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Abstract

The management of end-of-life tyres represents a growing environmental challenge. Pyrolysis provides a sustainable recycling pathway
by converting waste tyres into oil, gas, and char, but the high sulphur content of these products limits their direct utilisation. This study
investigates UV irradiation as a pre-treatment method to modify tyre rubber structure and influence subsequent pyrolysis behaviour.
Shredded tyre samples were irradiated by UV light for 0, 360, and 1080 min prior to pyrolysis at 900 °C. Structural and morphological
changes were characterised using Fourier transform infrared spectroscopy, microscopy, and thermogravimetry. Product yields were
quantified, and the resulting oil, char, and gas fractions were analysed by elemental composition, heating value, and gas chromatography.
UV pre-treatment induced oxidation, chain scission, and partial devulcanisation in the rubber matrix, leading to more homogeneous
thermal degradation. At 900 °C, UV pre-treatment of 1080 min slightly increased gas yields, reduced oil yields, and left char production
largely unchanged. Oils from irradiated samples exhibited higher oxygen and sulphur contents, resulting in lower heating values.
Char composition remained relatively stable, with heating values of 8-9 MJ/kg. The gas fraction showed increased energy potential
but also a higher hydrogen sulphide content. Overall, UV irradiation significantly altered tyre rubber structure and pyrolysis product

quality. While the pre-treatment enhanced the energy potential of the gas fraction, it also intensified sulphur-related challenges,

underscoring both the potential and limitations of UV-assisted tyre pyrolysis.
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1 Introduction

Global tyre production reached approximately 2.3 billion
units in 2022 and is projected to increase to 2.7 billion
units by 2028, leading to a continuously growing genera-
tion of end-of-life tyres (ELTs) worldwide [1].

Recent assessments report that nearly one billion tyres
reach end-of-life each year, while an estimated four billion
units remain stockpiled or landfilled worldwide, under-
scoring the environmental urgency of sustainable recovery
routes such as pyrolysis for material and energy valorisa-
tion [2, 3]. Vehicle production continues to rise, with over
81 million cars produced in 2022 alone [4], further exacer-
bating the problem. ELT management poses serious envi-
ronmental challenges. In the European Union, tyre landfill-
ing has been prohibited since 2006 under Directive 1999/31/
EC [5] due to risks of soil and groundwater contamination,
fire hazards, and pest proliferation [6]. Extended producer
responsibility (EPR) schemes further oblige producers and

importers to collect and recycle used tyres [6]. Without
proper treatment, tyres degrade very slowly and release
harmful compounds such as polycyclic aromatic hydrocar-
bons (PAHs) into the environment [7-9].

Pyrolysis is one of the most promising recycling
routes for waste tyres, converting them into oil, gas, and
char [2, 10]. The yields and compositions of these prod-
ucts depend strongly on feedstock properties and operat-
ing parameters such as temperature and residence time [6].
These pyrolytic products can partially substitute fossil
resources, thereby supporting resource efficiency, the circu-
lar economy, and the sustainable development goals [3, 4].

Tyres are complex composites consisting of natural and
synthetic rubbers, fillers, vulcanisation agents, and vari-
ous additives [5, 10]. Approximately half of the tread mass
is rubber, primarily natural rubber (NR) and synthetic rub-
bers such as isoprene rubber (IR), butadiene rubber (BR),
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and styrene-butadiene rubber (SBR) [11]. Carbon black is
added in large amounts to enhance mechanical strength
and wear resistance [12], while sulphur-based vulcanising
agents form cross-linked structures that provide thermal
stability and tear resistance [12, 13]. Additional additives
include fibres, extender oils, and zinc compounds [12].

Sulphur, while essential in tyre manufacturing, pres-
ents a major challenge during pyrolysis. It migrates into
all product fractions, such as oil, gas, and char, lowering
their quality and limiting their direct use [13]. Tyre pyrol-
ysis oil typically contains 1.15—1.24 wt.% sulphur [13], far
exceeding fuel standards of 10—15 ppm set in many coun-
tries [14]. The sulphur is mainly present as benzothio-
phene, phenylthiophenes, and dibenzothiophenes, which
together account for more than 90% of the sulphur con-
tent [15]. In the gas fraction, sulphur is released primarily
as hydrogen sulphide (H,S), carbon disulphide (CS,), and
sulphur dioxide (SO,), with smaller amounts of carbonyl
sulphide (COS) and ethyl mercaptan (C,H,SH) [4, 5].
Char mainly contains sulphur in inorganic forms such as
zinc sulphide, along with sulphates, aliphatic sulphur, and
thiophene sulphur [16].

The chemical complexity of tyres and the broad distri-
bution of sulphur across pyrolytic product streams remain
major barriers to efficient valorisation. To address these
challenges, various pre-treatment methods have been
investigated to enhance product quality and process perfor-
mance. Among these, ultraviolet (UV) irradiation has gar-
nered particular interest for its ability to modify the surface
and chemical structure of polymers [17-20]. In rubbers, UV
exposure can induce oxidation, crosslinking, or chain scis-
sion [21], promoting the formation of oxygen-containing
groups such as alcohols, ketones, and carboxylic acids [22].
NR and butadiene-based polymers are particularly sus-
ceptible to UV degradation, generally degrade faster than
polychloroprene or styrene-rich materials [17]. UV ageing
also reduces extender oils, accelerators, and antioxidants in
tyre and road-wear particles, while increasing oxygen and
silicon content at the surface [22]. Collectively, these struc-
tural and compositional changes can alter thermal decom-
position behaviour, thereby influencing pyrolysis kinetics
and product yields, and composition.

This study investigates the effect of UV pre-treatment
on waste tyre pyrolysis. Shredded tyre samples were sub-
jected to varying UV exposure times and subsequently
pyrolysed at 900 °C. Structural and compositional changes
were analysed using Fourier-transform infrared (FT-IR)
spectroscopy, thermogravimetric analysis (TGA), and
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CHNS elemental analysis, while product yields and dis-
tributions were evaluated with particular focus on carbon
redistribution and sulphur content.

2 Materials and methods
2.1 Feedstock and UV pre-treatment
The feedstock was shredded ELT rubber with a particle size
of 0.5-2 mm. Elemental analysis of the material showed
78.1 wt.% carbon, 6.9 wt.% hydrogen, 0.5 wt.% nitrogen,
1.2 wt.% sulphur, and 5.4 wt.% oxygen. The measured ash
content was 8.6 wt.%, and the higher heating value (HHV)
was 38.3 MJ/kg, comparable to conventional fossil fuels.
The relatively high sulphur content represents a key chal-
lenge for product quality.

UV irradiation was applied as a pre-treatment for
0, 360, and 1080 min prior to pyrolysis. The treatment
was conducted in a UV chamber in accordance with the
ASTM D4329-13 standard [23]. The UV lamp was posi-
tioned at a fixed distance above the material, and the sam-
ples were periodically stirred to ensure uniform exposure.

2.2 Pyrolysis procedure

Pyrolysis experiments were carried out in a horizon-
tal tubular reactor constructed from heat-resistant steel
(370 mm length, 30 mm inner diameter). The reactor
was placed inside an electric resistance tube furnace
(Hoéker 350/900, Hungary). For each run, 30 £ 1 g of pre-
treated feedstock was loaded into the reactor. To main-
tain inert conditions, the system was purged with nitrogen
prior to heating. The furnace was then heated at 10 °C/min
to 900 °C and held at this temperature for 60 min.

2.3 Analytical techniques

The ash content of the feedstock and products was mea-
sured according to EN 14775:2010 [24]. Elemental com-
position (C, H, N, S, O) of the feedstock, oil, and char was
analysed following ISO 16993:2016 [25].

Structural changes in the samples were characterised
by FT-IR spectroscopy (Bruker Tensor 27, Germany).
Microscopic observations were conducted with a Zeiss Axio
Imager (Germany) optical microscope. TGA was performed
using a MOM Derivatograph-C (Hungary) instrument.

The composition of the pyrolysis gas (H,, CO, CO,,
CH,, C,—C, hydrocarbons) was dissected by fast gas chro-
matography (Dani Master GC, Germany) equipped with
both thermal conductivity detector (TCD) and flame ion-
isation detector (FID).
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3 Results and discussions

3.1 Structural changes after UV pre-treatment

Optical microscopy revealed progressive surface dark-
ening and microcrack formation with increasing irradia-
tion time (Fig. 1). The untreated sample (Fig. 1(a)) exhib-
ited smooth morphology, whereas the surface exposed for
360 min (Fig. 1(b)) showed initial oxidation and localised
discolouration. After 1080 min of UV treatment (Fig. 1(c)),
a dense crack network and surface roughening became
evident, indicating embrittlement and oxidative degrada-
tion of the rubber matrix.

The FT-IR spectra of untreated and UV-irradiated tyre
samples presented in Fig. 2 showed clear modifications
with increasing irradiation time. Several characteristic
absorption bands shifted in intensity, indicating oxidation
and structural transformation.

200pm

200pm

Fig. 1 Microscopic observation of tyre samples after (a) 0 min,
(b) 360 min, and (c) 1080 min of UV irradiation

1080 min

360 min

Absorbance [-]

3500 3000 2500 2000 1500 1000 500
Wavenumber [cm!]

Fig. 2 FTIR spectra of tyre samples after 0, 360, and 1080 min UV
pre-treatment

As summarised in Table 1 [8, 17, 26-31], the absorp-
tion bands between 808—-1060 cm™’, attributed to Si—O—Si
vibrations, intensified after irradiation. Similarly, the
bands in the 950—-1300 cm™' region, associated with C—O
stretching and O—H bending, also increased in inten-
sity. In contrast, the band at 967 cm™, characteristic of
1,4-butadiene units in polybutadiene, decreased, suggest-
ing oxidation and chain scission, which reduce molecular
weight and polymer stability.

Additional changes were observedinthe 1350—1470 cm™
region, where CH, and CH, vibrations intensified, also
indicating oxidation. A slight decrease in aliphatic C—H
stretching bands (2850-3000 cm™) revealed rearrange-
ments in the hydrocarbon backbone. Moreover, the broad

Table 1 Main FTIR absorption bands of untreated and UV pre-treated
tyre samples

. Observation after
A t Ref..
ssigrmen UV treatment ¢

Wavenumber
[em™]

Symmetric stretching

808-1060 vibration and Increased [26]

symmetric stretching intensity
vibration Si-O-Si
C-O stretching and Increased
930-1300 O—H bending intensity [27, 28]
967 1,4-buFad1en.e L}nlts I?ecrea?.ed [(17.29]
are being oxidized intensity
I
1350-1470  CH, and CH, bonds nereased [30]
intensity
2850-3000 Ahphatch C-H D.ecrea‘sed (8]
stretching intensity
Appearance of
3200-3600 O—H stretching new oxygenated [31]

groups




O—H stretching band at 3200-3600 cm™ became more
visible, confirming the formation of alcohols, ketones,
and carboxylic acids.

Overall, UV pre-treatment initiated oxidative reac-
tions, reduced sulphur bonding, and modified the sur-
face structure of the tyre rubber. These alterations are
expected to strongly influence the behaviour of the mate-
rial during subsequent pyrolysis.

3.2 Thermal behaviour after UV pre-treatment

The thermal degradation of untreated and UV-irradiated
tyre samples is represented via the TGA and DTG curves
depicted in Fig. 3. The untreated rubber exhibited the
highest overall mass loss, while the UV-treated samples
displayed greater residual mass at 900 °C, suggesting
enhanced thermal stability after irradiation.

The DTG profiles further revealed that the untreated
sample decomposed in two distinct stages, whereas
UV-treated samples displayed a more uniform, single-step
degradation. This shift indicates that photodegradation
altered the structure of the rubber, making its decomposi-
tion more homogeneous.

These observations are consistent with the FT-IR
results, confirming that UV irradiation introduced oxy-
gen-containing groups and weakened sulphur bonds,
thereby simplifying the thermal degradation pathway.

The TGA and DTG curves exhibited the typical multi-
stage decomposition behaviour of tyre material. The first
mass loss below 300 °C corresponded to the evaporation
of oils and additives [32].
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0 T T T T T
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Fig. 3 TGA and DTG curves of tyre rubber samples after 0, 360, and
1080 min of UV pre-treatment
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The major degradation, occurring between 350 °C and
520 °C, was associated with the breakdown of rubber poly-
mers. Previous studies identified two overlapping DTG peaks
in this range: the first at 380—400 °C, attributed to NR, and
the second at 470-490 °C, related to SBR and BR [5, 33].
A third, minor mass-loss above 750 °C was linked to the oxi-
dation of residual carbon black and inorganic fillers, consis-
tent with observations in UV-aged tyre wear particles [22].

Following UV irradiation, the DTG profile showed
a reduced intensity, and the two distinct peaks merged
into a single, broader maximum. Similar behaviour was
reported in earlier studies on UV-aged tyre particles [22],
where the NR-related peak (~390 °C) disappeared and
the SBR + BR maximum shifted to lower temperatures.
This reflects photo-oxidation and partial devulcanisa-
tion of the polymer network, which lowers the activation
energy required for decomposition. Moreover, oxida-
tion reactions initiated during irradiation promote earlier
thermal degradation during heating [32].

3.3 Product distribution
The distribution of pyrolysis products, including char, oil,
and gas at 900 °C, is shown in Fig. 4.

Oil was the dominant fraction, followed by char and
a smaller proportion of gas. UV irradiation caused only
minor changes in yields. After 360 min of treatment,
the gas fraction decreased slightly, accompanied by an

60

OChar 0OOil 0OGas
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40 E3
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20 r

Pyrolysis products [wt.%]

1.

0 360 1080
UV pre-treatment [min]

Fig. 4 Distribution of pyrolysis products (char, oil, and gas) at 900 °C
after different UV pre-treatment times. Each value represents the
average of duplicate experiments (n = 3). Standard deviations were
below £1.5 wt.% for all fractions, confirming good reproducibility of

the pyrolysis experiments.
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increase in oil and char yields. After 1080 min, these
trends reversed with the increase of the gas fractions and
slight decrease of the oil yield, while the char content
remained almost unchanged compared to the sample with-
out irradiation pre-treatment.

These results indicate that at 900 °C, secondary crack-
ing enhances gas formation. UV pre-treatment appears to
facilitate this process by promoting volatile release, but
the impact of irradiation duration was relatively minor.

3.4 Elemental composition

The elemental composition of pyrolysis oil and char is
summarised in Table 2. In the oil fraction, the untreated
sample contained 76.5 wt.% carbon and 22.6 wt.% oxy-
gen. After 360 min of UV pre-treatment, the carbon
content decreased to 72.9 wt.% while oxygen increased
t025.0 wt.%. At 1080 min, similar values were maintained.
Sulphur content also rose from 0.3 wt.% to 1.3—-1.4 wt.%
after irradiation. These trends indicate that UV pre-treat-
ment promoted oxidation and enriched sulphur concen-
tration in the oil fraction.

On the other hand, the char fraction showed more vari-
able behaviour. The untreated sample contained 67.7 wt.%
carbon and 29.3 wt.% oxygen. After 360 min of irradi-
ation, the carbon concentration increased to 72.9 wt.%
and oxygen decreased to 25.0 wt.%. While at 1080 min,
the composition shifted slightly to 72.5 wt.% carbon and
25.5 wt% oxygen. Sulphur content declined modestly
compared to the untreated char.

Collectively, UV pre-treatment altered the balance
between carbon and oxygen in both oil and char fractions.
The oil became more oxygen- and sulphur-rich, whereas

Table 2 Elemental composition of pyrolysis oil and char at 900 °C after
different UV pre-treatment times. Each value represents the average of

duplicate CHNS measurements (n = 6).

UV pre-treatment time [min]
0 360 1080

76.50  +0.52 7290 +0.50 72.51  +0.52
0.30  +0.02 0.56 +0.03 0.52 +0.03
0.30 +0.01 0.18 +0.02 0.16 +0.02
0.30 +0.01 1.39 +0.04 1.27 +0.03
O* 22,60 +035 2498 +038 2554 +0.4l
67.69 +047 7290 £0.50 72,51  +0.52
0.77 +0.04 0.56 +0.03 0.52 +0.03
Char N 0.27 +0.02 0.18 +0.02 0.16 +0.02
S 1.94 +0.05 1.39 +0.04 1.79 +0.03

O* 2934 +043 2498 +038 2554  +0.4l

*: by difference

0Oil

©» Z T 0O

@}

the char composition exhibited variable trends with expo-
sure time. These compositional changes influence both
the energy quality of the products and their potential util-
isation as fuels.

3.5 Pyrolysis gas composition

The composition and properties of the pyrolysis gas are
presented in Table 3. The major components are hydrogen,
methane, light hydrocarbons (C,-C,), carbon monoxide,
and carbon dioxide, while small amounts of C.~C, hydro-
carbons were also detected.

In the untreated sample, hydrogen accounted for
17.6 vol.% of the gas. After 360 min of UV pre-treatment,
this value remained nearly unchanged, but subsequently
decreased sharply to 4.2 vol.% after 1080 min.

In contrast, methane increased from 15.0 vol.%
to 17.4 vol.%, while C,—C, hydrocarbons also became more
abundant with increasing irradiation time. Carbon monox-
ide declined steadily from 6.8 to 2.4 vol.%, whereas carbon
dioxide fluctuated between 5.7 and 8.9 vol.%. The H,/CO
ratio first increased from 2.6 to 4.5 and then decreased to
1.8 after the longest exposure.

The heating value of the gas increased from 24.7
to 27.3 MJ m™, indicating an enhanced energy poten-
tial. However, the H,S concentration rose markedly from
323 ppm to 1600 ppm. Detailed compositional analysis
confirmed the enrichment of light hydrocarbons after UV
irradiation.

Ethene, propene, and butenes became more prominent
than their saturated counterparts, indicating enhanced
chain scission and dehydrogenation during pyrolysis.
Slight increases in ethane, propane, and butane suggest
secondary cracking and partial hydrogenation. Pentanes
and hexanes remained below 1 vol.%, indicating limited
chain-growth reactions. These observations demonstrate
that UV pre-treatment weakens molecular bonds and pro-
motes surface oxidation, facilitating decomposition into
smaller fragments during pyrolysis.

The observed reduction in H, content and increase
in CH, fraction are consistent with previous inert TGA
studies on UV-aged tyre materials [22]. Overall, UV
pre-treatment shifts the gas composition toward lighter,
more energetic hydrocarbons, but also increases the sul-
phur burden in the gas phase.

4 Conclusion
UV irradiation prior to pyrolysis induced significant
structural modifications in tyre rubber, as evidenced by
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Table 3 Composition and properties of pyrolysis gas after different UV pre-treatment times. Values are reported in vol.% except for H,S, which is

given in ppm. Data are presented as mean + standard deviation (n = 3). "<DL" denotes values below the detection limit (~0.01 vol.%), which were

treated as zero for summation. Prefixes "n-", "iso-", and “neo-" refer to isomeric structures. £C,~XC, indicate the summed fractions of the respective

hydrocarbon groups.

UV pre-treatment time [min]

Component 0 360 1080

H,S ppm 323 +13 1350 +40 1600 +50
CcO vol.% 6.78 +0.1 4.00 +0.1 2.40 +0.1
CO, vol.% 8.86 +0.2 5.69 +0.2 8.35 +0.2
H, vol.% 17.62 +0.2 18.04 +0.2 4.20 +0.2
CH, vol.% 14.98 +0.3 12.58 +0.3 17.36 +0.3
CH, vol.% 433 +0.2 2.05 +0.2 2.36 +0.2
C,H, vol.% 2.86 +0.2 3.61 +0.2 4.04 +0.2
C,H, vol.% 1.87 +0.1 1.54 +0.1 1.70 +0.1
C,H, vol.% 1.58 +0.1 1.79 +0.1 1.84 +0.1
C,H; (iso) vol.% 0.44 +0.1 0.44 +0.1 0.45 +0.1
CH, (1-) vol.% 5.76 +0.2 8.11 +0.2 8.60 +0.2
C,H,, (iso) vol.% 0.34 +0.1 0.35 +0.1 0.00 +0.1
CH,, (n-) vol.% 0.45 +0.1 0.61 +0.1 0.66 +0.1
CH, (1) vol.% <DL - 0.23 +0.1 0.21 +0.1
CH,, (trans-2-) vol.% 0.07 +0.01 0.05 +0.01 0.06 +0.01
C,H,, (neo) vol.% <DL - 0.21 +0.015 0.22 +0.015
CH,, (iso) vol.% <DL - 0.72 +0.1 0.75 +0.1
CH,, (n-) vol.% <DL - 0.37 +0.1 0.39 +0.1
CH, 1) vol.% <DL - 0.01 +0.1 0.01 +0.1
CH, @) vol.% 0.53 +0.1 0.02 +0.1 0.01 +0.1
2C, vol.% 7.18 +0.2 5.67 +0.2 6.39 +0.2
2C, vol.% 3.45 +0.1 3.34 +0.1 3.54 +0.1
2C, vol.% 6.98 +0.2 9.50 +0.2 9.70 +0.2
2C, vol.% 0.07 +0.1 1.58 +0.1 1.63 +0.1
2C, vol.% 0.53 +0.1 0.03 +0.1 0.02 +0.1
H,/CO ratio - 2.60 - 4.51 - 1.75 -
HHV MJm3 24.7 - 26.4 - 273 -

FT-IR and TGA analyses. The pre-treatment promoted
oxidation, chain scission, and a shift toward more homo-
geneous thermal degradation.

At 900 °C, UV pre-treatment led to slight but clear
changes in product distribution. A noticeable increase
in the oil and char yields could be seen at 360 min, but
at 1080 min, only marginal changes were observed, com-
pared to the sample without pre-treatment.

Elemental analysis indicated that the pre-treatment
enriched oxygen and sulphur contents in the oil, whereas
the char showed time-dependent variations in composi-
tion. The gaseous fraction exhibited higher concentra-
tions of methane and C,—C, hydrocarbons, resulting in
greater heating values. However, UV pre-treatment also

led to a dramatic increase in H,S content, which poses
challenges for direct utilisation.

In summary, UV pre-treatment significantly influenced
both the structure of tyre rubber and the composition and
quality of the pyrolysis products. The process enhanced
gas calorific value but also increased sulphur transfer,
highlighting both advantages and potential drawbacks.
Nevertheless, the clear influence of UV energy input on
product yield and quality suggests that controlled irra-
diation may serve as a novel tool for feedstock prepara-
tion. Future studies on optimising wavelength, irradiation
intensity, and exposure duration, as well as exploring rub-
ber composition effects, can assist in tailoring U V-assisted
pre-treatment for specific pyrolysis applications.
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