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ARTICLE INFO ABSTRACT

Keywords: Objectives: With approximately 1.5 billion tires produced annually, the management and disposal
Waste tires of waste tires pose significant environmental challenges worldwide. While tire recycling has the
Recycling

potential to mitigate some environmental issues, existing studies reveal notable gaps and asso-
ciated risks to human health and the environment, highlighting the need for a comprehensive
review.

Methods: This study utilized primary search engines, including Scopus, Web of Science, and
PubMed, in conjunction with relevant keywords, to identify pertinent studies published in peer-
reviewed journals. Data and information regarding the application of waste tires in environ-
mental and health-related contexts were systematically extracted.

Results: Out of 1275 potential articles, 80 studies met the criteria for inclusion in this review. The
majority of these studies focused on the use of discarded tires in the construction sector, with 49
% specifically addressing their application in artificial turf fields.

Conclusions: A comprehensive assessment of the health and environmental implications of various
recycling methods is essential to determine their feasibility. The increasing utilization of recycled
tires across diverse sectors raises new concerns that warrant such investigations. Understanding
the health effects associated with recycled tire products can provide valuable insights for both
researchers and policymakers.
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B(a)P Benzo(a)pyrene
BbFA Benzo(b)fluoranthene
B(g,h,i)P Benzo(g,h,i)perylene
BghiP Benzo(g,h,i)pyrene
BkF Benzo(k)fluoranthene
BjFA Benzo[j]fluoranthene
CHY Chrysene
CRMs Construction and repair materials
DB(ah)A Dibenz(a,h)anthracene
DahA Dibenzo[a,h]anthracene
DBaiP Dibenzo[a,i]pyrene
DPG 1,3-diphenylguanidine
ELT End-of-Life Tires
FLA Fluoranthene
FLU Fluorene
GHG Greenhouse gas
HI Hazard index
HQ Hazard quotient
P Indeno(1,2,3-c,d)pyrene
LCA Life Cycle Assessment
MIBK Methyl isobutyl ketone
NAP Naphthalene
OPAHs Oxygenated Polycyclic Aromatic Hydrocarbons
6PPD N-(1,3-dimethylbuty])-N"-phenyl-p-phenylenediamine
PHN Phenanthrene
PAHs Polycyclic Aromatic Hydrocarbons
PYR Pyrene
SBRR Styrene-butadiene recycled rubber
SDA Semi-dense asphalt
SPME Solid Phase Micro-Extraction
SVOCs Semi-volatile organic compounds
TDA Tire-derived aggregate fills
TDF Tire-derived fuel
TEQ Toxicity equivalent
TRP Tire rubber powder
VOCs Volatile Organic Compounds
ZnO Zinc Oxide

1. Introduction

The explosive development of the automotive sector and the increasing number of vehicles have increased the number of tires
produced annually. Approximately 1.5 billion tires are manufactured worldwide annually, and over 17 million tons of them are
disposed of. The yearly production of discarded tires is predicted to increase to 1200 million by 2030 [1-3].

The extensive output of the end-of-life tires (ELT) could pose challenges for their management. Waste tires impose an economic and
environmental burden on society. Since 75 % of scrap tires consist of empty space, transportation and storage of them will result in
significant costs [4]. Scrap tires are highly durable and extremely flammable if they accumulate for a long time, there is a high risk of a
catastrophic fire breaking out, resulting in the release of significant amounts of smoke, hydrocarbons, toxic metals, and the spread of
the contamination in soil and groundwater [4,5]. Furthermore, the empty area within tires provides an ideal platform for water
collection, a habitat for rodents, insects, and reptiles, which can lead to the spread of diseases [6]. On the other hand, studies have
shown that 75 % of tires end up in landfills worldwide, creating significant environmental and health problems [7]. Because of the
considerable volume and non-biodegradability of waste tires, disposing of them in landfills shortens the lifespan of the landfills. Waste
tires tend to float to the top when deposited in landfills, causing damage to landfill covers [8]. Therefore, if not handled correctly, they
can lead to severe health, safety, and environmental problems.

Tire recycling and usage in diverse applications is one of the management approaches that are carried out to mitigate the envi-
ronmental and health effects of used tires and obtain added value from waste tires [3,9]. Various research has examined the recycling
and reusing of scrap tires in different forms such as whole tires, shredded tires, and granulated tires [5,10-12]. Waste tires have a
significant calorific value, making them suitable as an alternative fuel in cement kilns, paper mills, or power plants [3]. Furthermore,
tires are well-suited for geotechnical engineering applications due to their low density, effective insulation, efficient drainage,
long-lasting resilience, and high compressibility [6]. The utilization of shredded scrap tire rubber as a construction material in many
civil engineering projects is gaining popularity worldwide as the construction industry strives to employ recycled materials. Recycled
tire products have been used in various applications such as construction materials, embankments, asphalt, cement concrete, sports
fields, playgrounds, and artificial turf fields [13,14]. These products enhance strength, flexibility, durability, plasticity, and resistance
to thermal changes [15]. Using crumb rubber in playgrounds, sports fields, and artificial turf enhances surface flexibility, improves
ground drainage capacity, and offers a softer playing surface for athletes and children [12,16].
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Although recycling scrap tires presents a partial remedy to the increasing pollution stemming from this waste stream, it is critical to
consider the potential adverse environmental impacts and health risks associated with their utilization. Tire rubber contains poten-
tially hazardous compounds such as rubber polymer and enhancing agents such as carbon black, aromatic enhancing oils, vulcani-
zation additives, antioxidants, and processing aids. Extensive research has been conducted on the environmental and health effects of
heavy metals and organic compounds released from recycled rubber. Zinc Oxide (ZnO) is commonly employed as a catalyst in the
process of tire rubber vulcanization, and Polycyclic Aromatic Hydrocarbons (PAHs) are added as plasticizers in tire rubber, these
additives can be released in the leachate from recycled tires, causing soil and groundwater contamination [17-19]. Furthermore,
studies have revealed that releasing toxic chemical compounds from playgrounds and artificial turf exposed to sunlight has adverse
effects on the health of children and exposed individuals [19,20].

Artificial turf manufacturers assert that their products do not threaten public health and provide an effective method for recycling
used tires [21]. Conversely, research studies have challenged these claims, revealing the presence of specific contaminants that may be
harmful to human health and the environment [18,22,23]. Despite this, there remain differences of opinion about these compounds
and their importance in health. Moreover, due to the conflicting views by researchers regarding the available data and the knowledge
gap in this field, some environmental groups and users of these products still have concerns about using these recycled products and
daily exposure to compounds released from these products. These conflicting human health risk studies emphasize the need for more
comprehensive research.

Conducting a comprehensive study on the environmental and health effects of using recycled tires can provide policymakers with
extensive information to make informed decisions when formulating regulations on using recycled tires. Therefore, this systematic
review study is conducted to investigate the potential environmental and health implications associated with various methods of tire
recycling and their subsequent use in different products, such as artificial turf, playground, and cement. By reviewing and analyzing
existing research and evidence, this study offers valuable insights into how these recycled tire products may impact the environment
and human health. Ultimately, this study suggests valuable insights on the utilization of products derived from tire recycling for re-
searchers to ensure that the suggested waste tire recycling process effectively reduces environmental effects.

2. Methods
2.1. Search strategy and study selection

The search strategy in this study is based on the question, does using waste tire recycling methods have obvious negative effects on
the environment and human health? It was conducted on main electronic databases, i.e., Scopus, Web of Science, and PubMed.
Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) guidelines were used for search strategy and study
selection. Relevant studies were identified from the inception of the studies up to June 28, 2023. Sources were systematically searched
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based on MeSH terms by following keywords: “tire”, “tyre”, “recycled rubber”, “recycled tire”, “tire rubber”, “waste tire”, “waste
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rubber”, “waste tire rubber”, “crumb rubber”, “tire crumb rubber”, “scrap tire”, “tire chips”, “shredded tire”, “aged tire”, “end of life
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tire”, “worn tyre”, “rubber granul*”, “tire crumb”, “concrete pavement”, “asphalt concrete”, “asphalt”, “railway design”, “artificial

turf”, “artificial sports field”, “pyrolysis”, “embankment”, “aquatic application”, “playground”, “pavement”, “artificial reef”, “synthetic
turf infill”, “concrete”, “risk”, “health effect”, “risk assessment”, “environmental impact”, “ecotoxic*”, “toxic*”.

The search strategy was performed according to the syntax rules of each database, and the Boolean operators (OR, AND) were used
to combine the keywords. Furthermore, grey literature was also reviewed by searching open online databases, and the references of
selected literature were investigated to find more relevant studies.

All found studies were imported into Endnote X9, and then duplicate articles were manually and automatically eliminated. After
duplicate elimination, the title and abstract of the remaining articles were assessed carefully for eligibility. The full texts of the
retrieved articles were examined to extract the inclusion criteria. Two reviewers (FM & MH) performed the study selection; the final
conclusions were reached through discussion and collaboration with the third reviewer (MA) to address any discrepancies.

LIRS LLIT3

2.2. Inclusion and exclusion criteria

In the present study, only original articles published in English about the different applications of recycled tires, types of tire
recycling methods, and the environmental and health effects attributed to tire recycling on human health, were included. The ab-
stracts, books, articles with unrelated topics, duplicate contents, meta-analyses, reviews, presentations, theses and dissertations,
conference papers, and letters to the editor were excluded from the study.

2.3. Data extraction
After checking the eligibility of the retrieved studies, the following information were obtained from the included studies: the

journal name, author, publication year, article title, the type of recycling methods, the applications of recycled tires, the hazardous
effects attributed to tire recycling on human health and environment.
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3. Results and discussion
3.1. Literature search and study characteristics

Based on a systematic search, a total of 1991 records were identified through literature searching in electronic databases. The
PRISMA flow diagram for the search strategy and study selection process is shown in Fig. 1. After duplication removal, 1275 studies
were screened by titles and abstracts, out of them 1139 articles were excluded due to exclusion criteria. The full texts of the 136
remaining articles were reviewed for eligibility. Finally, 80 articles that met the considered criteria were included in this study. No
extra articles were found in references or other sources. The number of reviewed articles based on type of recycled material is
illustrated in Fig. 2. Also, Fig. 3 shows the geographical distribution of included articles in this study.

3.2. Applications of waste tires

Waste tires are employed in different industries such as construction and civil engineering, energy production, etc. The most
common techniques for tire recycling are depicted in Table 1. Among them, most of the research concentrated on the application of
scrap tires in the construction industry. Shredded and granulated tires are commonly employed in many applications such as artificial
turf fields, playgrounds, asphalt, cement additives, and sub-road filling [5,24-26].

As illustrated in Fig. 4, the predominant methods for recycling tires in the construction industry are artificial turf fields, concrete,
and asphalt. Specifically, 49 % of the conducted studies focus on their application in artificial turf fields. The incorporation of recycled
rubber into the synthetic turf field facilitates the development of a softened surface, mitigating potential harm to individuals. On the
other hand, utilizing scrap tires for concrete production is another method for their management. Concrete is one most popular
construction materials, which can be produced from both natural resources and recycled materials. The massive demand for concrete
worldwide has led to a significant threat to the natural resources of concrete, therefore, recycling waste for concrete production not
only reduces the consumption of natural resources but also mitigates environmental risks associated with waste [27].

Besides, another technique can be the addition of scrap tires to the cement mixture, leading to a significant improvement in the
mechanical characteristics of the produced cement and clay composites. The final composites can be used for various purposes
including various structural and non-load-bearing applications like foundations and sub-bases. The utilization of waste tires generally
enhances durability and resistance to asphalt and cement slippage, mitigates cracking, and diminishes water permeability in the soil
[28,29].

Another recommended way for tire management is the application of thermo-chemical conversion techniques, with one of the most
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Fig. 1. PRISMA flow diagram describing literature research and selection process.
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Fig. 3. Geographical distribution of included articles in this study.

common thermal conversion techniques used worldwide being pyrolysis, for providing energy. In this technique, energy production
occurs in an anaerobic state under high temperatures in which the chemical bond between the applied waste is cracked and a pyrolytic
fuel is achieved [30]. Tire-derived fuel (TDF) of this process can be used as a substitute for coal in many other industries. Tire particles
burn much faster than similarly sized coal particles, releasing three to five times less NOx, 10 percent less CO, and comparable SO5
emissions [31]. Moreover, some studies have also examined the utilization of whole tires for the construction of artificial reefs,
breakwaters, and buffers within harbors, as protective barriers safeguarding boats against potential harm caused by impacts or
scratches on the side of the pier [32,33]. The utilization of scrap tires by retreading, which involves eliminating the old tread com-
pound and substituting it with a rubber tread to extend the life of a tire, has also been investigated for waste tire management [34].

3.3. Environmental effects of waste tires

Tire rubber is made up of natural and synthetic rubber polymers, reinforcing agents, aromatic oils, vulcanization additives, an-
tioxidants, and processing aids [16]. The extensive usage of tire rubber results in the release of a significant quantity of hazardous
substances, including Volatile Organic Compounds (VOCs), PAHs, heavy metals, and other chemical compounds into the environment
especially artificial turf and playgrounds.
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Table 1
Summary of the different applications of recycled tires.
Waste tire utilization industry ~ Type of waste tire Application Country Ref.
Construction & civil Granulated vehicle tires Artificial turf Italy (35)
engineering Recycled tire Concrete Oman 27)
Recycled tire rubber Self-consolidating concrete USA- (6)
Michigan
Crumb tire and tire chips Concrete Italy (36)
Crumb rubber Modified asphalt concrete Switzerland (37)
Recycled rubber Asphalt Colombia (38)
Waste tires crumbs Bituminous concrete (BC) road Tunisia (39)
Tire rubber powder (TRP) Cement replacement material in soil-cement blends Turkey (25)
Waste tires Lightweight tire-derived aggregate fills (TDA) Spain (40)
Ground tire rubber Highway construction and repair materials (CRMs) USA 41)
Recycled tire rubbers Roller-compacted concrete pavement Iran (42)
Crumb rubber Reclaimed asphalt pavements Iran (43)
Waste tires crumb rubber Enhancer for polymer-modified and hybrid polymer-modified Malaysia (13)
bitumen
Shredded material from car Hardening and filling of road embankments with vermicomposting ~ Poland (44)
tires process
Waste tires Three-dimensional reinforcement material China (45)
Shredded tires Embankments USA 5)
Shredded, recycled SBR tires Artificial turf Sweden 24)
Energy production (Fuel) Scrap tires Pyrolytic oil Spain (46)
Scrap tires Energy production Puerto Rico 47)
Other Waste tire Tire Retreading Lebanon (34)
Tire rubber Biochar China (48)
Waste tire powder Oil adsorbent Taiwan (49)
waste tyre rubber Activated carbons UK (50)
Scrap tires Artificial reef UK (33)

OEmbankment W Artificial turf OPlayground EConcrete B Asphalt Bpyrolysis Bother

Fig. 4. Distribution of scrap tire applications.
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Fig. 5. Box plots of the concentration of PAHs in the waste tire recycling (based on the concentration in the included studies).
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3.3.1. PAHs

Since tires contain toxic aromatic compounds, there is a major concern regarding the release of these compounds into the envi-
ronment due to the extensive use of recycled tires for various purposes. Various studies have examined the concentrations of aromatic
compounds in leachate, air, and soil based on the different applications of scrap tires in artificial turf fields, playgrounds, asphalt, and
other areas. Studies have frequently shown the presence of these compounds in leachate from shredded scrap tires or sports fields
covered with artificial turf [51,52]. Several studies have examined the concentration of PAHs in waste tires recycling, as shown in
Fig. 5. Additionally, numerous studies have also examined the existence of PAHs in the atmosphere surrounding artificial turf. Overall,
the concentrations of PAHs in the atmosphere above artificial outdoor turf fields were comparable to those found locally and were
within the limitations set by regulations. Table 2 shows the numerous studies found through the systematic review that revealed PAHs
from various tire-based material applications. According to Lu et al. (2021), the leachate produced by the artificial turf field, which
used crumb rubber materials, was found to include 15 PAHs. Of these, 5 PAHs, namely ANT, BaA, BkF, DahA, and BghiP, had con-
centrations that raised concerns [19]. The findings of another study conducted by Celeiro et al. (2018) revealed that leachate samples
gathered from multiple football fields with artificial turf, which utilized rubber crumbs as filling materials, could potentially contain
approximately 16 different polycyclic aromatic hydrocarbons (PAHs). Of these, 8 PAHs, namely NAP, ACE, FLU, PHN, ANC, FLA, PYR,
and CHY, were found to have levels of concern [53]. LIompart et al. (2013) analyzed the evaporation process of samples obtained from
playgrounds and commercial pavements produced from recycled rubber at both 25 and 60 °C. Benzo[a]pyrene, the most carcinogenic
PAHs component, was detected in some pavement samples. Additionally, all the compounds observed during the experiment, except B
[a]A and CHY, were also present at ambient temperature and 60 °C [54].

3.3.2. Heavy metals

The reviewed studies demonstrated that various heavy metals particularly Pb and Cd and relatively large amounts of Zn could be
released through the environmental compartments from varied applications of scrap tires (Fig. 6). The discharge of these metals to the
environment has adverse effects on the environment and organisms [60]. Due to the presence of substantial quantities of heavy metals,
diverse organic compounds, and hydrocarbons in the crumb rubbers, the leaching of these compounds into the turf field can change the
activities of both microorganisms and earthworms. Pochron et al. (2017) evaluated the effect of used crumb rubbers from recycled tires
in turf fields on indigenous bacteria and earthworms. The activity, survival, and lifespan of both indigenous microorganisms in heat
and light stress and earthworms were investigated. The obtained results revealed that the respiration rate of the microbes was not
affected by the contamination caused by crumb rubber in the soil. In contrast, earthworms residing in the contaminated soil exhibited
reduced body weight compared to the ones living in uncontaminated soil. Except for Zinc, the concentration of other studied heavy
metals such as Hg, Ni, Pb, Cu, Cd, and As in the soil did not exceed the announced allowable limit [8].

Shalaby et al. (2005) gathered and examined several representative samples to clarify the possible effects of utilizing scrap tires in
full-scale construction of road embankments. The results indicated that the concentrations of Al, Fe, and Mn in the water samples
obtained from the underground water source under the embankment exceeded the recommended levels, however, since the mentioned
heavy metals are secondary drinking water quality parameters, no urgent considerations were required [4].

Lu et al. (2021) showed that tire crumb rubbers used in artificial turf fields may release 0.2-1.3 pg/g of Zn into leachates when

Table 2
PAHs detected in various uses of waste tires in different environments.
Media PAHs Description Refs.
Leachate 15 PAHs NAP, ACE, FLU, PHN, ANT, FLA, PYR, The concentration of five compounds (ANT, BaA, BKkF, DahA, BghiP) was (19)
CHY, BaA, BbFA, BKF, B(a)P, DahA, BghiP, IP concerning.
PYR, CHY, BaA, BbFA, BKF, B(a)P, DahA, The leachates of the new filler materials exhibit a greater concentration of PAHs (52)
BghiP compared to the old materials.
15 EPA PAHs PAHs were detected at a relatively low concentration in the leachate. (55)
16 EPA PAHs The concentration of 8 PAHs compounds (NAP, ACE, FLU, PHN, ANC, FLA, PYR, (53)
CHY) were worrying
NAP, Acy, FLU, PHN, PYR The release of PAHs induces harmful effects on V. fischeri. (56)
Air BaP, DBahA, BbFA, BjFA, BKFA, DBaiP During the three sampling days, the air concentrations in the field remained 57)

relatively consistent, indicating no substantial difference from the levels detected at
the background site and lower than those observed at the urban site. An increase in
the amount of BaP in the air corresponds to the release of PAHs linked to particles.

NAP, Acy, ACE, FLU, PHN, ANC, FLA, PYR, Nine investigated PAHs were identified in the vapor phase (58)
BaA
16 EPA PAHs Benzothiazole compounds, amines (6PPD, DPG), MIBK, and cyclohexanone (59)

exhibited significant migration rates.

No elevated levels of PAHs were detected. Nevertheless, a few unstable substances,
including MIBK, benzothiazole, tert-butylamine, 2-heptanone, and cyclohexanone,
exhibited a slight increase in concentration within an indoor facility.

B(a)P, BaA, BbFA, BKF, DahA, IP, FLA, PYR, During two distinct sample periods, PAH concentrations in football fields and urban (16)
CHY, B(g,h,i)P, PHN, ANC areas were comparable; however, the limited contribution of PAHs derived from
granular materials was observed.
Ground NAP, Acy, ACE, FLU, PHN, ANC, FLA, PYR, A total of 9 PAHs were detected in the runoff/cleaning water, resulting in an (58)
water/ BaA increase in the overall PAHs content at ppm level.

Runoff
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Fig. 6. The average concentration of heavy metals in the crumb tires (based on the concentration in the included studies).

exposed to UV radiation [19]. Azizian et al. (2003) analyzed the concentrations of various heavy metals in leachate samples adjacent to
the roads where tire rubbers were utilized in construction. The analysis indicated that the amounts of Al, Ca, K, Mg, Sr, P, and Hg were
significantly over the detection limit of the analyzer. However, the concentrations of the other 13 heavy metals such as V, Zn, As, Ba,
Ni, Co, Fe, Cr, Cu, Sb, Pb, Cd, and Se, were found to be below the detection limit of the analyzer [41].

Kalbe et al. (2013) demonstrated that using scrap tires in the construction of sports fields as granular material can release various
organic and inorganic toxins into the soil and groundwater. The laboratory experiment showed that the artificial weathering caused
the used tire scraps to age, leading to the leachate containing high levels of Zn [55]. The results of the collected air samples by
Schneider et al. (2020) demonstrated that both Co and Al were not detected [61].

3.3.3. VOCs

As previously mentioned, the findings of the conducted studies revealed that various VOCs can be released from scrap tires. Ruffino
et al. (2013) found that using artificial turfs can release benzene, toluene, and xylene (BTEX) in the leachate. In addition, higher
concentrations of BTEX were found in the leachate of new filling materials than the older ones [52]. Azizian et al. (2003) reported that
different compounds including Pyrido, 10-(benzyloxy)-6,7-dihydro-, tetramethyl ester, Phthalic anhydride, Benzothiazole, Decanoic
acid, silver (14) salt, Benaldehyde, 3-hdroxy-4-methoxy, Glycine, N-methyl-N-(1-oxododecyl), Quinoline, 2,3-dimethyl, [1,
1-Biphenyl]-2-0l2(3H)-Benzothiazolone, and Hexadecanoic acid were detected in the collected leachate samples that were released
from the crumb rubber materials used as construction materials in the highways. The results also revealed that different environmental
processes of soil absorption, volatilization, and biodegradation could remove benzothiazole from the generated leachate [41].

Tandon et al. (2007) assessed representative air samples collected from a site where tire chips were utilized to fill embankments.
The samples contained a variety of VOCs, such as 1,4-dichlorobenzene, dichlorodifluoromethane, ethylbenzene, styrene, tetra-
chloroethylene, toluene, trichloroethylene, trichlorofluoromethane, 1,2,4-trimethylbenzene, 1,3,5-trimethylbenzene, M&p-Xylene,
and O-xylene [5]. Schneider et al. (2020) observed that some air samples at the sites utilizing rubber granules as infill materials for
artificial turf contained different VOCs including benzothiazole, tert-butylamine, 2-heptanone, cyclohexane, and saturated aliphatic
hydrocarbons NC9 [62].

Schiliro et al. (2013) discovered that the concentration of BTEX was considerably greater on cold and hot days in urban areas
compared to air samples obtained from soccer fields utilizing artificial turf [16]. According to Li et al. (2010), crumb rubber materials
could contain a variety of VOCs such as vulcanization accelerator and PAHs (NA, Phe, 1 MeNA, 2-MeNA, Flu, Pyr, BHA, BHT, 4-t-OP).
These VOCs were found in the collected SPME fibers. Furthermore, volatile benzothiazole concentrations ranged from 8.2 to 69 ng in
the collected samples of crumb rubber materials [63]. Shalaby et al. (2005) revealed that the levels of several chemicals, including
BTEX in shredded rubber tire samples were below the detectable limit of the testing method [4].

3.4. Life cycle assessment (LCA) of recycled tires

Some of the reviewed studies also evaluated the Life Cycle Assessment (LCA) analysis. Magnusson et al. (2015) conducted an LCA
analysis to evaluate the environmental impact of using recycled tires as filling materials in artificial turf. The results indicate that
utilizing recycled tires would reduce energy consumption and release greenhouse gas (GHG) emissions. Moreover, the obtained
samples revealed measurable levels of Zn in the leachate generated from recycled tires [64]. The potential environmental conse-
quences of using crumb rubber materials in rubberized semi-dense asphalt (SDA) were investigated by Piao et al. (2022) through the
LCA approach. Based on the findings, it is recommended not using crumb rubber products due to the possibility of PAHs entering into
the groundwater [65].

Fiksel et al. (2011) carried out a study utilizing the Life Cycle Assessment (LCA) approach to identify an eco-friendly alternative for
using scrap tires. The results revealed that recycling tires for cement and artificial turf purposes could reduce GHG emissions, air toxics,
and also less water supplies would be used. Also, for every metric ton of TDF that is used as an alternative option in the cement kilns,
around 543 kg (CO; equivalent) of both direct and indirect GHG emissions would be avoided [66].
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3.5. Health effects of recycled tires

As stated earlier, the presence of numerous hazardous and carcinogenic substances in rubber crumbs threatens the individual’s
health, especially in industries such as artificial turf and children’s playgrounds. Exposure can be influenced by the frequency of field
use, duration of exposure, hand-to-playground contact, and hand-to-mouth contact [67]. Furthermore, a number of variables,
including the age of the synthetic turf, light irradiation, ambient temperature, and ventilation rate, may have an impact on the
chemical exposure from crumb rubber [18,68]. Several studies were carried out to elucidate the possible carcinogenic and
non-carcinogenic effects of recycled tires on individuals. The main risk assessment studies related to recycled tire-based products are
illustrated in Table 3. In a conducted study by Graca et al. (2022), a large-scale study was performed, collecting 103 samples from
artificial turfs in 13 different countries including Portugal, Chile, Poland, Turkey, Italy, Finland, Sweden, Spain, France, Croatia,
Germany, Albania, and Greece. The results revealed that Zn had the highest concentration among all studied compounds. The results of
the health-risk assessment study also revealed that unwilling ingestion of rubber crumbs used in the artificial turfs can increase both
carcinogenic and non-carcinogenic risks which was due to the Cr and Pb content [69]. Newer artificial turf fields contain higher
concentrations of PAHs and benzothiazoles in their crumb rubber samples compared to older artificial turf fields [52,63]. At outdoor
temperatures, artificial turf surfaces can reach 60 °C, the temperature at which semi-volatile organic compounds can be released into
the ambient air. Evaporation of samples obtained from playgrounds and commercial pavements manufactured from recycled rubber at
25 and 60 °C showed that all PAHs compounds observed at 60 °C, except B[a]A and CHY, were also at ambient temperature [54].

Skin absorption, accidental ingestion, and inhalation are the main routes of exposure to dangerous substances. Individuals may be
exposed to organic compounds and heavy metals present on the surfaces of artificial turf fields and playgrounds, potentially through
skin contact or unintentional ingestion [18,67,70]. Nevertheless, there is currently no evidence suggesting that the exposure to
hazardous substances in crumb rubber through hand-to-mouth contact can lead to any adverse health effects [71]. Assessment studies
have found that the presence of crumb rubber in playgrounds and artificial turf fields does not present a substantial concern to human
health though oral exposure [72]. Biological monitoring also showed that there was no increase in the amount of a biomarker of PAHs
exposure (1-hydroxypyrene) in the urine of adult soccer players after they had direct skin contact with crumb rubber on artificial turf
fields [73]. On the other hand, evaporation of VOCs from artificial turfs and playgrounds can be inhaled. However, studies have
demonstrated that the quantities of PAHs and VOCs in the air near synthetic turf fields are negligible to pose a risk to human health [67,
72].

4. Challenges and the future research perspectives

This study provides a theoretical foundation for sustainable waste tire management by analyzing the environmental and health
impacts of tire recycling. It identifies effective mechanisms to reduce pollution from waste tires, particularly through the production of
rubber granules for use in building materials and sports flooring, which can decrease reliance on primary resources and lower
greenhouse gas emissions. The findings will support policymakers and urban planners in creating standards for tire management that
align with Sustainable Development Goals.

Practically, the research can help tire recycling industries and product manufacturers optimize processes and reduce environmental
impacts by addressing weaknesses in current methods and assessing health risks of recycled materials. This can lead to the devel-
opment of safer, more efficient technologies. Additionally, the study aims to raise public awareness about tire recycling, encouraging
community involvement in recycling initiatives, which can further reduce waste and promote environmental protection.

The review of studies has shown that the assessment of pollution caused by the waste tires recycling faces challenges, including
variations in the concentration of pollutants, the complex composition of pollutants in waste tires, pollutants created during the
recycling process, and limitations in sampling and analytical techniques [84]. Furthermore, there is a lack of comprehensive
knowledge regarding the environmental and long-term health consequences of recycling waste tires [3]. Additionally, the oversight
and management of the disposal and recycling processes for these tires are not sufficient. The lack of regulations and standard
guidelines for waste tires recycling practices should be addressed because standard regulatory protocols and enforcement mechanisms
are needed to ensure compliance with environmental regulations in waste tire recycling [85]. It is also necessary to evaluate the
economic feasibility and sustainability of waste tire recycling methods.

Current research has often focused on specific aspects of waste tire recycling without conducting comprehensive risk assessments.
Future studies could address this limitation by conducting comprehensive risk assessments that consider multiple pollutants and
exposure pathways. Strengthening regulatory frameworks by setting more stringent standards, improving enforcement mechanisms,
and promoting compliance with environmental regulations can also help address specific challenges associated with pollutants such as
PAHs and heavy metals in waste tire recycling. Future research can focus on developing strong regulatory frameworks, control
measures, developing innovative recycling technologies to minimize environmental impacts, and improve the quality of recycled tires.
It is also effective to conduct life cycle assessments to evaluate the environmental effects of waste tire recycling compared to other
disposal methods.

5. Conclusion
Recycling waste tires in various industries can contribute to sustainable development by minimizing the demand for new materials,

decreasing waste, and conserving energy. However, limited research has been conducted on the environmental and health impacts of
products developed from used tires. This study was carried out to systematically investigate different applications of worn tires, as well
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Table 3
Health effects attributed to recycled tire-based products.
Waste Tire Descriptions Results Ref.
Type Application
Recycled tire rubber Turf and An assessment was conducted to analyze the There was a significant difference in the median 74)
playgrounds frequency, duration, and median duration of duration of children mouthing non-dietary objects
children’s hand and mouth contact with and all things when playing on turf between younger
different objects when playing on turf. The daily ~ children (1-6 years) and older children (7-12 years).
consumption rate of rubber crumbs was Significant variations were observed in the mouthing
measured. frequency of young (1-6 y) and older (7-12 y)
children playing on playground structures, as well as
the median duration of mouthing non-dietary objects.
There were no significant variations observed
regarding the sex of children playing on synthetic
turf-like surfaces or playground mats. The mean
incidental ingestion rate was 0.08, 0.07, and 0.08 g
rubber crumb/day for children <2, 2-6, and 6-11
years old, respectively.
Crumb rubber Artificial turf Potential exposures and associated risks to trace ~ PAHs have been frequently below the detection limit ~ (71)
metals, SVOCs, and PAHs through three artificial ~ and no SVOCs were detected at quantitative levels.
biofluids such as lung, sweat, and digestive fluids ~ The metals were discernible, however present in
were examined. amounts that posed a minimal risk to human health.
HQ, HI of digestive system, respiratory system, and
dermal routes were determined.
Two age groups of >2 to <6 years and age >6 to <7
years were considered for lead risk assessment.
Rubber granulate Synthetic turf A selected group of samples were analysis for PAHs were identified as the most harmful (72)
pitches PAHs, phthalates, and metals in both sweat and compounds, whereas phthalates, benzothiazoles,
the gastrointestinal tract. Additionally, the bisphenol A, and the metals (Cd, Co, Pb) were not a
evaporation of volatile chemicals into the airwas  concern due to low levels of exposure.
also examined. Three routes of exposure, oral,
dermal and inhalation route were investigated.
Recycled rubber from Artificial turf Urine samples of seven nonsmoking football The levels of 1-hydroxypyrene remained relatively (73)
automotive and pitch players were collected over 3 days, the day stable in four out of seven participants, while one out
truck scrap rubber before sporting, sporting, and the day after of four volunteers experienced an increase in
tires sporting for analyzing the 1-hydroxypyrene. hydroxypyrene in their urine after 2.5 h of training
and a match on the playground. Players who play on
artificial turf with rubber crumb infill have very low
PAH (1-hydroxypyrene) levels.
SBRr from shredded Artificial turf The conceptual model took into account two The risks associated with inhaling air dust and (52)
tires sports fields receptors, namely an adult player and a young pollutants from vehicular traffic were considerably
player, as well as three pathways of exposure: higher compared to those linked to playing soccer on
direct contact with crumb rubber, contact with a synthetic field. It was the primary route of exposure.
rainwater that has soaked the rubber mat, and The cumulative carcinogenic risk is lower than 107°,
inhalation of dust and gases emitted from the the cumulative noncarcinogenic risk lower than 1.
artificial turf fields.
Discarded tires Artificial turf An elution test was conducted using four The actual elution amounts of all PAH compounds (75)
simulated biofluids, which included gastric and were less than the limits (LOQ = 0.025 pg/g)
intestinal juices, saliva, and perspiration.
Crumb rubbers Synthetic turf Extraction tests were carried out using artificial Gastric fluid had a higher concentration of metals (76)
rubber granule biofluids, gastric fluid, intestinal fluid, saliva, than other biofluids, and most metals were extracted
infill and sweat. at a rate of over 10 % in artificial gastric fluid. 16
metals (Mg, Al, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Rb, Sr,
Sn, Sb, Ba, and Pb) were detected in simulated
biofluids.
Recycled tire crumb Infill in synthetic In-vitro oral bioaccessibility of 18 PAHs was The presence of 17 target PAHs in the biofluids was 77)
rubber football field assessed in human synthetic body fluids such as  determined. The bioaccessibility percentage levels of
saliva, gastric, duodenal, and bile. Children the most volatile PAHs, including NAP, ACY, ACE,
exposure assessment was performed. FLU, PHN, and ANC, exceeded.
B[a]P was detected in 75%of the samples at
concentrations up to 2.5 ng g’l.
rubber granules of ELT Synthetic turf Tire granulate (Al, aniline, Co, benzothiazoles, The cancer risks associated with exposure to PAHs (61)
infill 6PPD, DPG, 4-tert-octylphenol, Benzothiazole, were found to be below 1 in 1 million. Similarly, the
MIBK) risk characterization was assessed based risk characterization ratios for non-carcinogenic
on the exposure scenarios from oral, skin, and substances were below 1, indicating no significant
inhalation routes in different age groups. health concerns. Additionally, synthetic turfs with
ELT-derived infill material were deemed safe with no
identified health issues. Also, no toxicological data
were found for 2-hydroxybenzothiazole.
Crumb rubber Synthetic turf The multipathway human health risk assessment ~ The estimated non-cancer hazards and cancer risks (78)

(HHRA) of recycled rubber compounds assessed

10

for all the analyzed scenarios were found to be in

(continued on next page)
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Waste Tire Descriptions Results Ref.
Type Application
exposure scenarios for adults, adolescents, and compliance with the guidelines set by the US
children by ingestion, skin contact, and Environmental Protection Agency (EPA). The cancer
inhalation. risk levels of synthetic turf fields were reduced
compared to those linked with natural soil fields.
Used tires Synthetic turf Inhalation risk evaluation of PAHs from 9 Crumb rubber emissions contribute significantly to 79)
samples of artificial turf was evaluated at 25 and ~ PAH intake through multiple pathways due to their
60 °C. high toxicity equivalent (TEQ). The HI values in
various rubber granulate samples range from 8.94 x
1077 to 1.16 x 10°, while the SECR values range
from 4.91 x 10 % t0 1.10 x 10%.
Rubber granules from Artificial turf Dangerous chemicals like BTX, PAHs, and heavy ~ No occupational exposure to the chemicals was (80)
recycled tyres soccer pitch metals (Pb, Cd, Cr, Sn, and Zn) have been detected other than urban environmental exposure.
analyzed to measure personal and
environmental exposure. In exposed individuals
and the control group, PAHs and benzene
biomarkers of exposure were quantified and
qualitatively determined using the urine
metabolites 1-Hydroxypyrene (1-OH pyrene) and
trans, trans-muconic acid (t,t-MA).
Rubber granules synthetic turf Elution tests were conducted on eight rubber The elution rates in biofluids exhibited variability and ~ (81)
granule products using four simulated biofluids, = were influenced by the presence of coatings. The
including gastric juice, intestinal juice, saliva, majority of chemicals exhibited modest elution rates,
and perspiration. The rubber additive and which were either close or below the limit of
chemical concentrations in 46 rubber infills quantification. The majority of chemicals exhibited
before use in synthetic turf fields were measured.  negligible contamination levels in all simulated
biofluids.
Recycled rubber waste  Artificial-turf To assess playground users’ inhalation exposure  The athletes were exposed to 0.3 and 0.5 ngm > BaP  (57)
granulates to PAHs in the field with the highest PAH content ~ during field exercises on the two sample days. The
among the 13 fields, BaP and six PAHs (BaA, background amounts outside the field were 0.2 and
DBahA, BbFA, BjFA, BKFA, and IP) were 0.1 ng m>. An excess lifetime cancer risk of 1 x 107¢
measured. Air samples were taken on filters at was calculated for an intense 30-year activity.
two fields using a high volume static sampler
near the players, personal samplers worn by the
athletes, and background areas outside the
fields.
Rubber granules of Synthetic turf The migration of substances from rubber Artificial sweat contained volatiles, Al, Co, (61)
ELT infill granules to artificial body fluids, including benzothiazole, bisphenol A, and phthalates. Only
saliva, sweat, and gastric juice, was assessed. MIBK, 4-tert-octylphenol, Al, and Co were found in 43
athletes’ saliva, gastric juice, and skin wipe samples
after playing on artificial grass. These samples only
contained Al above the quantitation limit.
Tire crumb Artificial Turf Artificial turf football fields and urban PM;, concentrations were similar in urban and turf (16)
Football Fields environments were compared for particle football fields. Artificial turf football fields had higher
concentrations (PM;o and PM, s5), PAHs, PM10 organic extract mutagenicity than urban sites,
aromatic hydrocarbons (BTXs), and organic whereas PM, 5 organic extract mutagenicity was
extract mutagenicity. lower.
Recycled Tire Crumb Synthetic turf The possible relation between application of There was a significant relation between using crumb ~ (82)
fields crumb materials in the turf fields and lymphoma  rubber materials and cancer.
in the players were examined.
Crumb rubber of Artificial turf Carcinogenic and non-carcinogenic risks of In all individuals except for adult bystanders, 69)
(ELTs) pitches exposure to the Cr and Pb content of the crumb exposure to Cr and Pb from the ingestion route was
rubber from the artificial turf pitches of 13 above acceptable values for both carcinogenic and
countries were assessed. non-carcinogenic exposure.
Crumb rubber-based Synthetic turfs The health risks of unwilling ingestion of Exposure to the Pb through the ingestion routes were ~ (83)

materials

recycled ethylene propylene diene monomers
found in the crumb rubber materials in the
synthetic turf were assessed using acid extraction
and digestion extraction techniques.

calculated to be around 1.56 x 10, and 4.87 x 10~°
mgkg'day ! for elementary school, middle and high
school students respectively.

Also, the related risk to the ingestion of Pb increases
as the particle size gets smaller.

The HQ value for the particles with the size of <250
pm was 2 times higher than that of particles with the
size of >250 pm.

as environmental and health effects, using primary search engines such as Scopus, Web of Science, and PubMed. According to the
results, worn tires are used in various industries depending on their geographical location and in most cases, they are commonly used
in the construction industry, especially artificial artificial turf and playgrounds. Environmental studies have shown that the amount of
metals, organic compounds, and PAHs in products made from worn tires is generally below acceptable limits. The release of these

11
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compounds into the surrounding soil, groundwater, and air is also relatively low and there is no special concern. Nevertheless, the
findings indicated that the concentrations are different based on the product characteristics and the sampling location, and in some
cases, they exceeded the permissible limits. In fact, according to the type of worn tire and its chemical composition, design, age,
storage, and use conditions of the recycled products, the concentration of the pollutants released into the environment and the
environmental effects related to it will also be different in site to site, therefore these variations should be considered as a knowledge
gap for further development of the used tire recycling industry. Furthermore, assessing the health effects on individuals exposed to
recycled products frequently revealed inconclusive results, recommending further research to explore the potential health risks
associated with exposure to chemical compounds derived from recycled products. Due to the continuous discharge of compounds from
recycled materials, these compounds accumulate over time. This poses both environmental and long-term health risks for individuals
who are exposed to them. Typically, industries that incorporate worn tires in their products are expected to mitigate the potential
health and environmental risks associated with exposure to harmful compounds like heavy metals and PAHs. Based on the information
provided, it appears that establishing a standardized method for analyzing the chemical composition of worn tires and assessing the
impact of using them in the production of recycled products at the manufacturing site could be a valuable approach to ensure that only
products with little toxicity are introduced to the market.

The review of literature on waste tires recycling revealed significant knowledge gaps, particularly regarding human health risks,
economic benefits, and technological advancements. To fill these gaps, the study proposes targeted research, including standardized
methods, human health risk assessments, economic analyses, and innovations in technology. Suggested technological improvements
include advanced recycling techniques, robotics, sensors, and circular economy solutions to enhance the efficiency and sustainability
of recycling processes. Successful implementation will necessitate collaboration among stakeholders and the establishment of regu-
latory frameworks, incentives, public education, and international cooperation to promote sustainable waste tire management.
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