Baptista Neto et al. Water Emerg Contam Nanoplastics 2023;2:10 Water Emerg | ng

DOI: 10.20517/wecn.2023.20 .
Contaminants &
Nanoplastics

Research Article Open Access

'.) Check for updates

Occurrence of microplastics derived from tyres in
bottom sediments of Guanabara Bay, Brazil: a form
of pollution that is neglected or difficult to detect?

José¢ Antdnio Baptista Neto'”), Christine C. Gaylarde?, Diego G. de Carvalho', Marcos F. P. Lourengo®,
Estefan M. da Fonseca'

'Department of Geology and Geophysics-Laboratério de Geologia Marinha/LAGEMAR, Instituto de Geociéncias, Universidade
Federal Fluminense, Niteroi 24210-340, Rio de Janeiro, Brazil.

’Department of Microbiology and Plant Biology, Oklahoma University, Norman, OK 73019, USA.

*|nstituto de Quimica, Universidade Federal Fluminense, Outeiro Sdo Jodo Batista s/n, Niteroi 24020-141, Rio de Janeiro, Brazil.

Correspondence to: Prof. José Antonio Baptista Neto, Department of Geology and Geophysics-Laboratorio de Geologia
Marinha/LAGEMAR, Instituto de Geociéncias, Universidade Federal Fluminense, Avenida Litoranea s/n, Niter6i 24210-340, Rio
de Janeiro, Brazil. E-mail: jabneto@id.uff.br

How to cite this article: Baptista Neto JA, Gaylarde CC, de Carvalho DG, Lourenco MFP, da Fonseca EM. Occurrence of
microplastics derived from tyres in bottom sediments of Guanabara Bay, Brazil: a form of pollution that is neglected or difficult to
detect? Water Emerg Contam Nanoplastics 2023;2:10. https://dx.doi.org/10.20517/wecn.2023.20

Received: 24 Mar 2023 First Decision: 20 Apr 2023 Revised: 11 May 2023 Accepted: 19 May 2023 Published: 26 May 2023

Academic Editor: Antoni Ginebreda Copy Editor: Dong-Li Li Production Editor: Dong-Li Li

Abstract

Aim: Tyre wear particles (TWPs) have been indicated as one of the main sources of microplastics (MPs) in aquatic
environments, yet they receive little attention in the published literature. They have never been reported in
Guanabara Bay in spite of several published analyses of the abundance, distribution, type, chemical composition
and color of MPs in this area. We aimed to develop a method to allow ready detection of these particles in
sediments.

Methods: Nine sediment samples were taken from locations over a wide geographic cover of the bay. They were
collected from different depths using a Van Veen grab sampler. MPs were separated using peroxide degradation of
organic matter followed by floatation and filtration. TWPs were identified using a binocular stereo
microscope,Scanning Electron Microscopy (SEM) and Fourier transformed infrared spectroscopy.
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Results: The combined use of these MP detection methods allowed the visualization and identification of high
numbers of TWPs in the bay. Exact quantification was impossible because of the large size range of the particles
and the use of a sedimentation system already shown to be sub-optimal.

Conclusion: High levels of TWPs were detected in Guanabara Bay sediments. Future studies to quantify these
particles in coastal environments will necessitate the development of more robust methods, possibly using specific
TWP markers. Various options are discussed.

Keywords: Marine contamination, chemical pollutants, microplastic analytical methods, urban runoff, coastal
waters

INTRODUCTION

The presence of microplastic (MP) particles has become one of the most serious forms of pollution in the
aquatic environment worldwide>*"; the slow degradability of these particles leads to their accumulation in
the environment™*. Within this category, tyreMPs (tyre wear particles, TWPs) and, to a lesser extent, other
related MP sources like recycled tyre crumb (RTC) and tyre repair-polished debris (TRD)", have been
indicated as one of the major contributors to MP pollution™’; there is, however, little information on the
latter two particle types"”. Tyres consist of a mix of natural and synthetic rubbers, carbon black, steel cord,
fibres, and other organic and inorganic components, which are used to improve their stability"”. Any of
these could be present in TWPs, although not all qualify as plastics. In the EU alone, an estimated 500,000
tonnes of TWPs reach the marine environment every year and this is expected to increase with the
introduction of electrically-powered and hybrid vehicles"", which are 24% heavier than others, leading to a
20-30% increase in TWP production!>",

The number of tires produced annually reaches the mark of billions of tires produced each year around the
world, making their disposal one of the most serious environmental problems today. The global production
of tyres is estimated to reach 2.7 billion pieces of tyres by 2022"""; indeed, in China alone, this figure had
reached 818 million in 2020". The highest numbers of automobiles are found in the USA, followed by
Australia, Italy, Canada, Japan, Germany, the UK, France, Malaysia, and Russia®.The increasing pollution is
greater in developing countries, such as China, India, and Brazil"”. Due to exponential growth in the
production and use of passenger cars, buses, motorcycle trucks and off-the-road vehicles in these countries,
the amount of tyres manufactured and discarded has increased considerably. It is estimated that one billion
tyres end their useful lives every year. Their improper disposal has become a major environmental problem
worldwide. Few are recycled, and a huge volume ends up in landfill, often discarded in an uncontrolled
manner in the environment, especially in developing countries. In countries like Brazil, tyre disposal has
been a very serious environmental problem. It is estimated that thousands of tons of scrap tyres are
abandoned in both marine and continental areas.

Before disposal, tyre particles originate from abrasion between the tyre and the road surface. They contain
natural and synthetic rubber, fillers, and plasticizers. During the lifetime of a passenger car tyre, around 30%
of its rubber is released into the environment"”.TWPs contain a broad range of chemicals, such as
polyaromatic hydrocarbons (PAHs), sulfenamides, phthalates, thiazoles, guanidines, thiurams,
dithiocarbamates, sulfur donors, phenolics, phenylenediamines and heavy metals, together with short fibers,
that are potentially harmful to health and the environment"*'"”.. Many of these chemicals can pose risks to
health. When tyre particles reach the oceans, various substances can be leached, including toxic metals (e.g.,
zing, lead, cadmium), and organic compounds like hydrocarbons and benzothiazole derivatives"”. Thus,
this type of particle is an important source of chemicals and metals in the environment®”. Particles derived
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from tyre wear have received more attention in recent years, mainly in relation to their analysis and
methods for confirming their identity and quantification, the leaching of various compounds and their
toxicity.

MPs have been identified in Guanabara Bay, both in the water column and the bottom sediments”'??, as
well as in thebay sand beaches environments”” and in the Bay biota®. This became a great problem,
because it increased the inventory of pollutants present in this already so impacted bay. However, tyre
fragments have never been considered. Guanabara Bay is located within the second largest metropolitan
area of Brazil, with more than 7.500,000,000 automobiles, as well as being crossed by a bridge that connects
two main cities in the metropolitan region. About 150,000 vehicles cross this bridge each day. Without a
doubt, these various sources will contribute to the presence of TWPs in the bay.

26,27

Transport has been identified as one of the most important sources of pollution for the environment”="'*
and urban surface runoff is an important and complex form of diffuse contamination. Road traffic
emissions comprise not only tailpipe exhaust gasses but also particles derived from wear and tear of vehicle
parts, such as brakes, tyres, discs, etc., added to the vehicle-induced resuspension of dust deposited on the

(34-36]

road. High concentrations of hydrocarbons®>*”, heavy metals**, and calcium oxalate””*¥ have been found
at the roadside, demonstrating the complexity of this pollution. Surface runoft from roads is characterized
by containing hundreds of different chemical compounds, making identifying potential toxicants far from
straightforward™. Since TWPs have never been separately considered in previous studies in Guanabara
Bay, this article aims to, at least partially, rectify this omission by developing and applying a simple method

to identify these particles in the bottom sediments of the bay.

METHODS

Area of study

Guanabara Bay is one of the largest bays on the Brazilian coast. It has an area of approximately 384 km® with
a water surface of 328 km’, due to its numerous islands; it is a very important coastal environment on the
Brazilian littoral. It is one of the most beautiful scenery on the coast of the state of Rio de Janeiro, marked by
the presence of Sugar-loaf Mountain and Corcovado, as well as many other natural beauties*”. Guanabara
Bay is located between the coordinates 23°41'-23°56'S and 43°02'-43°18'W. Due to its physical
characteristics, this shallow bay is classified as a partially mixed estuary'*'. The humid tropical climate is
marked by heavy rains in the summer (November to March) and drought in the winter (June to
August)*>*. The entrance and central channel of Guanabara Bay are marked by sandy sedimentation and
dominated by tidal and wave processes. The inner part of the bay is characterized by a flat bottom and
muddy sedimentation, dominated by fluvial processes. These muddy sediments are rich in organic matter
and various pollutants. Between these two distinct sedimentation areas, there is a transitional zone,
represented as the decrease in the speed of tidal currents; this area is characterized by a mixture of sandy
and muddy sediments"?.

Due to its location within the metropolitan region of Rio de Janeiro, Guanabara Bay is one of the most
polluted environments on the Brazilian coast, where a large volume of untreated urban sewage is
discharged, in addition to urban, industrial and agricultural effluents, urban surface runoff sediments are
added to this.All this flow enters the bay through 45 rivers that drain a hydrographic basin of 4000 km**, in
a highly urbanized area and characterized by a significant low-income population***’. The vast majority of
the rivers that drain into the bay are highly polluted. Since the rivers such asGuapimirim, Iguagu, Caceribu,
Estrela, Meriti and Sarapui, alone account for 85.5% of all water flow into the bay*".The drainage basin
hosts 6000 industries, 2 airports, harbors, several shipyards, oil terminals and several untreated sewage
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outlets around the coastline. The lack of planning for the development of urban centers around Guanabara
Bay has led this environment to the current stage of degradation. Nowadays, this bay can be considered one

40,41,43-49]

of the most polluted bays on the Brazilian coast' .

Field work and laboratory analyses

In order to describe the quantity and distribution of different types of MP in the bottom sediments of
Guanabara Bay, surveys were carried out throughout the bay. Nine sediment samples were taken from
different areas inside of the bay, labeled “GB” in Figure 1. They were collected from different depths, 3 to 7
meters on average [Figure 1], using a stainless steel Van Veen grab (Husky Duck Equipamentos e Servigos
LTDA) from a boat. At each sampling station, 1-2 kg of sediment were collected. After collection, the
samples were stored in sterilized polythene bags and were then sent to the laboratory. In order to eliminate
the organic matter present in the bottom sediments of the bay, hydrogen peroxide was used. In this
procedure, 20 mL (30% hydrogen peroxide) were added to the beakers and placed on a hot plate at 60 °C for
30 minutes. Every 10 minutes, the solution is mixed for one minute using a glass rod.If organic matter
remains in the sample, the entire procedure is repeated as many times as necessary. The flotation method
was used, using a saline solution (250 g NaCl/L distilled H,O) to separate the microplastic from the
sediments previously treated with hydrogen peroxide.500 grams of sediment was placed in a beaker with 7
liters of saline solution, and then this mixture was continuously stirred for 3 x 2 min using a magnetic
stirrer, with a rest period of 1-2 minutes between stirrings, depending on the observed clearance rate of the
sediment from suspension™. Using a 10 mL pipette, the supernatant was transferred onto 0.8-1 m pore-
size, 47 mm gridded nitrocellulose filters (Millipore) using a vacuum system. After all the supernatant was
collected, an additional 100 ml of saline was added to each sample, and the procedure was repeated to
extract any remaining MPs. After saline extraction, the filters are placed in sterilized glass Petri dishes and
dried in ovens at room temperature (21 °C). Once dry, the filters are taken to be examined under a
microscope. For this work, a binocular stereo microscope (Zeiss STEMI 2,000 C) was used to count the PM,
and categorize it by type and color and photographs were taken. SEM images of gold-coated plastic surfaces
were obtained using a JEOL scanning electron microscope fitted with an energy dispersive X-ray fluorescent
(EDXREF) spectrometer. For the chemical characterization, the samples were analyzed by attenuated total
reflectance Fourier-transformed infrared spectroscopy (ATR-FTIR, Thermo Nicolet 6,700, Thermo Fisher
Scientific). Identification based on infrared (IR) spectroscopy and known spectra was used in selected
samples. The types of spectroscopy used for MP identification were IR, FTIR, and near-infrared. The
chemical composition of the polymer was identified by comparing the entire range of the unprocessed
spectra with published references. Spectra were identified with Open Specy, version 0.9.5""].

RESULTS AND DISCUSSION

The bottom samples collected at different sites within Guanabara Bay were very muddy and rich in organic
matter. The processing for analysis of TWPs became very difficult, especially when hydrogen peroxide was
not used. Even after the peroxide processing, black particles like those from tyres were difficult to identify
[Figure 2]. We were only able to confidently identify them by the use of a binocular stereo-microscope
confirmed by SEM [Figure 3]. The SEM images were compared to the works by"”**¥ because the authors
used the same technique, and showed a similar pattern observed in this study. As soon as this method was
developed, the TWP number became so large that it was impossible to determine accurately; for this reason,
the numerical results are not shown. The fact that SEM is necessary to positively identify TWPs without
chemical analysis perhaps explains why other MP investigations carried out in the bay did not identify the
presence of tyre fragments” . Two of the few studies worldwide to tentatively identify TWP pollution in
the ocean are those of"* and"”. The first one™ hypothesized that synthetic rubber-carbon filled particles in
the sediments of a stormwater floating treatment wetland were derived from tyres. They comprised 15-38%
of all MPs. The second one used benzothiazole as a marker for TWPs in an attempt to determine the major
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Figure 1. Sampling sites in Guanabara Bay, metropolitan area of Rio de Janeiro, Brazil.

pathways of TWPs to the ocean™.

The presence of TWPs in Guanabara Bay has not previously been proven, but recently a study carried out
on theNiteréicoastline™ observed high concentrations of abandoned tyres in an area close to Niteréi
Harbor. This “sea of tyres” [Figure 4] was so called because of the difficulty of counting them. The discarded
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Figure 2. Binocular microscope images of MPs and tyre fragments indicated by the yellow arrows in the bottom sediment of Guanabara
Bay.

tyres are used for mooring and as a protection for boats. This tendency in harbor areas has been extant for
many years, with boat owners recognizing the worth of these unwanted and otherwise unusable tyres.
Whether these discarded tyres may also, under some in situ conditions, produce MPs similar to TWPs is
not known. It doubtless depends on the surrounding environment and its degrading potential. However,
some of the particles we detected were rather large [Figure 4], and it seems possible that these are products
of discarded tyres, degraded by other factors rather than direct road contact. In addition to low cost, old
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Figure 4. SideScan image of the “Sea of Tyres"” near Niter6i Harbor, Guanabara Bay [Modified from Oliveira et al. (2021)"¢17.

56]

tyres are easy to obtain and there is little caution regarding their use in Brazil®, although a number of
European countries have beenattempting to introduce legislation about their disposal”.
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Urban runoff in Guanabara Bay is largely responsible for the contribution of tyre particles to its water; it is
surrounded by busy highways and is crossed by a bridge that unites the Cities of Niteréi and Rio de Janeiro,
with vehicle movement reaching 150,000 per day. Research using benzothiazole, detected by pyrolysis GC-
MS", as a marker for TWPs, determined that surface runoff drainage was the major contributor of these
MPs to the marine environment from conurbations off the southern coast of England. Runoff was also
determined to be the major contributor to TWPs in a rural highway environment in Sweden"*. They
analyzed sieved fractions by SEM-EDX and single particle analysis, using a machine learning algorithm to
classify them.

Tire wear is a major source of micro- and nanoplastics, which are often difficult to detect™. In the case of
tyres, in addition to the composition of the rubber and the braking process, the production of PM particles
is influenced by the structure of the tire, tire age, climate, type of road surface, vehicle speed, vehicle weight
and distance traveled, and style!*”..

The great problem in identifying TWPs is the fact that they have the same color as organic sediments and
heavy minerals. This makes it difficult to separate them from the rest of the materials present in the
sediments. The difficulty of identifying tyre particles due to the lack of appropriate reference standards has
been highlighted™. Tyre particles are difficult to detect using conventional (micro)plastics methods such as
FTIR; one problem is that they contain carbon black, which absorbs in the infrared region. In our study, we
were, however, able to identify high density polyethylene as a component of some of the tyre particles
[Figure 5].

It is likely that the polyethylene component of the TWPs is derived from the carcass, or casing, of the tyre.
This is a textile-based material of 2-3 layers that keeps the tyre in shape under pressure and helps transfer

61-63]

the workload. Among the plastic fibers that are used to make the carcass is polyethylene!® .

A review of the ecotoxicological effects of tyre wear particles in the environment discussed the toxicity of
tyre leachate, determined using various leaching procedures and test organisms". More recently, the
growth of marine phytoplankton was shown to be affected by these leachates™. Exposure of clams and
ragworms to artificially produced TWPs (0.2% - 10% in estuarine sediment) indicated that both animals
were adversely affected, showing reduced protein content after 3 days at 10% and various negative effects on
feeding and burrowing®”’. In fact, most studies are still simulations, with almost no investigations of “real-
life” situations. The former often use conditions removed from those actually found in the natural
environments. The problems associated with studies on the toxic effects of TWPs are discussed by
Several studies have pointed out that zinc and organic compounds are among the most important tyre
constituents that can leach out in the environment'””. Zinc, as ZnO, is used as an activator for the rubber
vulcanization process for the manufacture of vehicle tyres, along with various sulfur-containing organic
complexes (e.g., dithiocarbamates and thiazoles) as vulcanization accelerators. The finished product
typically contains up to about 1%-2% of the total weight of tyres, mainly as excess ZnO but also as ZnS (20),
and the leaching of this element into water represents an important environmental concern. Considering
the large concentrations of zinc found in the bottom sediments of Guanabara Bay by several
investigators'*>*, tyre fragments clearly play a large role in the inventory of zinc concentrations in the bay.
Other chemical compounds present in automobile tires include polyaromatic hydrocarbons (PAHs),
phthalates, sulfenamides, thiurams, thiazoles, dithiocarbamates, sulfur donors, phenolics,
phenylenediamines and heavy metals"**”?. These chemicals not only pose a threat to the environment, but
also have a major impact on the biota and are a risk to human health.
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Figure 5. A tyre wear fragment and its FTIR spectrum, identifying it as HDPE

Not only chemicals, but also the specific biofilm associated with TWPs, are identified as a health hazard. It
is of interest to note that the TWP biofilm is different from those on other substrates. The biofilm on TWPs
has been found to be less diverse than those on HDPE and wood particles, with a relatively high proportion
of putative hydrocarbon degraders'”. Differences in biofilm thickness have also been found; in a freshwater
laboratory system inoculated from a wastewater treatment plant, TWPs encouraged the growth of a thick
biofilm containing rapidly growing and potentially pathogenic bacteria, different from PET particles, which

did not encourage bacterial growth”.

One of the major problems associated with tyre particles is extraneous forms of pollution. Accumulation of
organic materials and chemical compounds on the surface of TWPs occurs in various parts of the
environment. This not only represents a risk to the environment, but also makes FTIR analysis difficult.
Various extraneous chemical compounds have been associated with tyre degradation. Some authors””!
observed the presence of bisphenol A leaching from tyres in the sea, indicating that TWPs can be important
sources of this endocrine disruptor for the marine biota. Research carried out in Guanabara Bay, studying
the same samples used in the current study"””, found important concentrations of BPA in all sediment
samples. Bisphenol A may have been adsorbed to the particle surface from external sources, although this
compound is used, in small amounts, as a stabilizer of polymerization in tyre manufacture. Release of the
latter from tyres is considered low environmental risk"”®.

Although there is considerable understanding of the adverse effects of chemicals leaching from MPs in
general, and of the composition of tyres (and, therefore, of presumptive TWPs), there are, as yet, no well-
defined methods for analyzing and quantifying these particles”. The use of the sedimentation technique
used by us and many others has been criticized"”; the authors found that only 63% of tyre and road wear
particles were retained by this sedimentation method. There are two ISO technical specifications, ISO/TS
22687:2018 - Rubber, and ISO/TS 20593:2017 - Pyrolysis-GC-MS method, but these make assumptions on
the standard composition of tyre rubber that are not valid®'. The same group as"®’ devised a method based
on LC-MS/MS and pyrolysis GC-MS to evaluate the release of both TWPs and their additives in an
Australian tributary’®”. However, these methods presume that tyres contain homogeneous natural and
synthetic rubbers™.. This can underestimate the TWP concentrations by a factor of 5 or even more'".

[84]

Research carried out recently®™ suggested that Raman Tweezers (optical tweezers plus Raman spectroscopy)
could be used as a reliable quantification method. However, the recently developed methods do not

necessarily all produce the same results™. The latter authors used automated single-particle SEM/EDX
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analysis coupled to a machine-learning classifier in a mostly successful attempt to differentiate TWP,
bitumen wear particles, road marking particles (paint and glass beads), metal particles, and mineral particles
in environmental samples. However, the most common analytical method at the moment is the detection of
a specific chemical, such as the benzothiazole mentioned previously”™. The same authors discuss the various
markers and techniques that have been used to detect and enumerate these particles in the air, concluding
that no current method meets the requirements sufficiently well®™. The development of improved methods
is of immense importance for the determination of the real levels and environmental effects of TWPs.

CONCLUSIONS

There have been several reports of MPs in Guanabara Bay, but tyre wear particles (TWPs) have never been
included as a separate class. The location of this bay, with the surrounding intense urbanization and road
systems, indicates that these particles will be present, but their detection and identification are difficult
because of the characteristics of the bottom sediments of the bay, which are very fine and organic, and of the
dense nature of the particles themselves. Indeed, TWPs have been neglected in the literature because they
are difficult to detect. The most commonly used techniques for MP detection do not transfer well to TWPs.
Using a binocular stereo-microscope and confirming with SEM and FTIR, we were able to detect TWPs of
various sizes in large quantities in the bottom sediment of Guanabara Bay. Despite Guanabara Bay receiving
a great impact from urban surface runoff and being crossed by a bridge connecting two important cities,
and there are already several articles published about microplastics in the bay, this article presents for the
first time the occurrence and distribution of TWPs in the bay. Characterizing the ecological impact of
TWPs requires further analyses and a standardized and improved methodology. This article presents
preliminary methods and results in a continuing study to determine the impact of these materials on
estuarine and coastal ecosystems. The most important future development in this area will be the
development of a reliable and generally accepted method for the identification of TWPs. It seems likely that
this will be based on the detection of a specific chemical compound, possibly based on polybutyldiene,
although even this is found in some non-tyre-derived MPs. The current lack of a reliable analytical method
for the detection of TWPs is considerably retarding the acquisition of knowledge of these particles.

DECLARATIONS

Acknowledgments

This research was supported by CNPq (Conselho Nacional de Desenvolvimento Cientifico e Tecnolégico),
FAPER]J (Fundagdo Carlos Chagas Filho de Amparo a Pesquisa do Estado do Rio de Janeiro), CAPES
(Coordenagdo de Aperfeicoamento de Pessoal de Nivel Superior) and CODEMAR (Companhia de
Desenvolvimento de Maric4). The authors are also grateful to the Geology and Geophysics Department/
LAGEMAR at the Universidade Federal Fluminense for infrastructure and administrative support.

Authors’ contributions

Conceptualization: Baptista Neto JA, Gaylarde CC, da Fonseca EM

Methodology: Baptista Neto JA, Gaylarde CC, de Carvalho DG, da Fonseca EM

Formal analysis: Baptista Neto JA, Gaylarde CC, de Carvalho DG, Lourengo MFP

Investigation: Baptista Neto JA, Gaylarde CC, de Carvalho DG, da Fonseca EM

Writing-original draft preparation: Baptista Neto JA, Gaylarde CC, de Carvalho DG, da Fonseca EM
All authors have read and agreed to the published version of the manuscript.

Availability of data and materials
Not applicable



Baptista Neto et al. Water Emerg Contam Nanoplastics 2023;2:10 | https://dx.doi.org/10.20517/wecn.2023.20  Page 11 of 14

Financial support and sponsorship
None.

Conflicts of interest
All authors declared that there are no conflicts of interest.

Ethical approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Copyright
© The Author(s) 2023.

REFERENCES

1. Andrady AL. The plastic in microplastics: a review. Mar Pollut Bull 2017;119:12-22. DOI PubMed

2. Galgani F, Hanke G, Maes T. Global distribution, composition and abundance of marine litter. In: Bergmann M, Gutow L, Klages M,
editors. Marine Anthropogenic Litter. Cham: Springer International Publishing; 2015. pp. 29-56. DOI

3. Costa MF, Barletta M. Microplastics in coastal and marine environments of the western tropical and sub-tropical Atlantic Ocean.
Environ Sci Process Impacts 2015;17:1868-79. DOI PubMed

4. Woodall LC, Sanchez-Vidal A, Canals M, et al. The deep sea is a major sink for microplastic debris. R Soc Open Sci 2014;1:140317.
DOI PubMed PMC

5. do Sul JA, Costa MF. The present and future of microplastic pollution in the marine environment. Environ Pollut 2014;185:352-64.
DOI PubMed

6. Cole M, Lindeque P, Halsband C, Galloway TS. Microplastics as contaminants in the marine environment: a review. Mar Pollut Bull
2011;62:2588-97. DOI PubMed

7. Luo Z, Zhou X, Su Y, et al. Environmental occurrence, fate, impact, and potential solution of tire microplastics: similarities and
differences with tire wear particles. Sci Total Environ 2021;795:148902. DOI

8. Redondo-Hasselerharm PE, de Ruijter VN, Mintenig SM, Verschoor A, Koelmans AA. Ingestion and chronic effects of car tire tread
particles on freshwater benthic macroinvertebrates. Environ Sci Technol 2018;52:13986-94. DOI PubMed PMC

9. Sieber R, Kawecki D, Nowack B. Dynamic probabilistic material flow analysis of rubber release from tires into the environment.
Environ Pollut 2020;258:113573. DOI PubMed

10.  Evangeliou N, Grythe H, Klimont Z, et al. Atmospheric transport is a major pathway of microplastics to remote regions. Nat Commun
2020;11:3381. DOI PubMed PMC

11. Hann S, Darrah C, Sherrington C, Blacklaws K, Horton I, Thompson A. Reducing household contributions to marine plastic pollution.
Available from: https://www.eunomia.co.uk/reports-tools/reducing-household-contributions-to-marine-plastic-pollution/. [Last
accessed on 25 May 2023].

12. Liu Y, Chen H, Wu S, et al. Impact of vehicle type, tyre feature and driving behaviour on tyre wear under real-world driving
conditions. Sci Total Environ 2022;842:156950. DOI

13. Zhang M, Yin H, Tan J, et al. A comprehensive review of tyre wear particles: formation, measurements, properties, and influencing
factors. Atmos Environ 2023;297:119597. DOI

14.  Global industry tire volume to reach 2.7 billion units by 2022. Available from: https://www.smithers.com/resources/2017/dec/
global-industry-tire-volume-to-reach-2-7-billion. [Last accessed on 25 May 2023].

15. RenQ, Lei Z, Hu S, et al. Novel photothermal pyrolysis on waste fan blade to generate bisphenol A. J44P 2023;169:105828. DOI

16. Chen H, Qin Y, Huang H, Xu W. A regional difference analysis of microplastic pollution in global freshwater bodies based on a
regression model. Water 2020;12:1889. DOI

17.  Dannis ML. Rubber dust from the normal wear of tires. Rubber Chem Technol 1974;47:1011-37. DOI

18. Canepari S, Castellano P, Astolfi ML, et al. Release of particles, organic compounds, and metals from crumb rubber used in synthetic
turf under chemical and physical stress. Environ Sci Pollut Res Int 2018;25:1448-59. DOI

19. Wik A, Dave G. Occurrence and effects of tire wear particles in the environment--a critical review and an initial risk assessment.
Environ Pollut 2009;157:1-11. DOI PubMed

20. Rhodes EP, Ren Z, Mays DC. Zinc leaching from tire crumb rubber. Environ Sci Technol 2012;46:12856-63. DOI PubMed

21. Castro RO, Silva ML, Marques MRC, de Araujo FV. Evaluation of microplastics in Jurujuba Cove, Niteroi, RJ, Brazil, an area of
mussels farming. Mar Pollut Bull 2016;110:555-8. DOI PubMed

22. Figueiredo GM, Vianna TMP. Suspended microplastics in a highly polluted bay: Abundance, size, and availability for


https://dx.doi.org/10.1016/j.marpolbul.2017.01.082
http://www.ncbi.nlm.nih.gov/pubmed/28449819
https://dx.doi.org/10.1007/978-3-319-16510-3_2
https://dx.doi.org/10.1039/c5em00158g
http://www.ncbi.nlm.nih.gov/pubmed/26457869
https://dx.doi.org/10.1098/rsos.140317
http://www.ncbi.nlm.nih.gov/pubmed/26064573
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4448771
https://dx.doi.org/10.1016/j.envpol.2013.10.036
http://www.ncbi.nlm.nih.gov/pubmed/24275078
https://dx.doi.org/10.1016/j.marpolbul.2011.09.025
http://www.ncbi.nlm.nih.gov/pubmed/22001295
https://dx.doi.org/10.1016/j.scitotenv.2021.148902
https://dx.doi.org/10.1021/acs.est.8b05035
http://www.ncbi.nlm.nih.gov/pubmed/30407008
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6284208
https://dx.doi.org/10.1016/j.envpol.2019.113573
http://www.ncbi.nlm.nih.gov/pubmed/31838384
https://dx.doi.org/10.1038/s41467-020-17201-9
http://www.ncbi.nlm.nih.gov/pubmed/32665541
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7360784
https://www.eunomia.co.uk/reports-tools/reducing-household-contributions-to-marine-plastic-pollution/
https://dx.doi.org/10.1016/j.scitotenv.2022.156950
https://dx.doi.org/10.1016/j.atmosenv.2023.119597
https://www.smithers.com/resources/2017/dec/global-industry-tire-volume-to-reach-2-7-billion
https://www.smithers.com/resources/2017/dec/global-industry-tire-volume-to-reach-2-7-billion
https://dx.doi.org/10.1016/j.jaap.2022.105828
https://dx.doi.org/10.3390/w12071889
https://dx.doi.org/10.5254/1.3540458
https://dx.doi.org/10.1007/s11356-017-0377-4
https://dx.doi.org/10.1016/j.envpol.2008.09.028
http://www.ncbi.nlm.nih.gov/pubmed/18990476
https://dx.doi.org/10.1021/es3024379
http://www.ncbi.nlm.nih.gov/pubmed/23145882
https://dx.doi.org/10.1016/j.marpolbul.2016.05.037
http://www.ncbi.nlm.nih.gov/pubmed/27267118

Page 12 of 14  Baptista Neto et al. Water Emerg Contam Nanoplastics 2023;2:10 | https://dx.doi.org/10.20517/wecn.2023.20

23.

24.

25.

26.

217.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

mesozooplankton. Mar Pollut Bull 2018;135:256-65. DOI

Alves VEN, Figueiredo GM. Microplastic in the sediments of a highly eutrophic tropical estuary. Mar Pollut Bull 2019;146:326-35.
DOI PubMed

Olivatto GP, Martins MCT, Montagner CC, Henry TB, Carreira RS. Microplastic contamination in surface waters in Guanabara Bay,
Rio de Janeiro, Brazil. Mar Pollut Bull 2019;139:157-62. DOI

Silva MM, Maldonado GC, Castro RO, et al. Dispersal of potentially pathogenic bacteria by plastic debris in Guanabara Bay, RJ,
Brazil. Mar Pollut Bull 2019;141:561-8. DOI

Castro RO, Silva MLD, Marques MRC, Aratjo FV. Spatio-temporal evaluation of macro, meso and microplastics in surface waters,
bottom and beach sediments of two embayments in Niteroi, RJ, Brazil. Mar Pollut Bull 2020;160:111537. DOI PubMed

Carvalho DG, Baptista Neto JA. Microplastic pollution of the beaches of Guanabara Bay, Southeast Brazil. Ocean Coast 2016;128:10-
7. DOI

Birnstiel S, Soares-Gomes A, da Gama BAP. Depuration reduces microplastic content in wild and farmed mussels. Mar Pollut Bull
2019;140:241-7. DOI PubMed

Worek J, Badura X, Biatas A, Chwiej J, Kawon K, Styszko K. Pollution from transport: detection of tyre particles in environmental
samples. Energies 2022;15:2816. DOI

Degaffe FS, Turner A. Leaching of zinc from tire wear particles under simulated estuarine conditions. Chemosphere 2011;85:738-43.
DOI PubMed

Liu F, Olesen KB, Borregaard AR, Vollertsen J. Microplastics in urban and highway stormwater retention ponds. Sci Total Environ
2019;671:992-1000. DOI

Ribeiro AM, da Rocha CC, Franco CF, Fontana LF, Pereira Netto AD. Seasonal variation of polycyclic aromatic hydrocarbons
concentrations in urban streams at Niteroi City, RJ, Brazil. Mar Pollut Bull 2012;64:2834-8. DOI PubMed

Franco CFJ, de Resende MF, de Almeida Furtado L, Brasil TF, Eberlin MN, Netto ADP. Polycyclic aromatic hydrocarbons (PAHs) in
street dust of Rio de Janeiro and Niteréi, Brazil: Particle size distribution, sources and cancer risk assessment. Sci Total Environ
2017;599-600:305-13. DOI

Baptista Neto JA, Smith BJ, Mcallister JJ. Concentragdes de metais pesados em sedimentos de escoamento superficial urbano:
implicagdes quanto a qualidade ambiental em Niteroi/RJ - Brasil. Available from: https://pesquisadores.uff.br/academic-production/
concentra%C3%A7%C3%B5es-de-metais-pesados-em-sedimentos-de-escoamento-superficial-urbano. [Last accessed on 25 May
2023].

Pereira E, Baptista Neto JA, Smith BJ, Mcallister JJ. The contribution of heavy metal pollution derived from highway runoff to
Guanabara Bay sediments -- Rio de Janeiro/Brazil. An Acad Bras Cienc ;79:739-50. DOI PubMed

Baptista Neto JA, Rangel CMA, Da Fonseca EM, et al. Concentrations and physicochemical speciation of heavy metals in urban
runoff sediment from Sao Gongalo—Rio de Janeiro/Brazil. Environ Earth Sci 2016:75. DOI

Mcallister JJ, Smith BJ, Baptista Neto JA. The presence of calcium oxalate dihydrate (weddellite) in street sediments from niteroi,
brazil and its health implications. Environ Geochem Health :2000. 22, 195-210. DOI

McAlister JJ, Smith BJ, Neto JB, Simpson JK. Geochemical distribution and bioavailability of heavy metals and oxalate in street
sediments from Rio de Janeiro, Brazil: a preliminary investigation. Environ Geochem Health 2005;27:429-41. DOI

Maltby L, Boxall AB, Forrow DM, Calow P, Betton CI. The effects of motorway runoff on freshwater ecosystems: 2. Identifying
major toxicants. Environ Toxicol Chem 1995;14:1093-101. DOI

Soares-gomes A, da Gama B, Baptista Neto J, et al. An environmental overview of Guanabara Bay, Rio de Janeiro. Reg Stud Mar
2016;8:319-30. DOI

Kjerfve B, Ribeiro CH, Dias GT, Filippo AM, Da Silva Quaresma V. Oceanographic characteristics of an impacted coastal bay: Baia
de Guanabara, Rio de Janeiro, Brazil. Cont Shelf Res 1997;17:1609-43. DOI

Catanzaro LF, Baptista Neto JA, Guimaraes MSD, Silva CG. Distinctive sedimentary processes in Guanabara Bay - SE/Brazil, based
on the analysis of echo-character (7.0 kHz). Rev Bras Geof 2004;22:69-83. DOI

Neto JAB, Gingele FX, Leipe T, Brehme I. Spatial distribution of heavy metals in surficial sediments from Guanabara Bay: Rio de
Janeiro, Brazil. Environ Geol 2006;49:1051-63. DOI

Fonseca E, Baptista Neto J, Silva C, Mcalister J, Smith B, Fernandez M. Stormwater impact in Guanabara Bay (Rio de Janeiro):
Evidences of seasonal variability in the dynamic of the sediment heavy metals. Estuar Coast Shelf'Sci 2013;130:161-8. DOI

Carreira RS, Wagener AL, Readman JW, Fileman TW, Macko SA, Veiga A. Changes in the sedimentary organic carbon pool of a
fertilized tropical estuary, Guanabara Bay, Brazil: an elemental, isotopic and molecular marker approach. Mar Chem 2002;79:207-27.
DOI

Covelli S, Protopsalti I, Acquavita A, Sperle M, Bonardi M, Emili A. Spatial variation, speciation and sedimentary records of mercury
in the Guanabara Bay (Rio de Janeiro, Brazil). Cont Shelf Res 2012;35:29-42. DOI

Vilela CG, Figueira BO, Macedo MC, Baptista Neto JA. Late Holocene evolution and increasing pollution in Guanabara Bay, Rio de
Janeiro, SE Brazil. Mar Pollut Bull 2014;79:175-87. DOI

do Nascimento MTL, Santos ADO, Felix LC, et al. Determination of water quality, toxicity and estrogenic activity in a nearshore
marine environment in Rio de Janeiro, Southeastern Brazil. Ecotoxicol Environ Saf2018;149:197-202. DOI

Carvalho Aguiar VM, Abuchacra PFF, Neto JAB, de Oliveira AS. Environmental assessment concerning trace metals and ecological
risks at Guanabara Bay, RJ, Brazil. Environ Monit Assess 2018;190:448. DOI PubMed


https://dx.doi.org/10.1016/j.marpolbul.2018.07.020
https://dx.doi.org/10.1016/j.marpolbul.2019.06.042
http://www.ncbi.nlm.nih.gov/pubmed/31426163
https://dx.doi.org/10.1016/j.marpolbul.2018.12.042
https://dx.doi.org/10.1016/j.marpolbul.2019.02.064
https://dx.doi.org/10.1016/j.marpolbul.2020.111537
http://www.ncbi.nlm.nih.gov/pubmed/32889507
https://dx.doi.org/10.1016/j.ocecoaman.2016.04.009
https://dx.doi.org/10.1016/j.marpolbul.2019.01.044
http://www.ncbi.nlm.nih.gov/pubmed/30803639
https://dx.doi.org/10.3390/en15082816
https://dx.doi.org/10.1016/j.chemosphere.2011.06.047
http://www.ncbi.nlm.nih.gov/pubmed/21737116
https://dx.doi.org/10.1016/j.scitotenv.2019.03.416
https://dx.doi.org/10.1016/j.marpolbul.2012.09.014
http://www.ncbi.nlm.nih.gov/pubmed/23083927
https://dx.doi.org/10.1016/j.scitotenv.2017.04.060
https://pesquisadores.uff.br/academic-production/concentra%C3%A7%C3%B5es-de-metais-pesados-em-sedimentos-de-escoamento-superficial-urbano
https://pesquisadores.uff.br/academic-production/concentra%C3%A7%C3%B5es-de-metais-pesados-em-sedimentos-de-escoamento-superficial-urbano
https://dx.doi.org/10.1590/s0001-37652007000400013
http://www.ncbi.nlm.nih.gov/pubmed/18066440
https://dx.doi.org/10.1007/s12665-016-6000-z
https://dx.doi.org/10.1023/A:1026593729453
https://dx.doi.org/10.1007/s10653-005-2672-0
https://dx.doi.org/10.1002/etc.5620140621
https://dx.doi.org/10.1016/j.rsma.2016.01.009
https://dx.doi.org/10.1016/s0278-4343(97)00028-9
https://dx.doi.org/10.1590/s0102-261x2004000100006
https://dx.doi.org/10.1007/s00254-005-0149-1
https://dx.doi.org/10.1016/j.ecss.2013.04.022
https://dx.doi.org/10.1016/s0304-4203(02)00065-8
https://dx.doi.org/10.1016/j.csr.2011.12.003
https://dx.doi.org/10.1016/j.marpolbul.2013.12.020
https://dx.doi.org/10.1016/j.ecoenv.2017.11.045
https://dx.doi.org/10.1007/s10661-018-6833-x
http://www.ncbi.nlm.nih.gov/pubmed/29974326

Baptista Neto et al. Water Emerg Contam Nanoplastics 2023;2:10 | https://dx.doi.org/10.20517/wecn.2023.20  Page 13 of 14

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.
70.

71.

72.

73.

74.

75.

76.

71.

78.

Thompson RC, Olsen Y, Mitchell RP, et al. Lost at sea: where is all the plastic? Science 2004;304:838. DOI

Cowger W, Steinmetz Z, Gray A, et al. Microplastic spectral classification needs an open source community: open specy to the rescue!
Anal Chem 2021;93:7543-8. DOI

Redland, E.S., 2019. Ecotoxic potential of road-associated microplastic particles (RAMP). Available from: https://vannforeningen.no/
wp-content/uploads/2019/12/R%C3%B8dland.pdf. [Last accessed on 25 May 2023].

Magni S, Tediosi E, Maggioni D, et al. Ecological impact of End-of-Life-Tire (ELT)-Derived rubbers: acute and chronic effects at
organism and population levels. Toxics :2022, 10,201. DOI PubMed PMC

Ziajahromi S, Drapper D, Hornbuckle A, Rintoul L, Leusch FDL. Microplastic pollution in a stormwater floating treatment wetland:
detection of tyre particles in sediment. Sci Total Environ 2020;713:136356. DOI

Parker-Jurd FNF, Napper IE, Abbott GD, Hann S, Thompson RC. Quantifying the release of tyre wear particles to the marine
environment via multiple pathways. Mar Pollut Bull 2021;172:112897. DOI

Oliveira LCD, Baptista Neto JA, Villena HH, Melo GV, Drabinski TL, Fonseca EMD. The use of sidescan sonar to detect large
benthic marine debris in Niteroi Harbor-Guanabara Bay/SE Brazil. Braz J Geophys 2022;39:295. DOI

Torretta V, Rada EC, Ragazzi M, Trulli E, Istrate IA, Cioca LI. Treatment and disposal of tyres: Two EU approaches. A review. Waste
Manag 2015;45:152-60. DOI PubMed

Jérlskog I, Jaramillo-Vogel D, Rausch J, Gustafsson M, Stromvall AM, Andersson-Skold Y. Concentrations of tire wear microplastics
and other traffic-derived non-exhaust particles in the road environment. Environ Int 2022;170:107618. DOI PubMed

Arias AH, Alfonso MB, Girones L, Piccolo MC, Marcovecchio JE. Synthetic microfibers and tyre wear particles pollution in aquatic
systems: Relevance and mitigation strategies. Environ Pollut 2022;295:118607. DOI PubMed

Alexandrova O, Kaloush KE, Allen JO. Impact of asphalt rubber friction course overlays on tire wear emissions and air quality models
for phoenix, arizona, airshed. Transp Res Rec 2007;2011:98-106. DOI

Acevedo B, Fernandez A, Barriocanal C. Identification of polymers in waste tyre reinforcing fibre by thermal analysis and pyrolysis. J
Anal Appl Pyrolysis 2015;111:224-32. DOI

Moghaddamzadeh S, Rodrigue D. The effect of polyester recycled tire fibers mixed with ground tire rubber on polyethylene
composites. Part I: Morphological analysis. Prog Rubber Plast Recycl Technol 2018;34:200-20. DOI

Thai QB, Chong RO, Nguyen PT, et al. Recycling of waste tire fibers into advanced aerogels for thermal insulation and sound
absorption applications. J Environ Chem Eng 2020;8:104279. DOI

Page TS, Almeda R, Koski M, Bournaka E, Nielsen TG. Toxicity of tyre wear particle leachates to marine phytoplankton. Aquat
Toxicol 2022;252:106299. DOI PubMed

Garrard SL, Spicer JI, Thompson RC. Tyre particle exposure affects the health of two key estuarine invertebrates. Environ Pollut
2022;314:120244. DOI PubMed

Baensch-Baltruschat B, Kocher B, Stock F, Reifferscheid G. Tyre and road wear particles (TRWP) - a review of generation, properties,
emissions, human health risk, ecotoxicity, and fate in the environment. Sci Total Environ 2020;733:137823. DOI PubMed

Wagner S, Hiiffer T, Klockner P, Wehrhahn M, Hofmann T, Reemtsma T. Tire wear particles in the aquatic environment - a review on
generation, analysis, occurrence, fate and effects. Water Res 2018;139:83-100. DOI PubMed

White JL. Rubber processing technology- materials, principles. 1995. Available from: https://books.google.com.hk/books/about/
Rubber_Processing.html?id=qgHkwAEACAAJ&redir_esc=y. [Last accessed on 25 May 2023].

Smolders E, Degryse F. Fate and effect of zinc from tire debris in soil. Environ Sci Technol 2002;36:3706-10. DOI PubMed

Bocca B, Forte G, Petrucci F, Costantini S, 1zzo P. Metals contained and leached from rubber granulates used in synthetic turf areas.
Sci Total Environ 2009;407:2183-90. DOI PubMed

Llompart M, Sanchez-Prado L, Pablo Lamas J, Garcia-Jares C, Roca E, Dagnac T. Hazardous organic chemicals in rubber recycled tire
playgrounds and pavers. Chemospher :e 2013. 90, 423-431. DOI

Ruffino B, Fiore S, Zanetti MC. Environmental-sanitary risk analysis procedure applied to artificial turf sports fields. Environ Sci
Pollut Res Int 2013;20:4980-92. DOI PubMed

Song J, Beule L, Jongmans-hochschulz E, Wichels A, Gerdts G. The travelling particles: community dynamics of biofilms on
microplastics transferred along a salinity gradient. ISME COMMUN 2022:2. DOI PMC

Sathicq MB, Sabatino R, Di Cesare A, et al. PET particles raise microbiological concerns for human health while tyre wear
microplastic particles potentially affect ecosystem services in waters. J Hazard Mater 2022;429:128397. DOI

Lamprea K, Bressy A, Mirande-Bret C, Caupos E, Gromaire MC. Alkylphenol and bisphenol A contamination of urban runoff: an
evaluation of the emission potentials of various construction materials and automotive supplies. Environ Sci Pollut Res Int
2018;25:21887-900. DOI PubMed

Staniszewska M, Graca B, Nehring 1. The fate of bisphenol A, 4-tert-octylphenol and 4-nonylphenol leached from plastic debris into
marine water--experimental studies on biodegradation and sorption on suspended particulate matter and nano-TiO,. Chemosphere
2016;145:535-42. DOI PubMed

Santos ADO, Nascimento MTL, Carvalho DG, Baptista Neto JA, Bila DM. Evaluation of the presence of Bisphenol A and
microplastics in the bottom sediments of Guanabara Bay. Available from: http://uest.ntua.gr/naxos2018/proceedings/pdf/
117_NAXOS2018_Santos_etal.pdf. [Last accessed on 25 May 2023].

ECHA (European Chemicals Agency). Annex XV restriction report version 0.1, 7 October 2022. Available from: https://
echa.europa.eu/documents/10162/450ca46b-493f-fdOc-afec-c3aca39de487. [Last accessed on 25 May 2023].


https://dx.doi.org/10.1126/science.1094559
https://dx.doi.org/10.1021/acs.analchem.1c00123
https://vannforeningen.no/wp-content/uploads/2019/12/R%C3%B8dland.pdf
https://vannforeningen.no/wp-content/uploads/2019/12/R%C3%B8dland.pdf
https://dx.doi.org/10.3390/toxics10050201
http://www.ncbi.nlm.nih.gov/pubmed/35622615
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9144162
https://dx.doi.org/10.1016/j.scitotenv.2019.136356
https://dx.doi.org/10.1016/j.marpolbul.2021.112897
https://dx.doi.org/10.22564/rbgf.v39i3.2093
https://dx.doi.org/10.1016/j.wasman.2015.04.018
http://www.ncbi.nlm.nih.gov/pubmed/25943287
https://dx.doi.org/10.1016/j.envint.2022.107618
http://www.ncbi.nlm.nih.gov/pubmed/36356554
https://dx.doi.org/10.1016/j.envpol.2021.118607
http://www.ncbi.nlm.nih.gov/pubmed/34883149
https://dx.doi.org/10.3141/2011-11
https://dx.doi.org/10.1016/j.jaap.2014.11.005
https://dx.doi.org/10.1177/1477760618798267
https://dx.doi.org/10.1016/j.jece.2020.104279
https://dx.doi.org/10.1016/j.aquatox.2022.106299
http://www.ncbi.nlm.nih.gov/pubmed/36152424
https://dx.doi.org/10.1016/j.envpol.2022.120244
http://www.ncbi.nlm.nih.gov/pubmed/36152711
https://dx.doi.org/10.1016/j.scitotenv.2020.137823
http://www.ncbi.nlm.nih.gov/pubmed/32422457
https://dx.doi.org/10.1016/j.watres.2018.03.051
http://www.ncbi.nlm.nih.gov/pubmed/29631188
https://books.google.com.hk/books/about/Rubber_Processing.html?id=qgHkwAEACAAJ&redir_esc=y
https://books.google.com.hk/books/about/Rubber_Processing.html?id=qgHkwAEACAAJ&redir_esc=y
https://dx.doi.org/10.1021/es025567p
http://www.ncbi.nlm.nih.gov/pubmed/12322741
https://dx.doi.org/10.1016/j.scitotenv.2008.12.026
http://www.ncbi.nlm.nih.gov/pubmed/19155051
https://dx.doi.org/10.1016/j.chemosphere.2012.07.053
https://dx.doi.org/10.1007/s11356-012-1390-2
http://www.ncbi.nlm.nih.gov/pubmed/23329128
https://dx.doi.org/10.1038/s43705-022-00117-4
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9723596
https://dx.doi.org/10.1016/j.jhazmat.2022.128397
https://dx.doi.org/10.1007/s11356-018-2272-z
http://www.ncbi.nlm.nih.gov/pubmed/29796891
https://dx.doi.org/10.1016/j.chemosphere.2015.11.081
http://www.ncbi.nlm.nih.gov/pubmed/26702557
http://uest.ntua.gr/naxos2018/proceedings/pdf/117_NAXOS2018_Santos_etal.pdf
http://uest.ntua.gr/naxos2018/proceedings/pdf/117_NAXOS2018_Santos_etal.pdf
https://echa.europa.eu/documents/10162/450ca46b-493f-fd0c-afec-c3aea39de487
https://echa.europa.eu/documents/10162/450ca46b-493f-fd0c-afec-c3aea39de487

Page 14 of 14  Baptista Neto et al. Water Emerg Contam Nanoplastics 2023;2:10 | https://dx.doi.org/10.20517/wecn.2023.20

79.

80.

81.

82.

83.

84.

85.

Mattonai M, Nacci T, Modugno F. Analytical strategies for the quali-quantitation of tire and road wear particles - A critical review.
TrAC Trends in Anal Chem 2022;154:116650. DOI

Radland ES, Lind OC, Reid M, et al. Characterization of tire and road wear microplastic particle contamination in a road tunnel: From
surface to release. J Hazard Mater 2022;435:129032. DOI

Rauert C, Redland ES, Okoffo ED, Reid MJ, Meland S, Thomas KV. Challenges with quantifying tire road wear particles: recognizing
the need for further refinement of the ISO technical specification. Environ Sci Technol Lett 2021;8:231-6. DOL

Rauert C, Charlton N, Okoffo ED, et al. Concentrations of tire additive chemicals and tire road wear particles in an Australian urban
tributary. Environ Sci Technol 2022;56:2421-31. DOI

Rausch J, Jaramillo-Vogel D, Perseguers S, Schnidrig N, Grobéty B, Yajan P. Automated identification and quantification of tire wear
particles (TWP) in airborne dust: SEM/EDX single particle analysis coupled to a machine learning classifier. Sci Total Environ
2022;803:149832. DOI PubMed

Gillibert R, Magazzu A, Callegari A, et al. Raman tweezers for tire and road wear micro- and nanoparticles analysis. Environ Sci :
Nano 2022;9:145-61. DOI

Harrison RM, Alghamdi MA. Measurement of tyre dust particles in the atmosphere using chemical tracers. Atmos Environ
2023;298:119607. DOI


https://dx.doi.org/10.1016/j.trac.2022.116650
https://dx.doi.org/10.1016/j.jhazmat.2022.129032
https://dx.doi.org/10.1021/acs.estlett.0c00949
https://dx.doi.org/10.1021/acs.est.1c07451
https://dx.doi.org/10.1016/j.scitotenv.2021.149832
http://www.ncbi.nlm.nih.gov/pubmed/34525712
https://dx.doi.org/10.1039/d1en00553g
https://dx.doi.org/10.1016/j.atmosenv.2023.119607

