its service life, washed and then
cut by the machine into small fractions sized ca. 10 x 4 cm. The tire fractions were placed
into two glass receptacles of 4.5 L in volume. The first receptacle was filled with distilled
water (laboratory conditions), and the second one was filled with water from a recipient
(simulation of real conditions). The tire fragments were left to leach for 8 months. During
that period, physical and chemical parameters were measured, and after the period was
over, the leachates were subjected to the phytotoxicity tests (Figure 1). Data analysis in the
below graphs (Figures 2—-6) shows the range of allowed errors and standard deviations.
These line segments are shown in all data points in data. Together with the results, standard
errors are shown, which were created using the Microsoft Excel tabular processor, and
subsequently, statistical analyzes were performed (computer program STATISTICA).
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Figure 1. The process of phytotoxicity test and measurement parameters of leachate.
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Figure 2. Inhibition of root growth (IR) in Sinapis alba L. (SIA) and Lepidium sativum L. (LS) in the test
of phytotoxicity.
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Figure 3. Germination index (GI) of Lepidium sativum L. in establishing the degree of phytotoxicity.
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Figure 4. Values of pH in the leachates from tires measured in distilled water and recipient water.
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Figure 5. Recorded parameters of EC (1S cm™!) in leachates from tire fractions in distilled water and

in recipient water.
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Figure 6. LDO values (mg L.~!) measured in the leachates of tire fractions in distilled water and in recipient water.

2.1. Testing the Toxicity of Aqueous Leachates from Tire Fractions by Microbiotests

IR was determined using the Phytotoxkit™ methodology. In line with the method-
ology, the degree of aqueous leachate toxicity was tested on the seeds of white mustard
(Sinapis alba L.) and watercress (Lepidium sativum L.). These plant species are most fre-
quently used for testing phytotoxicity thanks to the fast germination of their seeds and fast
root growth [28]. Their primary characteristic is the sensibility to pollutants occurring in
the tested samples of soils and waters. These pollutants act as a stress factor affecting plant
germination and development [21,29,30].

Samples of leachates from tire fractions (designation: distilled water (DW), pond
water (PW)) were subjected to phytotoxicity tests after 8§ months from the establishment of
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the experiment at a 100% concentration. The Phytotoxkit consists of two testing sections;
a mixture of OECD soil (artificial soil with 85% of silica sand, 10% of kaolin clay and
5% of calcium carbonate and peat) and aqueous leachate from tire segments was applied
on the lower segment. Distilled water was used as a control sample. Seeds of Lepidium
sativum L. (10 pieces) were placed on the filter paper in the middle of the testing kit.
The kit was then closed, placed vertically into the holder and incubated for 72 h at a
temperature of 25 & 2 °C in the Ecocell incubator with no access to light. After the end
of the incubation period, partial lengths of Lepidium sativum L. roots were analyzed and
measured using the Image Tool 3.0 software for Windows (UTHSCSA, San Antonio, TX,
USA). The same procedure was used to test phytotoxicity on the seeds of Sinapis alba L.
After the end of the experiment implemented with using the testing Phytotoxkit™, IR (%)
was calculated from the recorded values. The results of IR (%) inform about the percentage
of IR stimulation (%) < 0, or inhibition of root growth IR (%) > 0 in the plant species used.
IR was determined according to the following equation [21,28,31,32] (1):

IR [%] = [(Lc — Ls)/Lc] x 100 @

where L is the mean length of root in the control sample (mm) and Lg is the mean length
of root in the tested sample (mm) [21,22,28,31,32].

2.2. Testing the Phytotoxicity of Aqueous Leachates from the Fractions of Tires by Watercress Test

The testing also included a watercress test of phytotoxicity according to the method-
ology introduced by ALS Czech Republic, s.r.o. It is a biological method of assessing the
phytotoxicity of leachate to GI (%) using watercress (Lepidium sativum L.) [33]. A filter
paper placed in the Petri dish was applied 10 mL of 100% of aqueous leachate from the tire
fractions, and then 30 seeds of watercress (Lepidium sativum L.) were evenly distributed
thereon. At the same time, a control sample of distilled water was prepared, and the Petri
dishes were incubated for 48 h at 27 + 2 °C in the Ecocell incubator with no access to
light. After the incubation period, the number of non-germinated seeds was analyzed, and
partial lengths of individual roots of Lepidium sativum L. were recorded manually [34,35];
GI (%) was then calculated from the recorded values. GI results (%) give the degree of
leachate phytotoxicity: very phytotoxic GI (%) < 25, phytotoxic 26 < GI (%) < 65 and
non-phytotoxic/sTable 66 < GI (%) < 100. The determination of Gl is given by a series of
calculations according to the following equations [33] (2, 3 and 4):

Germination G (%)

G [%] = (Ns/Nc) x 100 )

where Ng is the number of germinated seeds in the tested leachate (mm) and N¢ is the
number of germinated seeds in the control sample (mm).
Elongation L (%)
L [%] = (Ls/L¢) x 100 3)

where Lg is the average length of root in the tested leachate (mm) and L is the average
length of root in the control sample (mm).
Germination index GI (%)

G [%] = (G x L)/100 @)

2.3. Physical and Chemical Analysis of Aqueous Leachates from Tire Fractions

The samples of aqueous leachates from the fractions of tires were measured twice a
month from May 2020 to February 2021 (38 weeks). The initial measurement of distilled
water (DWj) and water from the recipient (PW() was taken prior to the addition of tire
fractions. During the set up time, the aqueous leachates were measured three times using
probes, and the resulting parameter was determined by arithmetic mean. In the experiment,
changes in physical and chemical parameters of conductivity (EC) were monitored, the
amount of dissolved oxygen (LDO) and pH by the HACH TEST KIT. The EC probe was
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used to determine the degree of electric conductivity (uS cm~!), the LDO probe was
used to determine water saturation with oxygen (mg L~!) and pH was used to establish
acidity/alkalinity of the tested sample.

3. Results
3.1. Tests of the Phytotoxicity of Leachates from Tire Fractions

Results of IR (%) are presented in Figure 2.

The plot shows the mean, the whiskers representing the standard error, values with
different letters (a;b) indicate significant difference (p 0.05) between variants, differences
between variants were analysed with the parametric LSD Fisher test.

The highest IR value (%) was calculated in the DW sample with Lepidium sativum
L. (47.7%). The lowest IR value (%) was calculated in the PW sample with Sinapis alba
L. (11.7%). The testing of the phytotoxicity of leachates from tire fractions to the seeds
of Lepidium sativum L. and Sinapis alba L. demonstrated the inhibition of root growth
(IR (%) > 0). Lepidium sativum L. responded to the leachate more sensitively, its seeds
exhibiting a higher IR value (%).

3.2. The Watercress Test of the Phytotoxicity of Leachates from Tire Fractions

Results of GI (%) are presented in Figure 3.

The plot shows the mean, the whiskers representing the standard error, values with
different letters (a;b) indicate significant difference (p 0.05), between variants, differences
were analysed with the parametric LSD Fisher test.

The highest GI value (%) was ascertained in the PW sample with Lepidium sativum L.
(66.7%). The watercress test of the phytotoxicity of leachate from tire fractions in distilled
water showed the leachate phytotoxicity.

3.3. Physical and Chemical Analyses of Aqueous Leachates from Tire Fractions

During the experiment, the pH and EC values were increasing (see Figures 4 and 5)
while the LDO values were decreasing (see Figure 6).

The plot shows the mean, the whiskers representing the standard error. The highest
pH value of leachate from tire fractions (8.1) was recorded in DW in week 32 while the
lowest pH values (7.1 and 7.2) were measured in week 2 and week 38, respectively. During
the whole time of the experiment, both DW and PW exhibited alkaline pH values. The
mean pH was 7.5 for DW and 7.6 for PW.

The plot shows the mean, the whiskers representing the standard error. The PW sam-
ple of leachate from tire fractions exhibited the highest EC values for the whole monitored
period at the end of the experiment (495 uS cm™ 1) in weeks 36 and 38. Depending on time
and persistence of tire fractions in PW, the EC values were increasing. At the beginning of
the experiment (in the first month), they were on average 410.7 uS cm~! and at the end of
the experiment (in the last month), the leachates exhibited average the EC values of 492.3 uS
cm 1. The data indicate that EC increased from the beginning to the end of the experiment
by 81.6 uS cm~!. The experimental leachates already changed their colour in week 4 when
they were light green to yellow. At the end of the experiment (after 38 weeks), the leachates
were dark green to dark brown (see Figure 7) and featured a typical metal smell. The lowest
EC value was recorded in the DW leachate from tire fractions in week 2 (18.6 uS cm™1).
In the course of the experiment, the DW and PW samples exhibited increasing EC values,
especially due to the gradual release of substances from the tire fractions.
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Experiment start PW and DW after 4 weeks PW and DW after 38 weeks

Figure 7. The course of colour changes in the experimental leachates.

Results of LDO parameters (mg L~!) establishing the amount of dissolved oxygen
during the experiment are presented in Figure 6. The plot shows the mean, the whiskers
representing the standard error. The highest LDO value (7.1 mg L~!) was measured in the
PW leachate from tire fractions in week 2 of the experiment and the lowest LDO value
(2.8 mg L) was recorded in the PW sample in week 38 of the experiment. In DW samples,
the highest LDO value (6.3 mg L~') in the leachate from tire fractions was recorded also in
week 2, and the lowest LDO value (3.4 mg L~!) was measured in week 38, similarly as in
PW. The LDO values were decreasing with the increasing time for which the tire fractions
stayed in DW and PW. At the beginning of the experiment (in the first month), mean LDO
values were 6.2 mg L™! in PW and 5.9 mg L~! in DW. At the end of the experiment (in the
last month), mean LDO values were 2.9 mg L~! in PW and 3.4 mg L~! in DW. Thus, the
data show that the LDO values decreased from the beginning to the end of the experiment
by 4.3 mg L~! in PW and by 2.9 mg L~! in DW. The gradual LDO deficit in the DW and
PW samples during the experiment was caused by the gradual release of substances from
the tire fractions.

4. Discussion
4.1. Tests of the Phytotoxicity of Leachates from Tire Fractions

Regarding its sensitivity to phytotoxins, Lepidium sativum L. is generally one of the
most sensitive plants, which is demonstrated by IR values higher than in Sinapis alba L.
However, it cannot be said that Sinapis alba L. would be a plant species less suitable for
testing the phytotoxicity. Both of these species exhibited the inhibition of root growth IR
(%) > 0, which indicated the phytotoxicity of leachates. The IR values differed by tens
of percent. Here, however, the uncertainty of the measurement of partial root lengths in
Lepidium sativum L. and Sinapis alba L. can be taken into consideration. The results suggest
that aqueous leachates from tire fractions have a significant phytotoxic impact, namely
due to the gradual release of toxic substances over time. The chosen 100% concentration
simulated a condition in which tires are dumped illegally into small recipients for a longer
time, thus showing possible risks of infiltration into the soil and groundwater.

Similar research studies for testing phytotoxicity on higher plants have not been
conducted so far. Nevertheless, similar principles are used in scientific publications that
deal with the testing of acute phytotoxicity of leachates from waste tires on living organisms
(algae, embryos and animals). One of them is Gualtieri et al. (2005) [18] where the authors
performed a standard test of acute and chronic toxicity on Daphnia magna. In the test,
they used 1%, 10%, 50% and 100% concentrations of leachates, comparing the immobility
and mortality of algae after 24 and 48 h. The authors concluded that a mutual correlation
occurred between mortality and concentrations from 10% to 100%. Already the exposure to
the concentration of 10% resulted in 100% mortality. They also performed a standard test
of toxicity on the growth of Raphidocelis subcapitata lasting 72 h, in which a dilution series
of 1%, 10%, 50% and 100% concentrations was used. Once again, a strong correlation was
demonstrated between the leachate concentrations and algae growth inhibition. Already
the concentration of 1% resulted in growth inhibition values ranging between 45% and
53%. The 100% concentration resulted in the inhibition value of ca. 99% [18].
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Wik and Dave (2005) [5] also tested the phytotoxicity of leachates from tires. They
used grated rubber from a total of 12 kinds of tires, which they placed into Petri dishes
together with Daphnia magna. Then the rubber was diluted with water to concentrations
of 025,05, 1,2, 4,8and 16 g L1 Following exposures for 24 and 48 h, the authors
concluded that all kinds of tested rubber from tires were toxic to the alga. According to
the authors, the 48 h exposure was significantly more toxic (nearly ten-times) than the 24 h
exposure. The results led the authors to conclude that tires contain compounds which are
bioconcentrating [5]. A year later, Wik and Dave (2006) [7] conducted a similar research of
the toxicity of worn tires to Daphnia magna. The results of their research study indicated
that even low concentrations of leachates are phytotoxic. Based on the results of their
research studies (2005 and 2006), the authors arrived at a conclusion that tire tread wear
might have much more harmful impacts than expected [7]. It is therefore important to
combine this research with the testing of the phytotoxic effects of leachates from waste tires
on higher plants.

The tests of phytotoxicity of leachates from waste tires showed that the defense
system and metabolism of animals, algae and plants are disturbed with no regard to the
concentration of leachates from the waste tires. Moreover, low concentrations of leachates
from the waste tires in the phytotoxicity tests only extend the decay time while high
concentrations cause practically immediate mortality.

4.2. The Watercress Test of the Phytotoxicity of Leachates from Tire Fractions

The degree of phytotoxicity directly mirrors the content of toxic intermediate products
in the leachate with the absence of phytotoxins indicating the germination index (GI %)
of about 100% [34]. Pliva et al. (2006) inform that the germination index (expressed in the
percentage of control which is distilled water) indicates a very high degree of phytotoxicity
(60-80%) at values of up to 50%, which represents a certain risk of damage to sensitive
plants, and non-phytotoxic/stable leachate at values over 80% and higher [36]. Bouda and
Forménkova (2014) report that the germination index below 25% indicates a leachate as
highly phytotoxic: phytotoxic from 26% to 65% and non-phytotoxic/stable over 66% [33].

According to Pliva et al. (2006), the values of leachate from tire fractions are highly
phytotoxic (GI 48.96%) in the DW sample and phytotoxic (GI 66.71%) in the PW sample [36].
In contrast, according to Bouda, Formankova (2014), the values of leachate from tire
fractions in the DW sample would be classified as phytotoxic and in the PW sample as non-
phytotoxic/stable. However, the uncertainty of the measurement of partial root lengths of
Lepidium sativum L. could be taken into account. Similarly, as in the tests of phytotoxicity,
the results suggest that aqueous leachates from tire fractions have a significant phytotoxic
impact, namely due to the gradual release of toxic substances over time.

4.3. Physical and Chemical Properties of Aqueous Leachates from Tire Fractions

Duda et al. (2020) performed physical and chemical analyses of leachates from tires
in a mud sump where they monitored pH, EC and LDO changes after the first rinsing of
tires and on the last day of the test (after 120 days). The pH value of leachate after the
first rinse of tires was 8.98 and it increased to 9.16 after the last rinse. The value slightly
exceeded the permissible limit recommended for surface water used for the supply of
drinking water. The EC value also exhibited an increase—from 454 uS cm~! to 503 puS
cm~!, which suggests that solids and dissolved solids passed from the surface of tires into
water. On the other hand, the LDO values exhibited a decrease in the course of time from
6.73mg L1 to 1.98 mg L, which was due to the increasing amount of substances leached
from the tires [37]. Koni¢kova (2010) adds that the alkaline pH values of aqueous leachates
from the test tire specimens are caused particularly by potassium hydroxide released into
the aquatic environment [38]. Sheehan et al. (2005) report that so-called iron precipitates
develop upon the contact of tires with groundwater. The increased concentration of iron
is responsible for the decreased amount of dissolved oxygen and increased pH [39]. The
decreased LDO value during the experiment was also confirmed by Hossain et al. (2011),
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who analysed the leachate from tire chips in a storage tank. They also recorded that the
leachate colour was changing during the experiment with the decreasing rate of LDO,
which was blueish-green and light yellow in the first 21 days [40].

5. Conclusions

The goal of this study was to establish the acute phytotoxicity of leachates from waste
tire fractions. The effects of phytotoxicity were measured in distilled water (simulation of
laboratory conditions) and water collected from a recipient (simulation of real conditions).
Results of root growth inhibition on the seeds of Lepidium sativum L. and Sinapis alba L. in-
dicated the inhibited development of roots in the tested plant species, which demonstrated
the phytotoxicity of both leachates from the tire fractions.

The watercress test with the seeds of Lepidium sativum L. showed that both tested
leachates from tire fractions were phytotoxic to highly phytotoxic. These leachates have
a significant phytotoxic impact on the environment due to the gradual release of toxic
substances over time.

During the experiment, the physical and chemical analyses of aqueous leachates from
tire fractions demonstrated a correlation between the increasing amount of dissolved solids
from the tires and the decreasing amount of dissolved oxygen, which also has to do with
the increasing values of electric conductivity and pH that were growing with the increasing
amount of dissolved solids (potassium hydroxide, iron).

Based on the research results that demonstrated a high rate of phytotoxicity of the
tested aqueous leachate from waste tires, this type of waste is not recommended for the
establishment of lagoons, reinforcement of river beds and banks, or for its recycling and
further usage for example as granulate that is in the direct contact with the environment.
A more appropriate option for waste tires after the end of their service life is to use
them as a valuable source of fuel in cement factories or in pyrolysis. Such methods of
handling eliminate the risk of negative impacts on the aquatic environment. However,
then a question of financial resources of individual countries arises and their possibilities
of processing the waste tires. It is also important to expand publicly available tire take-
back points, raise awareness of the risks associated with illegal dumping and call for
their prevention. Strict sanctions are also needed for countries that commit to setting up
such landfills under national waste management laws. In connection with the negative
consequences following out from the existence of waste tires, it is necessary to go back to the
very beginning of the manufacturing process. The primary concern of tire manufacturers
should be innovative solutions focused both on the reduction in rubber toxicity and on
new technologies in manufacturing tires without toxic substances.
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