
 

 

 

 
BUDAPEST UNIVERSITY OF TECHNOLOGY AND ECONOMICS 

FACULTY OF MECHANICAL ENGINEERING 

DEPARTMENT OF POLYMER ENGINEERING 

 

 

 

 

 

 

RECYCLING OF GROUND TIRE RUBBER ASSISTED BY 

IONIZING RADIATION 

 

Booklet of Ph.D. thesis 

 
Written by: Kiss Lóránt 

Chemical Engineer B.Sc., 

Mechanical Engineer M.Sc. 

Supervisor: Dr. Mészáros László 

associate professor 

 

 

 

 

 

 

 

 

BUDAPEST, 2025 



 

 



Booklet of Ph.D. thesis  Lóránt Kiss 

Recycling of ground tire rubber assisted by ionizing radiation 1 

1. INTRODUCTION 

Due to their unique properties, elastomers have become an integral part of our 

everyday lives. They can undergo large reversible deformations and possess excellent 

chemical resistance, which makes them indispensable raw materials in many 

applications. Elastomers are commonly encountered in items such as the soles of shoes, 

but their primary use lies in the automotive industry, where they serve as sealings, 

vibration-damping components, and most notably, tires. Tire manufacturing accounts 

for a significant portion (~65%) of the global rubber industry; therefore, the growth of 

the automotive sector and the increasing number of vehicles on the roads have driven 

a continuous rise in tire production. 

The combined global production of synthetic and natural rubber is estimated to be 

around 30 million tons annually and is steadily increasing. This growth is 

accompanied by a substantial rise in waste generation, which poses serious 

environmental concerns. Elastomers are cross-linked materials, meaning their 

polymer chains are connected by primary covalent bonds. As a result, they cannot be 

reprocessed using conventional melt-based technologies (e.g., extrusion, injection 

molding), which hinders their recycling. 

The disposal of elastomeric waste — particularly end-of-life tires — in landfills 

presents multiple challenges. Harmful substances may leach from the material and 

enter the soil, thereby contaminating the environment. Additionally, tire stockpiles 

pose a significant fire hazard; once ignited (as in Kuwait, 2021), such fires are nearly 

impossible to extinguish and can burn for several weeks, releasing thick black smoke 

into the atmosphere (Figure 1). This smoke contains numerous toxic compounds, 

including cyanide derivatives, carbon monoxide, and sulfur dioxide, and the resulting 

combustion residues must also be safely neutralized. Furthermore, in an effort to 

promote the development of a circular economy, the European Union has prohibited 

the landfilling of end-of-life tires since 2006 under its waste management directives. 

 

 

Figure 1. Burning of a waste tire deposit in Kuwait (Source: Zhang P., Wang C., Guo J., Wu J., Zhang 

C. Journal of Building Engineering, 91, 109735 (2024)) 
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End-of-life tires are frequently incinerated for energy recovery due to their high 

calorific value. However, even with appropriate filtration systems, harmful substances 

may still enter the environment, and valuable raw materials are lost. Another possible 

route for energy recovery is pyrolysis, in which tires are thermally decomposed in an 

oxygen-deprived environment. Although this process yields solid, liquid, and gaseous 

products, their applications are typically limited to low value uses, and the technology 

itself involves high capital and operational costs. 

From the standpoint of establishing a circular economy and reducing 

environmental impact, the most sustainable solution would be the material recycling 

of these waste products. In the case of tires, this process begins with size reduction, 

resulting in ground tire rubber (GTR). This GTR is commonly used for rubber flooring 

on playgrounds or sports tracks. However, it can also be incorporated into various 

matrices — such as asphalt, thermoplastic polymers, or rubbers — to produce new 

materials. In most cases, the interfacial adhesion between the GTR and the matrix is 

poor, leading to suboptimal properties that limit the scope of potential applications. 

When incorporated into virgin rubber, GTR can typically be used only up to ~10 wt%, 

as higher amounts significantly deteriorate mechanical performance. To improve 

compatibility and enhance the properties of such blends, interfacial adhesion must be 

increased through specific treatment techniques. 

One possible approach is devulcanization, which aims to revert the rubber to its 

pre-vulcanized state, allowing it to be reprocessed. Another strategy involves the 

surface activation of GTR, in which chemically reactive groups are introduced onto the 

surface of the rubber particles. These functional groups can form bonds with the matrix 

during processing, thereby increasing both the number and strength of interfacial 

interactions. Surface activation can be achieved using strong acids or oxidizing agents, 

but these methods are difficult to scale up and pose significant environmental hazards 

due to the chemicals involved. 

When ionizing radiation interacts with polymers, several reactions may occur, 

including crosslinking, chain scission, and oxidation. In the case of oxidation, active 

oxygen-containing functional groups form on the surface, increasing its reactivity. 

Therefore, ionizing radiation offers a promising method for surface activation of GTR 

and other polymeric waste materials, although this area remains relatively 

underexplored. 

Based on this background, the aim of my dissertation is to investigate the structural 

and surface changes induced in ground tire rubber by ionizing radiation under various 

absorbed doses and atmospheric conditions. Furthermore, I seek to incorporate 

radiation-activated GTR into natural rubber-based mixtures and assess the resulting 

mechanical properties. The goal is to develop and apply radiation-assisted treatment 

methods that improve the compatibility and performance of these GTR-containing 

vulcanizates, thereby broadening their application potential and ultimately reducing 

the volume of elastomer waste in the environment. 
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2. LITERATURE OVERVIEW, AIMS OF THE THESIS 

One of the most pressing environmental challenges facing modern society is the 

management of end-of-life polymer products. When discussing plastic waste, the 

focus is typically placed on packaging materials — such as bottles and films — whose 

recycling poses significant difficulties. However, cross-linked polymers, including 

rubber products, are often overlooked despite their considerable and growing volume. 

The largest proportion of rubber waste originates from end-of-life tires. Due to their 

cross-linked structure, these materials are non-biodegradable, they can release toxic 

substances in the environment and are prone to spontaneous ignition. Also, the 

diminishing availability of landfill space allocated for such waste is also an issue. 

Therefore, there is an urgent need to develop new, cost-effective, and environmentally 

sustainable treatment methods. 

The disposal of waste tires in landfills has already been banned in several countries. 

Unfortunately, in many cases, the tires are exported to less developed nations, where 

they are used further and eventually discarded in stockpiles. In recent years, 

increasing emphasis has been placed on the energy recovery of tires through 

incineration. However, without proper filtration systems, this practice releases 

pollutants into the atmosphere and results in the irreversible loss of valuable raw 

materials. Another potential method is pyrolysis, a thermal decomposition process 

conducted in the absence of oxygen, which yields solid, liquid, and gaseous products. 

Nonetheless, the end products typically have limited applications, and the process is 

associated with high capital and operational costs. 

Material recycling represents the key solution to the waste problem, as it provides 

a solution to extending the "life cycle" of the raw materials contained in tires by 

converting them into new products. In the first step of material recycling, waste tires 

are processed into ground tire rubber, which is subsequently used as a filler in various 

polymer matrices (e.g., thermoplastics or rubbers). The main challenge lies in 

achieving sufficient interfacial adhesion between the matrix and the rubber particles. 

In most cases, this interaction is poor, resulting in materials with inferior mechanical 

properties that are unsuitable for wider application areas. 

To enable broader use of GTR-containing materials, the compatibility must be 

improved between the phases. Several strategies have been explored in the literature, 

with particular attention given to devulcanization, in which the cross-linked network 

in GTR is selectively broken down to increase the mobility of the polymer backbone. 

Although various technologies have been developed for this purpose, their high 

energy consumption and operational costs, limit their widespread implementation 

The literature also describes technologies aimed at activating the surface of ground 

tire rubber using various methods, such as acid etching, oxidative treatments, or 

hydroxylation processes. These treatments result in the formation of functional groups 

on the rubber surface, which can form more and stronger interactions with the matrix. 

However, these methods often involve hazardous and toxic chemicals, and their 
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implementation may release environmentally harmful by-products. Moreover, scaling 

up these processes and operating them in a cost-effective manner remains a challenge. 

In recent years, ionizing radiation has gained increasing attention as a potential 

solution for the treatment of polymer waste. An increasing number of publications and 

research projects have emerged on this topic, although it remains a relatively 

underexplored yet promising field. Only a limited number of studies address the use 

of ionizing radiation to enhance compatibility in GTR-containing materials. Among 

the available publications, few investigate the structural and surface-level changes 

induced in GTR by high energy radiation, most focus on irradiating the compounded 

mixtures. 

However, irradiation before compounding — where the GTR is treated prior to 

mixing — deserves particular attention, as it can promote the formation of functional 

groups on the surface (depending on the irradiation medium, e.g., air or water) that 

facilitate better interfacial adhesion. Pre-treatment also offers practical advantages, as 

it requires the irradiation of a smaller material volume, which reduces energy and time 

consumption, thereby improving process efficiency and cost-effectiveness. 

In addition, the influence of key irradiation parameters, such as absorbed dose and 

the surrounding medium, has not been extensively studied. These factors are critical, 

as competing chemical reactions are initiated during irradiation, which can 

significantly influence the efficiency and outcome of the treatment. Most existing 

studies focus on GTR used in thermoplastic matrices (e.g., polyethylene, 

polypropylene), yet it would be worthwhile to extend the research to rubber matrices 

as well. This would enable the development of GTR-based materials with properties 

suitable for a broader range of applications. 

Based on these, I set the following aims for my Ph.D. thesis: 

− Investigation of the chemical changes induced by gamma irradiation in ground tire 

rubber, with a focus on characterizing the predominant reactions (crosslinking and 

chain scission). Evaluation of the effects of absorbed dose and different irradiation 

environments on the structural properties of GTR. 

− Studying the surface modifications of GTR caused by gamma irradiation, with the 

aim of identifying newly formed functional groups. A quantitative analysis of the 

surface elemental composition, under various absorbed doses and irradiation 

media. 

− Incorporation of surface-treated GTR into natural rubber-based compounds, and 

the examination of the vulcanization behavior, mechanical performance, and 

morphological characteristics of the materials. 

− Investigation of the relationship between the irradiation parameters and the final 

properties of the GTR-containing vulcanizates. Examination of the material science 

mechanisms responsible for the observed phenomena, and evaluation of the 

efficiency of the developed irradiation treatments. 
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3. MATERIALS AND METHODS 

This chapter presents the materials, equipment, and methods used during my 

research. The radiation source and treatment conditions applied for the ionizing 

radiation processes are described in detail. Additionally, the preparation of the 

samples and the experimental methods used for the characterization of the 

vulcanizates are described in detail. 

3.1. Materials 

During my research, I used ground tire rubber produced by Hungarojet Ltd. 

(Budapest, Hungary) through high-pressure water jet milling from the tread and 

sidewall of truck tires (nominal particle size: 0,1–0,2 mm). 

The materials used for the preparation of the rubber mixtures, along with their 

respective functions, are summarized in Table 1. 

 

Materials Manufacturer Brand name Function 

Natural rubber 

(NR) 

Sud Comoé Caoutchouc 

(Adaou, Republic of Côte 

d'Ivoire) 

NR CV 60 matrix 

Stearic acid Oleon (Ertvelde, Belgium) Radiacid 0444 activator 

Zinc oxide (ZnO) 
Werco Metal (Zlatna, 

Romania) 
ZnO WZ-1 activator 

Paraffinic oil 
Hansen und Rosenthal 

(Hamburg, Germany) 
Tudalen 3036 plasticizer 

N-cyclohexyl-2-

benzothiazole 

sulfenamide (CBS) 

Rhein Chemie 

(Mannaheim, Germany) 

Rhenogran® 

CBS-80 
accelerator 

Tetramethylthiuram 

disulfide (TMTD) 

Lanxess (Cologne, 

Germany) 

Rhenogran® 

TMTD-70 
accelerator 

N 772 carbon black 

(CB) 

Omsk Carbon Group 

(Omsk, Russia) 
N-772 OMSK filler 

Sulfur 
Ningbo Actmix Rubber 

Chemicals (Ningbo, China) 

Curekind 

Sulphur 

crosslinking 

agent 

Table 1. Materials used for the production of rubber mixtures 

3.2. Treatment of ground tire rubber with γ-radiation 

This chapter describes the equipment and parameters used for the ionizing 

radiation treatments applied during my research. The treatment of ground tire rubber 

was carried out using an SLL-01 panoramic-type ⁶⁰Co radiation source, with the 
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assistance of Izotóp Intézet Ltd. Irradiation was performed at room temperature with 

a dose rate of 2 kGy/h in different media. To ensure uniform absorbed doses, the 

samples were rotated twice per hour during the treatments. The absorbed doses for 

the various setups (media) are provided in the respective sections. 

3.2.1. Radiation treatment of ground tire rubber in an inert atmosphere 

During irradiation in an inert atmosphere, the ground tire rubber was placed in an 

airtight glass container, which was purged with nitrogen to remove any residual air. 

The containers were sealed to prevent oxygen from entering during irradiation. The 

setup used for this treatment is shown in Figure 2. Two different dose ranges were 

investigated under inert conditions: first a higher range (20, 40, 60, 80, and 100 kGy), 

followed by a lower range (5, 10, 15, 20, 25, and 30 kGy). 

 

 

Figure 2. Arrangement used during radiation treatment in an inert atmosphere 

3.2.2. Radiation treatment of ground tire rubber in an air atmosphere 

During irradiation in an air atmosphere, the ground tire rubber was placed in an 

open container exposed to the environment. The air in the room was changed six times 

per hour to ensure a continuous presence of reactive ozone. The experimental setup 

used for this treatment is shown in Figure 3. The absorbed doses investigated under 

air atmosphere were 20, 40, 60, 80, 100, 250, 500, 750, and 1000 kGy. 

 

 

Figure 3. Arrangement used during radiation treatment in an air atmosphere 
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3.2.3. Radiation treatment of ground tire rubber in water 

During irradiation in a water medium, 100 g of ground tire rubber was placed in 

sealable containers, to which 400 ml of distilled water and 2 ml of Triton X-100 (Sigma 

Aldrich, Missouri, USA) surfactant were added to reduce surface tension. Without this 

step, the GTR, due to its hydrophobic nature, would have floated on the water surface; 

with the addition of the surfactant, however, stable suspensions could be prepared. A 

continuous stream of air was bubbled through the containers via a silicone tube, 

ensuring the constant presence of oxidizing agents formed by water radiolysis and 

preventing the GTR from settling at the bottom. 

The aqueous suspensions were filtered using 615 MN pleated filter paper and dried 

at room temperature in air until constant weight. Gentle drying was applied 

intentionally, as it was assumed that peroxides formed on the surface, which can 

decompose at higher temperatures; the aim was to preserve these surface groups as 

much as possible. The setup used for this treatment is shown in Figure 4. 

As in the inert atmosphere experiments, two different dose ranges were 

investigated in the aqueous medium: first a higher range (20, 40, 60, 80, and 100 kGy), 

followed by a lower range (5, 10, 15, 20, 25, and 30 kGy). 

 

 

Figure 4. Arrangement used during radiation treatment in water medium 

3.3. Recipes and compounding 

During my research, I applied two different mixing methods for the preparation of 

rubber compounds, referred to hereinafter as one-step and two-step compounding 

techniques. The one-step method is based on a natural rubber matrix with a semi-

efficient vulcanization system, resulting in balanced mechanical properties, which 

makes it suitable for general-purpose rubber products. The two-step method differs in 

that it involves an excess amount of vulcanization agents and is carried out in two 

separate mixing steps. This method has already been successfully applied in natural 

rubber-based compounds containing devulcanized GTR to improve adhesion and thus 

the mechanical properties. 
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In the first step (production of GTR premix), the ground tire rubber was mixed with 

a vulcanization system to promote further reactions between the surface functional 

groups and the additives, thereby generating a more reactive surface. The second step 

is identical to the one-step mixing process, except that the ground tire rubber is 

replaced with the GTR premix produced in the first step. 

The formulation used in the one-step compounding process is summarized in  

Table 2. The term GTR refers to ground tire rubber irradiated to a specific absorbed 

dose in the corresponding medium. The reference samples in each case contained 

untreated GTR. The order of ingredients in the table (from top to bottom) corresponds 

to the order in which they were added during mixing. 

 

Material Amount (phr) 

NR 100 

CB 60 

ZnO 5 

Stearic acid 2 

GTR 100 

Paraffinic oil 10 

CBS 1,25 

TMTD 0,6 

Sulfur 0,6 

Table 2. The recipe used for the production of one-step mixtures 

The essence of the two-step mixing process is that the GTR is not added directly to 

the final compound; instead, it is first blended with a vulcanizing system in a separate, 

preliminary step. The resulting mixture is referred to as the GTR premixture. These 

premixtures are prepared in all media and with GTR exposed to all the different 

absorbed doses, and their formulations are summarized in Table 3. The order of the 

components listed in the table (from top to bottom) also corresponds to the mixing 

sequence in this case as well. 

 

Material Amount (phr) 

ZnO 5 

Stearic acid 2 

GTR 100 

Paraffinic oil 10 

CBS 1,25 

TMTD 0,6 

Sulfur 0,6 

Table 3. The recipe used for the production of GTR premixtures 
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In the second step of preparing the two-step compounds, I applied the formulation 

and mixing sequence of the one-step compounds (as shown in Table 2), with the only 

modification being that instead of GTR, I added the GTR premix, containing the GTR 

previously irradiated to the appropriate dose in the given medium. 

The rubber compounds, as well as the GTR premixes, were prepared using a 

Brabender Plasti-Corder (Brabender GmbH & Co. KG, Duisburg, Germany) internal 

mixer. For all mixing procedures, the zone temperatures of the mixer were set to 50 °C, 

and the maximum rotor speed used was 40 rpm. During the experiments, I utilized a 

Banbury-type W50/W50 EHT 50 cm3 volume mixing chamber (Brabender GmbH & Co. 

KG, Duisburg, Germany), with a fill factor of 70%. After the final component was 

added, mixing continued for an additional 2 minutes to ensure adequate homogeneity. 

To determine the vulcanization characteristics of the compounds, a MonTech D-

RPA 3000 rheometer (MonTech Werkstoffprüfmaschinen GmbH, Buchen, Germany) 

was used. Measurements were carried out at 160 °C, with a test duration of 20 minutes, 

1° amplitude, and a frequency of 1,67 Hz. I determined the vulcanization time (t₉₀), 

which is the time required for the rubber compound to reach 90% of its maximum 

attainable crosslink density. Additionally, I present the minimum (S′min) and maximum 

(S′max) torque values reached by the compounds during the measurement. 

The vulcanized sheets were produced from the compounds prepared with the 

internal mixer, using a Teach-Line Platen Press 200E hydraulic press (Dr. Collin 

GmbH, Munich, Germany). Molding was carried out at 160 °C and 2,8 MPa pressure, 

up to the t₉₀ value determined from the vulcanization curves, producing sheets with 

dimensions of 200 mm × 200 mm × 2 mm. 

3.4. Characterization of ground tire rubber 

In this chapter, I provide a detailed description of the methods and equipment used 

to investigate the chemical changes occurring within the ground tire rubber and on its 

surface. 

3.4.1. Soluble content analysis 

The soluble content (sol content) of the ground tire rubber was determined using 

Soxhlet extraction. The measurements were carried out in accordance with the ISO 

1407:2023 standard. Toluene was used as the solvent, and the extraction time was  

16 hours. After extraction, the samples were dried to constant weight at 85 °C. Based 

on the dry mass of the ground tire rubber before and after extraction, the soluble 

content was calculated. 
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3.4.2. Crosslink density measurements 

The crosslink density was determined according to the ASTM D6814-24 (2024) 

standard using a swelling-based method and the Flory–Rehner equation. The samples 

were submerged in toluene at room temperature for 72 hours until equilibrium 

swelling was reached. After swelling, the excess solvent was carefully removed from 

the surface using paper towels to avoid including its mass in the measurement of the 

swollen sample. The samples were then dried at 85 °C to constant weight, and the dry 

mass was measured. The volume fraction of rubber in the swollen network was 

calculated using the Ellis-Welding equation. Based on the crosslink densities of 

untreated and irradiated GTR, the decrease in crosslink density was also determined. 

3.4.3. Horikx analysis 

To gain a better understanding of the processes occurring in ground tire rubber 

treated with gamma radiation, Horikx analysis can be performed using the results of 

the Soxhlet extraction and crosslink density measurements. The model distinguishes 

between two limiting cases: selective crosslink scission and random degradation of the 

polymer backbone, both of which can be represented graphically. 

3.4.4. Fourier-transform infrared spectroscopy 

The measurements were carried out using a Bruker Tensor II FTIR spectrometer 

(Bruker Corporation, Billerica, USA) in the wavenumber range of 400–4000 cm⁻¹, with 

a resolution of 4 cm⁻¹, averaging 16 scans per sample, in attenuated total reflectance 

(ATR) mode. During data evaluation, the normalized spectrum of the untreated 

(reference) sample was subtracted from the normalized spectra of the irradiated 

samples, resulting in so-called difference spectra. This approach allows chemical 

changes on the surface to be more clearly visualized, facilitating their identification. 

3.4.5. X-ray photoelectron spectroscopy 

To determine the chemical composition of the sample surface, X-ray photoelectron 

spectroscopy (XPS) measurements were performed using a Thermo Scientific 

ESCALAB Xi+ spectrometer (Thermo Fisher Scientific, Waltham, USA) at the Surface 

Chemistry and Catalysis Laboratory of the Centre for Energy Research. A 

monochromated Al K-alpha (1486.6 eV) X-ray source was used with a spot size of 

900 µm, and each sample was measured at five different locations. Wide-scan spectra 

were acquired for each sample (using an analyzer pass energy of 80 eV) to assess the 

elemental composition. For quantitative and chemical state analysis, high-resolution 

spectra were recorded (20 eV pass energy) for the following photoelectron lines: C 1s, 
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O 1s, and Zn 2p. Surface charging of the samples was compensated using the 

instrument’s built-in dual-beam charge neutralization system. The C 1s peak 

corresponding to the C–C/C–H component (284.8 eV) was used as the reference for 

energy scale calibration. 

To increase the reliability of the measurements, the samples were treated with 

gentle cluster ion sputtering to remove adventitious carbon contamination. During 

data evaluation, the Zn 2p contribution was subtracted from the O 1s spectrum due to 

spectral overlap. Without this correction, the quantification of oxygen would have 

been inaccurate. The corrected O 1s signal was then normalized to the C 1s signal, 

allowing the calculation of the surface oxygen-to-carbon ratio. 

3.5. Characterization of vulcanizates 

In this chapter, I present the methods and equipment used for the characterization 

of vulcanizates containing ground tire rubber. 

3.5.1. Tensile and tear strength tests 

Tensile tests were carried out in accordance with the DIN 53504 (2017) standard, 

using a clamping length of 60 mm and a crosshead speed of 500 mm/min on Type 1 

test specimens. Tear strength tests were performed according to the ASTM D624-00 

(2020) standard, using a clamping length of 56 mm and a crosshead speed of 

500 mm/min on Type C specimens. For the tear tests, a 1 mm notch was introduced 

into the specimens using a scalpel. All measurements were conducted at room 

temperature using a Zwick Z005 universal testing machine (Zwick GmbH, Ulm, 

Germany), with four parallel measurements performed for each material. 

3.5.2. Hardness testing 

The Shore A hardness of the vulcanizates was measured using a Zwick H04.3150 

hardness tester (Zwick GmbH, Ulm, Germany), in accordance with the ISO 48-4:2018 

standard. For each material, measurements were performed at 20 different points to 

obtain a representative value for the sample. The sampling time for each measurement 

was 3 seconds. 

3.5.3. Morphological analysis 

The morphology of the ground tire rubber and the fracture surfaces of the test 

specimens was examined using a scanning electron microscope (JEOL JSM 6380LA, 

Jeol Ltd., Tokyo, Japan). Prior to analysis, the samples were coated with a thin layer of 

gold.  
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4. SUMMARY 

Nowadays, end-of-life tires pose a significant environmental challenge, and their 

integration into the circular economy remains unresolved. One recycling route 

involves material reuse by incorporating ground tire rubber into new rubber 

compounds. However, in most cases, poor interfacial adhesion between the phases 

limits performance, necessitating the development of novel surface treatments to 

enhance compatibility. The aim of my research was to develop high-energy (gamma) 

irradiation methods to activate the surface of waste tire rubber particles, thereby 

improving adhesion in new rubber matrices. The effects of irradiation on the chemical 

structure and surface modifications of GTR were examined, followed by an evaluation 

of their applicability in natural rubber based vulcanizates. 

Irradiation under inert atmosphere in the studied dose range (0–100 kGy) led to 

only minimal chain scission, as confirmed by Soxhlet extraction. Simultaneously, a 

slight crosslinking was observed, reaching a maximum increase of ~10% at the highest 

dose. These findings suggest that in an oxygen-free environment, the rates of chain 

scission and crosslinking are nearly constant, and no significant changes occur in the 

chemical structure. Similarly, due to the absence of oxygen, no surface activation was 

detected, and no new functional groups were observed by Fourier-transform infrared 

spectroscopy (FTIR) or XPS analysis. The NR-based blends showed no significant 

improvement in mechanical properties, confirming the lack of surface activation. 

In contrast, gamma irradiation in air induced slight degradation (chain scission) up 

to 100 kGy based on Soxhlet measurements, while the crosslink density decreased 

significantly (by ~50%). At higher absorbed doses (>100 kGy), degradation became 

dominant (~22%) without further change in crosslink density. The FTIR analysis 

revealed the formation of new oxygen-containing functional groups on the GTR 

surface after irradiation. The XPS results showed a ~3% increase in the surface oxygen-

to-carbon ratio at the lowest dose (20 kGy). This surface activation and selective 

devulcanization improved compatibility in NR-based vulcanizates, leading to 

enhanced mechanical properties. With the two-step mixing process, the tensile 

strength increased by over 35%, and elongation at break improved by 10% for the  

60 kGy sample compared to the reference. Similarly, tear strength increased by 7% for 

the 40 kGy sample, indicating stronger interfacial adhesion. However, at higher doses, 

excessive degradation led to a decrease in mechanical properties, making such 

treatments less favorable. Based on these results, the maximum absorbed dose during 

irradiation in water medium was limited to 100 kGy. 

Gamma irradiation in water caused only minor chain scission; even at the highest 

dose (40 kGy), the soluble content increased by just ~2% compared to the reference. 

Crosslink density decreased slightly (~9%), which is lower than in air-irradiated 

samples. Reactive intermediates formed by water radiolysis attacked the GTR surface, 

leading to the formation of new oxygen-containing groups identified by FTIR. The 

surface O/C ratio increased by nearly 10%, indicating a more intense surface activation 
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than under air. These results suggest that the absorbed radiation energy was primarily 

used for water radiolysis. In NR-based vulcanizates prepared by single-step mixing, 

tensile strength increased by 11% and elongation at break by 8%. The most significant 

improvement was observed in tear strength, which increased by 40% compared to the 

reference, demonstrating improved interfacial adhesion. Combining irradiation with 

two-step mixing led to further enhancements: tensile strength increased by 25%, and 

elongation at break also improved by ~8%. Tear strength also increased by more than 

35% compared to the reference, with the best results obtained at 20 kGy, prompting 

further experiments at lower doses (5, 10, 15, 20, 25, and 30 kGy). 

With single-step mixing, tensile strength remained unchanged up to 15 kGy, while 

the best result was achieved at 30 kGy, where a 16% increase was observed. Elongation 

at break and tear strength showed similar improvements. Notably, even at 5 kGy, tear 

strength increased by 23%, and the best result was obtained at 10 kGy, with a 30% 

increase. When surface-treated GTR was combined with two-step mixing, tensile 

strength increased by 28% at 5 kGy without compromising elongation. Tear strength, 

a sensitive indicator of interfacial adhesion, increased by 17% at 5 kGy, which is a 

remarkable improvement. 

In conclusion, gamma irradiation in both air and water media was successfully 

developed and applied to enhance interfacial adhesion in NR-based, ground tire 

rubber containing vulcanizates. These treatments proved effective in improving phase 

compatibility, which in turn positively influenced mechanical properties. As a result, 

the application range of GTR-containing materials can be extended, contributing to the 

reduction of environmental waste. 
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5. THESES 

In my research, I implemented the gamma radiation-assisted recycling of ground 

tire rubber derived from truck tires through water jet milling. I produced natural 

rubber-based rubber compounds containing 30 wt% of irradiated ground tire rubber. 

During my research, I applied two different mixing methods (one-step and two-step) 

for the preparation of the vulcanizates. The one-step mixing is based on a conventional 

semi-efficient vulcanization system, and the mixing is carried out in a single step. The 

two-step method differs in that it includes an additional amount of vulcanization 

system, which is pre-mixed with the ground tire rubber prior to the compounding 

process. 

Based on the results of my research, the main scientific theses are as follows: 

 

1. Gamma irradiation of ground tire rubber under inert atmosphere up to an 

absorbed dose of 100 kGy does not induce changes at the surface, while in 

the bulk phase the rates of chain scission and crosslinking remain nearly 

identical. No morphological or chemical changes take place on the surface; the 

generated radicals primarily react with each other, as confirmed by Fourier-

transform infrared spectroscopy and X-ray photoelectron spectroscopy 

measurements. The changes in the internal chemical structure were verified by 

Soxhlet extraction and swelling tests. [3, 9]. 

 

2. Gamma irradiation of ground tire rubber in an air atmosphere effectively 

enhances interfacial adhesion in a natural rubber matrix compounds 

containing irradiated ground tire rubber, using two-step mixing. This 

improvement is attributed to the formation of functional groups on the surface 

(such as nitroso, hydroxyl, sulfonate, and others), which increase surface 

activity, and to the selective scission of crosslinks (increased physical crosslinks 

between the phases). As a result of improved interfacial adhesion, the tensile 

strength of the vulcanizates increased by 35%, and the elongation at break by 

10% at an absorbed dose of 60 kGy. 

Changes in the internal chemical structure of the ground tire rubber were 

confirmed by Soxhlet extraction and swelling measurements, while surface 

modifications were verified by Fourier-transform infrared spectroscopy and  

X-ray photoelectron spectroscopy. [5, 8, 10, 11]. 

 

3. The surface of ground tire rubber can be activated through gamma irradiation 

in a water medium with continuous air bubbling, which is due to the 

formation of functional groups (such as peroxides, hydroxyl, sulfonate, and 

others) on the surface, generated by the radiolysis products of water. The 

reactive intermediates formed during radiolysis can attack the GTR surface and 
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introducing functional groups, as confirmed by Fourier-transform infrared 

spectroscopy and X-ray photoelectron spectroscopy. [3, 4, 5]. 

 

4. The functional groups (such as peroxides, hydroxyl, sulfonate, and others) 

formed on the surface of ground tire rubber as a result of water radiolysis 

products can effectively enhance interfacial adhesion in natural rubber 

matrix compounds containing irradiated ground tire rubber, in both one-step 

and two-step mixing processes. This improved interfacial adhesion leads to a 

beneficial increase in the mechanical properties of the vulcanizates from an 

application standpoint. In the case of one-step mixing, the tensile strength 

increased by 11% without a decrease in elongation at break, while the tear 

strength improved by more than 40%. 

In the two-step mixing process, the tensile strength increased by 30%, and the 

tear strength by 32%, again without a reduction in elongation at break. The 

functional groups formed on the surface due to the radiation treatment were 

able to react with the vulcanizing system in the first step, thereby increasing the 

chemical reactivity of the ground tire rubber surface [3, 4, 5]. 
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