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Abstract: Tire wear particles (TWPs), as a type of thermosetting microplastic (MP), accumulate
in aquatic environments due to their wide application in road traffic globally. The increase in
temperature because of friction heat may cause aging of tire materials, inducing water evaporation,
additive volatilization, polymer decomposition, and may pose serious potential risks to aquatic and
terrestrial ecosystems. However, research on real-time pyrolysis dynamics of thermally aged tire
MPs is very limited. In this study, a thermogravimetric analyzer coupled with Fourier transform
infrared spectrometry and gas chromatography-mass spectrometry (TG-FTIR-GC/MS) was used to
investigate pyrolysis behaviors and products of thermally aged tire MPs. FTIR analysis indicated that
the main pyrolysis gases included carbon dioxide, carbon monoxide, aliphatic compounds, aromatic
compounds and carbonyl compounds. The GC/MS analysis further determined the main pyrolytic
products, including methylbenzene, styrene, m-xylene and D-limonene. These data combined with
TG analysis revealed that the main pyrolytic products of TWPs were released at 400–600 ◦C. Moreover,
the results showed that the number of aliphatic/aromatic compounds released increased in short-
term thermo-oxidative aging but decreased in long-term thermo-oxidative aging. Moreover, the
aged TWPs presented higher released amounts of styrene and methylbenzene but lower amounts
of D-limonene compared to the original TWPs. These results can provide new insights into the
evaluation method of TWP aging and a better understanding on TWP fate in aquatic and terrestrial
environments.

Keywords: tire microplastics; thermal aging; volatile products; TG-FTIR-GC/MS

1. Introduction

Tires have wide applications in road traffic globally due to their advantages of high
elasticity and cost-effectiveness [1]. It was estimated that roughly 19 million tons of tires
were produced in 2019 and the global production grows every year by several million
tons [2]. However, tires suffer wear as a result of the contact between the road surface
and a tire in motion, leading to emissions of tire wear particles (TWPs) [3,4]. In addition,
a large number of waste tires are discarded into the environment each year worldwide
because of mismanagement, which might form TWPs due to the aging process [5]. TWPs
are considered thermosetting microplastics (MPs) since they contain synthetic rubber, and
tire abrasion is demonstrated to be the greatest source of MPs from road traffic [6]. There is
an estimation that roughly 6 million tons of TWPs enter the environment every year due to
the global development of automobile traffic [7]. These TWPs are not easily degraded due
to a variety of stabilizers and the cross-linked structure created by the vulcanization process
in tire manufacturing, leading to a huge accumulation in various environments including
soil, water and atmosphere through wind, road runoff and passing vehicles [1]. Recently,
environmental TWPs have been determined with concentrations of 0.6–5.0 mg L−1 in
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river water and 400.0–2200.0 µg g−1 in river sediments, and their size ranges from a few
nanometers to several hundred micrometers [8,9].

Moreover, the contact between a tire in motion and the road surface will produce
friction heat with a relatively high temperature of up to 100–200 ◦C [10]. The increase in
temperature may cause aging of the tire material (including TWPs), which might further
lead volatile tire components to evaporate [1]. Previous studies have demonstrated that
elevated temperature increases oxygen diffusion in tire materials, promoting chain scission
and additional crosslinking due to oxidation reactions, leading to a decrease in the viscosity
and an increase in the rigidity of the material [11,12]. Consequently, molecular weight
might be reduced and cracks may form on the surface of the tire material [13]. Furthermore,
thermomechanical processes can generate ultrafine particles (<0.1 µm) from tire surfaces
via rapid condensing of volatile tire constituents vaporized by high temperature [14,15].
However, the thermal aging process and its characterization on TWPs have been very
limited until now. A recent study reported that small cracks and holes were produced
on TWP surfaces and the specific surface areas increased after aging, which enhanced the
carrier effects of TWPs on environmental pollutants such as antibiotics [16]. Moreover, the
aging of TWPs might cause changes in particle composition and release of additives, such
as antioxidants, crosslinking agents, and processing aids [17–19], which may pose serious
potential risks to the environmental ecosystem [20,21]. Therefore, research on thermal
aging processes of TWPs is important to assess the environmental fate and potential risk of
the TWPs in aquatic and terrestrial ecosystems.

Flourier transform infrared spectroscopy (FTIR), pyrolysis gas chromatography/mass
spectrometry (Py-GC/MS) and thermogravimetric analysis-based GC/MS (TGA-GC/MS)
are widely used for the analysis of chemical functional groups and pyrogenic products
formed from aging polymeric materials [22,23]. In recent years, FTIR analysis has been
applied to analyze surface alterations of rubber exposed to an elevated temperature of 70 ◦C.
However, FTIR can lead to poor-quality spectra resulting from colored particles when using
transmission mode, and it is unable to provide detailed information on components of
aging TWPs [24]. Py-GC/MS is an effective approach to quantitatively analyze thermal
decomposition products of aging TWPs, but it only provides compound structures at
certain pyrolysis temperatures and it cannot obtain specific bonds of aging TWPs [25,26].
In order to combine the advantages of the both, a thermogravimetric analyzer coupled
with Fourier transform infrared spectrometry and gas chromatography-mass spectrometry
(TG-FTIR-GC/MS) was introduced in the application of plastic polymer materials [27,28].
This approach incorporates the aforementioned techniques into a single instrument, which
can simultaneously collect physical (such as thermal properties) and chemical information
on plastic particles to maximize the possibility of identifying the pyrolytic component [29].
Therefore, the efficiency, real-time process, and simplification make it a potential approach
for aging TWP analysis as compared to the conventional waste tire analytical technology.

In the present study, TWPs were prepared via abrasion tests of rubber tire materials for
heating and aging at a high temperature, aiming to simulate the thermal aging process of
TWPs caused by friction heat generated from emergency braking or contact between motor
vehicles and roads. Thermodynamics, pyrolysis behaviors and gas products of aging TWPs
were focally analyzed using TG-FTIR-GC/MS. The aims of the current study are: (1) to
characterize the thermodynamics of thermally aged TWPs; (2) to identify chemical bonds
and gas products of thermally aged TWPs; and (3) to compare the difference in dynamic
pyrolysis behaviors of TWPs with thermal aging time. We anticipate that this will provide
new insights into the evaluation method of TWP aging and a better understanding of the
fate of TWPs in the environment.

2. Materials and Methods
2.1. Sample Preparation and Thermal Aging

The tire products were purchased from Youao Rubber Products Co., LTD (Xingtai,
China). Firstly, the experimental tire materials were washed using pure water and air-dried
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in a clean bench. Then, they were ground into small particles (below 100 µm) using an
electric grinder and a mesh sieve with pore size of 100 µm. The samples with a size of
below 100 µm were collected and placed into desiccators for subsequent experiments.

In general, the contact between a tire in motion and the road surface produces friction
temperatures of 100–200 ◦C [10]. The authors hypothesized that the temperature between
a tire in motion and the road surface caused by emergency braking or a vehicular fire
accident would be higher, and could reach 400 ◦C. Therefore, the collected samples were
placed on a clean stainless-steel plate and then the plate and samples were heated through
an electric stove with a high temperature of 400 ◦C (Figure 1). The samples were then
collected into pre-washed glass petri dishes after heat aging for 3 min (named stage I) and
6 min (named stage II), respectively. The samples with different heating time simulated
different thermal-aging degrees of TWPs caused by real friction heat generation between
tires and road surfaces. The photos and corresponding descriptions of morphologies of
TWPs with different thermal aging times are shown in Figure S1 and Text S1.

Figure 1. The schematic procedure of sample preparation, thermal aging and TG-GC-MS analysis.

2.2. TG-FTIR-MS Experiments

The TWPs with different aging times (aging I, aging II, and original state) were
analyzed by an independent FTIR spectrometer (Frontier FTIR Spotlight 400, PerkinElmer,
Shelton, WA, USA) to obtain preliminary infrared spectra before TG-FTIR-MS analysis
(Figure S2). The resolution was 4 cm−1 with 32 scans in a scanning range from 4000 to
750 cm−1. Then, a TG analyzer (Thermogravimetric Analyzer 4000, PerkinElmer, Shelton,
WA, USA), a FTIR spectrometer and a MS instrument (Mass Spectrometer Clarus SQ8T,
PerkinElmer, Shelton, WA, USA) were combined to detect the functional groups of the
pyrolytic gases. In the TG experiments, 20.0 mg TWP samples were placed in Al2O3
crucibles and the temperature was held at 30 ◦C for 1 min. Then, the samples were heated
from 30 to 900 ◦C with a heating rate of 10 ◦C/min at a 50 mL/min flow rate of the carrier
gas (He) [30]. The resolution was 8 cm−1 with 4 scans in a scanning range from 4000 to
500 cm−1. The evolved gas passed from FTIR cells through another transfer tube into an
MS instrument. The MS was run with an EI source ionization energy of 70 eV and mass
spectral data were obtained from 2–400 m/z. The temperature of the transfer tubes in the
TG, FTIR and MS analyzers was kept at 260 ◦C to avoid experimental errors caused by gas
condensation. In order to increase sample throughput, the total length of the GC-MS was
set to coincide with the end of the TGA analysis.

2.3. TG-GC-MS Experiments

The gas products were focused on for further detection of the temperature point
at which the sample had the highest weight loss rate. Firstly, the 20.0 mg same TWP
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samples were placed in the TG analyzer and heated from 30 to 900 ◦C with a heating rate
of 20 ◦C/min (other conditions were consistent with Section 2.2). Then, the gas produced
at 470 ◦C with a peak at the highest weight loss rate was passed through a transfer tube
into GC/MS. A GC instrument (Clarus 690, PerkinElmer, Shelton, WA, USA) was equipped
with an Elite-5HT column at 40 ◦C, then the temperature increased at 10 ◦C/min until
260 ◦C and was kept at 260 ◦C for 10 min. The MS was run with an EI source ionization
energy of 70 eV and mass spectral data were obtained from 2–400 m/z. All obtained mass
spectra were matched and compared with standard spectra in the NIST MS Search library
V2.2 to identify evolved gas products.

2.4. Data Process and Analysis

PyrisManager software (PerkinElmer, Shelton, WA, USA) was used to analyze the
data collected by thermogravimetry. The DTG (derivative thermogravimetry) curve was
divided into different peaks by the Gauss method. Three-dimensional (3D) infrared spectral
data were analyzed using Spectrum TimeBase version 3.1.6 (PerkinElmer, Inc., UK); and
mass spectrum data analysis was conducted using TurboMass Version 6.1.2 (PerkinElmer,
Shelton, WA, USA). Infrared spectral peak fitting was processed using Peakfit software and
relative figures were produced using Origin 2021.

3. Result and Discussion
3.1. Dynamic TG Characterization of TWPs with Aging Time

The (derivative) TG curves of the TWP under different aging conditions were exhibited
in Figure 2. The original TWPs started to lose weight at 200 ◦C, whereas aged TWPs began
to lose weight at 280 ◦C (Aging I) and 260 ◦C (Aging II), showing the temperature on initial
degradation of TWP shifted to higher pyrolysis temperatures after thermal aging. This
indicated that thermo-oxidative aging caused a lag time for gas release of TWPs. Prior
research has demonstrated that the thermal degradation of waste rubber tires can be divided
into three stages based on TG analysis. These include water evaporation and additive
volatilization (stage one), natural rubber decomposition (stage two), and decomposition of
synthetic rubber such as butadiene rubber and styrene butadiene rubber (stage three) [31].
In general, stage one usually occurs at temperatures below 310 ◦C in terms of tire rubber.
Previous studies reported that the pyrolysis temperature of natural and synthetic rubbers
ranged from 180–300 ◦C and 300–500 ◦C, respectively [32]. Therefore, a slight weight
loss phenomenon for the TWPs at 0–300 ◦C might be due to the decomposition of natural
rubbers [30]. Thermo-oxidative aging might induce an increase in the crosslinking density
of rubber molecular chains, resulting in sample weight loss beginning at relatively higher
temperatures compared to original samples [33,34].

TWPs under different thermo-oxidative aging conditions presented different peaks
of weight loss in the DTG curve. In order to compare differences in peaks of weight
loss between 200 and 600 ◦C, the DTG curve was divided into separated peaks using
Gauss. As shown in Figure 2c, the original TWPs showed four obvious peaks of weight
loss in the temperature ranges of 200–450 ◦C (fitting peak I), 336–476 ◦C (fitting peak II),
385–527 ◦C (fitting peak III), and 411–560 ◦C (fitting peak IV), separately. Accordingly,
their peak temperatures corresponding to the maximum weight loss rate were 332 ◦C,
407 ◦C, 457 ◦C and 482 ◦C, respectively. Combined with the following IR-MS results and
the previous literature, the fitting peaks I, II, III and IV were regarded as polyurethane,
nature rubber, synthetic rubber and secondary pyrolysis products (such as isocyanate
degradation product) [35]. However, the DTG curves of the thermo-oxidative aged TWPs
only exhibited three peaks in the range of 200–600 ◦C, including peak I, peak II and peak
IV (Figure 2d,e). Furthermore, the fitting peak area of aged TWPs decreased compared
to original samples. This indicated that thermo-oxidative aging caused degradation of
the components (polyurethane and rubber), influencing the pyrolysis reaction process of
TWPs [19].
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Moreover, the residue rates of TWPs in aging II were 50.53%, which is significantly
higher than the original stage (32.83%) and aging I (32.83%). These results indicated that
the residue rate of TWPs was not affected by short aging time (aging I) but increased when
aging time increased (aging II). Similar studies have shown that the residue rate of plastics
can increase after thermal oxidation, such as polypropylene and polyvinyl chloride, which
is mainly due to the formation of high-temperature-resistant impurities in the process of
thermal oxidation [19,36]. In the present study, a higher proportion of ash content in aged
TWPs compared to original TWPs might be due to loss of evaporative components in aged
TWPs during thermal aging process. The ash content is the important factor that affects
the pyrolysis products. The high ash content can decrease the pyrolytic bio-oil yields but
increase the residue contents [30]. In the current study, the higher residue rate of aged
TWPs compared to the original ones suggested that the thermal oxygen aging process
possibly produced more ash contents.

Figure 2. (Derivative) TG curves of TWPs pyrolysis under different aging conditions. (a), TG curves;
(b), DTG curves; (c–e), division diagram on differential thermogravimetric peaks of TWPs under
original stage, aging I and aging II.

3.2. Functional Groups of Pyrolytic Gases via TG-FTIR Analysis
3.2.1. TG-FTIR Characterization of Volatile Products

To investigate the evolution of volatiles release, the functional groups and gaseous
products of tire pyrolysis process were detected in real time by using TG-FTIR. Different
pyrolysis temperature stages were selected based on DTG curves for collecting FTIR
spectra (Figure 3). The IR peaks, vibration and frequency ranges of the main functional
groups can be seen in Table S1. The C-O-C stretching vibration in 1085 cm−1 at 220 ◦C
(Figure 2b) indicated the emission of small molecule ether compounds due to decomposition
of polyurethane in the initial stage [37]. The strong absorbance peaks in the range of
3100 cm−1–2750 cm−1 and 1470 cm−1–1300 cm−1 were attributed to the stretching vibration
and bending vibration of C-H bonds of saturated aliphatic hydrocarbons, indicating that
large quantities of alkanes were released. The peak of 3014 cm−1 might be attributed to
CH4, which can be formed from cleavage of -CH3 and -CH2- on the aliphatic hydrocarbon,
as well as from the cracking of the alkyl chain of the aromatic ring.
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Figure 3. TG curves (a) and FTIR spectra (b) of original TWPs in inert atmosphere under different
temperature. (b-1), FTIR spectra of original TWPs under 220−456°C; (b-2), FTIR spectra of original
TWPs under 484−784 ◦C.

The absorbance peak belonging to CO2 in 2350 and 668 cm−1 occurred throughout
the pyrolysis temperature range, showing a gradual increase with the rise in pyrolysis
temperature (Figure 2b,c). The CO2 emission at the initial stage could be attributed to the
decomposition of additives [38,39]. Subsequently, isocyanate was decomposed to release
CO2 with the increase in pyrolysis temperature, and CO2 was produced by decomposition
of inorganic matter sourced from the pyrolysis products of rubber material. The absorbance
peaks at 750 and 700 cm−1 correspond to the out-of-plane bending vibrations of the C-H
and C-C groups of aromatic benzene, respectively [40]. Furthermore, C=O stretching
vibration in 1715 cm−1 and C=C vibration belonging to benzene ring in 1600 cm−1 were
also observed during the pyrolysis process [37,41,42]. These main functional groups mean
that the main pyrolysis products of TWPs contain hydrocarbons, aromatic compounds,
carbonyl compounds, carbon dioxide and carbon monoxide.

In the present study, the types of functional groups of aged TWPs were more than
those of the original TWPs, especially in the wave number range of 1900–1650 cm−1

and 3300–4000 cm−1 (Figure S1). For instance, a large quantity of peaks occurring in
1900–1650 cm−1 was attributed to C=O after thermal aging, indicating that TWPs expe-
rienced oxidation reactions under the thermal aging process [43,44]. In addition, the
intensity of methylene CH2 absorbance peaks at 2916 cm−1 and 2850 cm−1 and saturated
alkyl absorption peaks at 1360~1470 cm−1 gradually decreased with the increase of high-
temperature aging time. This indicated that methyl and methylene groups were destroyed
and the main chains of rubber were degraded [45]. Previous studies have shown that the
main chemical reactions of tire aging are crosslinking and decomposition [46]. In general,
the main characteristic of the decomposition reaction is that the CH2 group is oxidized
and the C=C bond is not obviously damaged. On the contrary, the main characteristic
of crosslinking reaction is that the C=C bond is cross-linked and the -CH2 group has no
obvious damage [47] (Zhang et al., 2020a). The results of the present study indicated that
the oxidation decomposition was dominant during thermal aging at high temperatures.



Water 2023, 15, 1944 7 of 13

3.2.2. Dynamic Change in Gas Products with Pyrolysis Temperature

The continuous dynamics of FTIR spectra on pyrolysis products with pyrolysis tem-
peratures were analyzed to investigate the dynamic change in main gas products with
pyrolysis temperatures and to compare their differences among TWPs under different aging
conditions (Figure 4 and Figure S3). In general, the absorbance signal value at a specific
wave number is linearly related to the gas concentration according to the Lambert–Beer
law, and thus the change in absorbance signal value during the whole process can reflect
the yield trend of gas components. In the current study, the evolution trends of various
pyrolysis products were obtained by comparing the absorbance changes with temperature
at specific wave numbers. Semi-quantitative comparison of pyrolysis products of TWPs
under different aging conditions was conducted after absorbance of functional groups was
normalized to equal sample weight [48].

Figure 4. The dynamic changes in FTIR absorbance of C-H (aliphatic) (a), C-H (aromatic) (b), C=O
(carbonyl) compounds (c) and CO2 with pyrolysis temperature (d).

The emission process of aliphatic compounds (C-H) (2932 cm−1) from original TWPs
can be divided into three stages of 200–400 ◦C, 400–600 ◦C, and 600–900 ◦C, corresponding
to polyurethane, rubber and residual isocyanate, respectively [49]. The bond of C-H ab-
sorbance peak from TWPs under aging I began at a higher pyrolysis temperature compared
to original samples (Figure 4a). This is probably due to the increase in crosslinking density
of rubber components caused by thermo-oxidative aging. Compared to original TWPs, the
emission amount of aliphatic compounds (C-H) increased under aging I condition, whereas
it decreased under aging II condition during the pyrolysis temperature range of 330–900 ◦C
(Figure 4a). This indicated that different components in TWPs have different responses
to thermo-oxidative aging. It was speculated that polyurethane in TWPs under aging
I condition generated isocyanates with high heat resistance, and their emission amount
was higher than that of the original sample at the pyrolysis temperature of 330–900 ◦C.
However, isocyanates in TWPs under aging II may start to be partially decomposed due to
the increase of thermo-oxygen aging time, and thus their emission amount was lower than
the original samples at 400–600 ◦C and 600–900 ◦C.

In addition, in terms of aromatic compounds (C-H bond) (3067 cm−1) in TWPs, their
emission amount was the highest at 400–600 ◦C compared to the pyrolysis temperature of
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0–400 ◦C and 600–900 ◦C (Figure 4b), which was mainly attributed to the decomposition
of synthetic rubber and isocyanate at 400–600 ◦C [50]. From 500 to 900 ◦C, the release of
aromatic compounds (C-H) gradually decreased with the increase in aging degree of TWPs.
Prior studies have reported that the release of aromatic compounds (C-H) at 600 ◦C was
mainly due to the further decomposition of pyrolytic products from rubber [50]. Thus, it
can be speculated that the rubber in TWPs after aging was partially degraded, which might
cause a decrease in the number of pyrolytic products from rubber, resulting in a relatively
lower release of C-H bonds in comparison to the original ones.

The dynamic evolution in pyrolysis release of carbonyl compounds (C=O) (1715 cm−1)
also exhibited differences among TWP samples under different aging conditions (Figure 4c).
The release amount of carbonyl compounds in aged TWPs was significantly less than
in the original ones, and it gradually decreased with aging time (Figure 4c). In general,
the carbonyl compounds are mainly sourced from the decomposition of polyurethane
and synthetic rubber in TWPs [42]. In this study, under the aging conditions, a large
amount of small molecules from polyurethane degradation might have been released,
such as esters and carboxylic acid [51], leading to the reduction of carbonyl content in the
pyrolysis process.

The initial temperature of CO2 emission from the aged TWPs (aging I and aging II)
was higher than the original TWPs (150 ◦C), which might be attributed to the additives in
aged TWPs being partially decomposed during thermal aging [52]. In terms of emission
amounts of CO2, TWPs under aging I condition possessed the highest amount, followed
by original TWPs, and the amount of CO2 from the sample with aging II was the lowest.
The emission of CO2 in the present study might be mainly due to the decomposition
of polyurethane, rubber and isocyanates [52,53]. The oxidation reaction of TWPs under
aging I condition might generate a large number of oxygen group elements, leading to the
increase of CO2 emission amount during TG pyrolysis. The thermal oxygen aged TWPs
would have higher O contents than the original TWPs. A higher O/C ratio indicates more
O-containing functional groups; therefore, pyrolysis products of aged TWPs contained
more O-containing compounds [54]. However, with increases in aging time (Aging II), part
of CO2 was generated and released from TWPs, resulting in a decrease in CO2 amount
during TG pyrolysis. In short, different components of tires presented different responses
to the thermal aging process, leading to a change in the decomposition temperature and
emission amounts of different pyrolytic compound.

3.3. Identification and Dynamics on Gas Components of TWPs with Pyrolysis Temperature

In order to determine the chemical compounds of the synthesized volatile products
during the pyrolysis process, GC–MS analysis was used. According to the DTG curve, the
released amounts of gas products from TWPs under different aging conditions were the
most at around a pyrolysis temperature of 484 ◦C. Therefore, the gas products released
at 484 ◦C were collected and identified using GC-MS. The chromatograms of the total
ionic intensity of the volatile products from TWP pyrolysis at 484 ◦C are illustrated in
Figure S4. The main pyrolysis products of TWPs at 484 ◦C are shown in Table 1. The results
showed that the main products were toluene, m-xylene, styrene, D-limonene, and 7-butyl-
2-caprolactone, which were consistent with previous studies [30,55]. The possible major
mechanisms of TWP pyrolysis based on these dominant products are shown in Figure 5.
In general, rubber was first degraded to produce small olefin and cycloolefin molecules
due to chain breaking at lower pyrolysis temperatures [30]. Subsequently, the released
olefin and cycloolefin underwent a series of reactions with the pyrolysis temperature rising,
including Diels–Alder reactions, cyclization reactions and aromatization reactions, leading
to production of benzene and its derivatives [30]. The pyrolysis of polyurethane mainly
included the decomposition of polyurethane groups, polyols and isocyanates, as well as
7-butyl-2-caprolactone [51,56].
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Figure 5. The possible major mechanisms of the TWP pyrolysis (NR, natural rubber; SBR, butadiene
styrene rubber; PUR, polyurethane rubber).

Table 1. Specific volatile products identified by MS in helium.

Chemical Compounds
Name

Atomic Onset/◦C Peak/◦C

Formula Mass Origin AgingI AgingII Origin AgingI AgingII

C7H8 Methylbenzene 92 346 335 340 476 470 470
C8H10 m-Xylene 106 373 373 373 470 464 460
C8H8 Styrene 104 381 371 356 476 437 460

C10H16 D-Limonene 136 366 366 366 409 409 403

Furthermore, four main gaseous products, including methylbenzene, styrene, m-
xylene, and D-limonene were selected for investigation of the dynamic differences in ion
currents of gaseous products among different aging stages of TWPs (as shown in Figure 6).
Semi-quantitative comparison was conducted after ionic intensity was normalized to equal
sample weight before analysis. The amount of styrene released from TWPs under the two
aging conditions was higher than that of the original TWPs during TG pyrolysis (Figure 6b).
This further demonstrated isocyanate generation due to polyurethane decomposition
considering that isocyanates can also be decomposed into styrene [57]. In general, the
presence of benzene and its derivatives was caused by the dehydration condensation
reaction of isocyanates decomposed from polyurethane polymers. Polyurethane has been
reported to be primarily formed by the polymerization of isocyanates and polyols [30].
Furthermore, the amount of styrene released from TWPs under Aging I was higher than
that under Aging II, indicating that the isocyanate in TWP would be partly decomposed
under Aging II. Similarly, the emission amount of methylbenzene and m-xylene in aged
TWP was also much higher than that of the original samples during the TG pyrolysis
(Figure 6a,c), which is also attributed to the decomposition of isocyanate during TWP
aging [58].

D-limonene was analyzed and we found that the temperature range for D-limonene
emission in original and aged TWPs was 366–527 ◦C (Figure 6d), which coincided with the
temperature intervals of fitting peak II (natural rubber) and fitting peak III (synthetic rubber)
in the DTG curve (Figure 2c). It can be inferred that D-limonene emission might be due to
decomposition of natural rubber and synthetic rubber. Limonene has been considered as a
main decomposition product through breaking and intramolecular cyclization processes of
natural rubber and styrene butadiene rubber [59]. The structure of D-limonene is generally
unstable, and can cause a series of reactions during pyrolysis, easily being converted to
other isomers (e.g., 1-methyl-4-(1-methylethylidene) cyclohexene) [30]. With the increase of
pyrolysis temperature (>450 ◦C, Figure 6d), D-limonene forms small molecular substances
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(e.g., xylene and benzene due to the cleavage of allyl) [30,49]. Therefore, the content of
D-limonene decreased after 400 ◦C and the increased proportions of xylene and benzene
at high temperatures were most likely due to the conversion of limonene in the present
study. Furthermore, the emission amount of D-limonene in TWP after Aging I and II was
significantly lower than that of the original TWPs during TG pyrolysis, which may be due
to the content loss of rubber components in TWPs due to oxidative degradation during the
aging process.

Figure 6. The ion currents of gas products sourced from the pyrolysis process of TWPs with pyrolysis
temperatures. ((a), the ion currents of methylbenzene; (b), the ion currents of styrene; (c), the ion
currents of m-xylene; (d), the ion currents of D-limonene)

According to the above results, it can be speculated that the aged TWPs would release
some gas products during the aging process (400 ◦C). The amount of some gas products
(such as D-limonene) from aged TWPs to decreased compared to the original ones at 400 ◦C
during analysis of TG-FTIR-GC/MS (see Figure 6d). This suggested that the aged TWPs
would pose potential risks to aquatic and terrestrial ecosystems due to chemical release
in the environment. In addition, at higher pyrolysis temperatures of >400 ◦C by TG-FTIR-
GC/MS, some gas products, such as methylbenzene, styrene and xylene, released more
amounts from aged TWPs compared to the unaged ones. This suggested that the aged
TWPs generated higher amounts of gas products (e.g., styrene, methylbenzene and xylene)
in comparison to the original ones in the process of high-temperature pyrolysis, which
would lead to potential hazards in the disposal (such as combustion or heat treatment)
of waste tires after recycling. In short, TGA-FTIR-GC/MS is a helpful technique for the
analysis of real-time pyrolysis dynamics of thermally aged TWPs.

4. Conclusions

The main pyrolysis process in tires involves the decomposition of urethane groups,
natural rubbers, synthetic rubbers and isocyanates, as well as further cracking of pyrolysis
products. The FTIR analysis indicated that the main pyrolysis gases included CO2, carbon
monoxide, aliphatic compounds, aromatic compounds and carbonyl compounds. The
GC/MS analysis further determined the main pyrolytic products, including methylbenzene,
styrene, m-xylene and D-limonene. After thermal aging, the dynamics of different types
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of products were significantly different. Firstly, the residue rate increased with thermo-
oxidative aging. Secondly, short-term thermo-oxidative aging caused an increase in the
released amount of aliphatic/aromatic compounds and CO2 from TWPs, but decreased in
terms of long-term thermo-oxidative aging. Moreover, the aged TWPs, especially short-
term aged ones, presented higher released amounts of styrene and toluene but lower
released amounts of D-limonene compared to the original TWPs. Further research needs
to be emphasized on MP release and their environmental fate and potential risk of TWPs
during thermo-oxidative aging.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w15101944/s1, Figure S1: Morphologies of WTPs with different
thermal-oxidative aging time; Figure S2: Changes in ART-FTIR spectra of WTPs with different
thermal aging time; Figure S3: 3D FTIR spectra of pyrolysis products of WTPs in original stage (a),
aging I (b) and aging II (c); Figure S4: Pyrochromatograph detection of volatile products at 484 ◦C;
Table S1: Characteristic IR absorption bands and functional groups of tires; Text S1: The description
on the morphologies of WTPs.
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