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1. Introduction. 

Increasing interaction between countries and interdependence (globalization 

processes) are the critical causes of growing consumerism [1], which reflects the 

unjustified acquisition of goods that are not real needs resulting from social, individual, 

or ecological aspects [2]. As one can imagine, this trend has a critical impact on 

environmental protection, affecting the increasing amount of accumulated waste and 

influencing the water and carbon footprint (an increase in demand equal to an increase 

in production). According to The World Bank, the main waste groups are food and green 

waste, glass, metals, waste paper, wood, plastic, rubber, and leather [3]. Although the 

largest one is the former (as much as 44% of the world's waste), the equally demanding 

challenge is polymer waste (plastic and rubber) that has been on the world's agenda 

for many years. According to Geyer et al. [4], who has made a detailed analysis of plastic 

production, use, and waste management, approx. 8300 million metric tons of plastic 

have been synthesized and released into the world to the publication’s date.  

What is more, by 2015, approx. 6300 million metric tons of plastic waste have been 

generated. The worst information is that only 9 % had been recycled and 12 % was 

incinerated, while 79% was legally/illegally stockpiled in landfills or, worse, in the 

natural environment. Scholars have stated that by 2050 over 12 000 million metric tons 

of waste plastic will be kept this way (assuming that the production trend and current 

management methods will remain at this level). 

So far, five main streams of plastic waste management have been presented and used 

in practice, which are: (i) landfilling, (ii) incineration and energy recovery, (iii) reduction, 

(iv) re-use, and finally (v) recycling. Depending on the commercial value of the waste 

product and the efficiency of the entire recycling process (including logistics, treatment, 

and recovery), an appropriate disposal method is selected. An equally important aspect 

is the degree of contamination of waste, which also influences the choice of method. 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


7 
 

1.1. Landfilling 

Landfilling of polymer waste is the primary way of managing the problem. It is the least 

desirable because of the high probability of causing soil and groundwater pollution, 

even on a well-managed landfill site [5]. Moreover, landfilling significantly reduces the 

likelihood of reuse or attempted recycling of these materials, leaving the waste stream 

in a linear process instead of being built into a closed circuit. According to The 

Environmental Implementation Review 2019 (POLAND), written by the staff of the 

Directorate-General For Environment of the European Commission, in Poland, 

landfilling is still the predominant way to manage waste (42% in 2016), while the EU 

average is much lower (24%). The report highlights the need to accelerate the transition 

to a circular economy in all economic sectors, significantly impacting Poland's waste 

management development.  

1.2. Incineration 

Another commonly used solution is to incinerate plastics. According to the analysis 

carried out by Greyer et al., this approach has gained importance over the years (1990-

8.0%, 2000-15.0%, and 2015-25.5%), and with this trend, it will reach 50 % by 2050. 

Although there is an apparent increase in interest in this method, it also has significant 

disadvantages in releasing hazardous substances into the atmosphere. The best 

examples are polymers containing halogens, (poly(vinyl chloride) (PVC), halogenated 

butyl rubber, and chlorinated or brominated polystyrene), which can release furans, 

dioxins, or polychlorinated biphenyls [6]. If the incineration plant is adequately stocked 

and designed, incineration and energy recovery is an attractive solution to reduce 

constantly growing polymer waste; however, primarily because of this perceived risk of 

contamination, plastic combustion is less widespread than landfilling. There is also one 

crucial aspect to be addressed in terms of using this approach, which is energy recovery. 

This subject will be mentioned in the recycling section.  
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1.3. Reduction 

It is also essential to minimize the number of plastics during the production process, 

for example, by reducing the volume of packaging, which would result in less waste. It 

would seem that the reduction of used raw materials is beneficial not only for the 

environment but also for the economic aspects of a company. However, there is 

a range of factors that contradict such simple thinking. For example, generating more 

space on a single package to place an advertisement (economic profit) or the existence 

of already finished technological halls for which the reduction of raw material may 

require significant investment. Moreover, the aesthetic aspect is also crucial from the 

point of view of the product recipient. In this case, without proper public awareness 

and reaching the basic cells of society, there won’t be an effective downgauging. 

1.4. Reuse 

Regarding the reuse of plastics, the biggest hurdle is the issue of proper collection and 

logistics. In the case of local companies, such a project is feasible. Still, if the product is 

widely known and used on a regional/country/continent/world scale, collecting and 

transporting it to centralized product-filling factories becomes problematic. Moreover, 

the multitude of products from the same family (e.g., carbonated drinks) with 

packaging designed for their marketing makes it impossible to separate them properly 

and send them to the right producer. However, even if such a collection were possible, 

it is hard to imagine reusing a plastic bottle that another person has already used 

without proper treatment. Another issue is the use of packaging, e.g., domestic 

cleaning products. There are solutions for refilling waste packaging. Unilever Group, a 

global player in the fast-moving consumer goods industry, is campaigning to encourage 

consumers to use refill points [7]. However, as mentioned earlier, such actions are 

effective on a local scale, even though this approach can become part of the day-to-

day basics of a consumer, for example, by providing refill stations in every major 

supermarket.  
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1.5. Recycling 

Another essential and well-known method of plastic waste management is recycling. 

However, the term recycling plastics is often a complicated and confusing subject. 

Therefore, it is necessary to clarify the basics of the issue first. Recycling waste plastics 

is the sum of processes that allow to recover the waste and process it in a way that 

makes it useful. The recycling product does not have to be identical or even close to 

the starting material [8]. According to ASTM D5033-00 [9], there are four main 

categories: primary, secondary, tertiary, and quaternary recycling. The first one 

concerns all mechanical recycling methods which allow obtaining a product with 

properties similar to those of the starting material, while the second one concerns all 

mechanical recycling methods transforming the waste material into products that have 

less demanding performance requirements than the original application. Tertiary 

recycling involves all actions which transform waste materials into chemical 

constituents, and finally, quaternary recycling is all about energy recovery. Another 

standard for guidance on the recovery and recycling of plastic waste (ISO 15270 [10]) 

states that recycling methods should be divided into two recovery technologies: 

material recycling and energy recovery, however, it states that the term material 

recovery refers to mechanical, chemical, feedstock, biological or organic recycling. For 

further discussion on plastic waste management, the author of the dissertation will use 

terminology consistent with ISO 15270, as it is easier to address and describe the 

individual components of such classification.  

To carry out mechanical recycling processes in such a way that the obtained product 

has properties similar to the initial material, it is necessary to provide an appropriate 

way of collecting and separating waste. What is more, already at the reprocessing 

stage, the variables influencing the delay of degradation should be introduced. 

Obviously, this is the easiest way to process waste coming directly from production 

lines by the producer of a particular product, e.g., overflow or waste after mechanical 

processing, due to the known type of recycled material. Additionally, the possibility of 

reprocessing plastics of the same or similar grades (e.g., poly(ethylene terephthalate) 
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(PET) used for bottles) facilitates the mechanical recycling process itself. However, the 

largest amount of plastic waste belongs to the postconsumer group. The proper 

collection, selection, cleaning, and transport of such materials are necessary to 

effectively manage it, which has already been addressed. It is also possible to use the 

recovered product as a partial replacement for the raw matrix. Of course, depending 

on the type of material, a product with unchanged properties (primary recycling – e.g., 

PET fibers) or with a noticeable decrease in properties (secondary recycling – e.g., 

production of flooring tiles from mixed polyolefins) is obtained [11]. 

It is also possible to carry out chemical/feedstock recycling to transform waste 

polymers into monomers or other equally important components by means of 

depolymerization, partial oxidation, or cracking. These materials are used as feedstock 

for various processes or as fuels [12]. In the case of depolymerization, the result of the 

process and its efficiency depend primarily on the type of polymer used. In the case of 

condensation polymers such as polyamides or polyesters, the process reverse to their 

synthesis can be carried out (hydrolysis, glycolysis, alcoholysis, aminolysis, or 

methanolysis). As products, the following can be obtained: diacids, diols, or diamines. 

In the case of addition polymers such as polyolefins, depolymerization processes are 

complicated [13] and partial oxidation, using oxygen and steam streams, is applied to 

convert polyolefin wastes into a mixture of hydrocarbons and synthesis gas (CO and 

H2). The composition of the obtained syngas depends on the polymers used [14]. The 

last shortly discussed method of chemical recycling is cracking. This process involves 

breaking down the polymer chains into low molecular weight compounds that can be 

further utilized. This process is carried out in the absence of air, thus eliminating the 

formation of dioxins, which is crucial in terms of environmental pollution [15, 16]. There 

are three basic approaches to carrying it out: thermal, catalytic, and hydrocracking. 

Thermal cracking, which is a result of pyrolysis, is a process of heating the polymer in 

an inert atmosphere resulting in the thermal scission of the bond and generation of low 

molecular weight hydrocarbons feedstocks (liquids – olefins, paraffins, aromatics, and 

naphtenes; volatile fraction and solid residue) [17]. Catalytic cracking differs from 
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thermal cracking in terms of the conduct of the process itself and has several significant 

advantages that the latter lacks. First of all, it significantly reduces the process 

temperature by lowering the activation energy. Moreover, the use of catalysts allows 

for better selectivity in terms of obtaining specific process products. The main 

disadvantages are the lifetime and the need to regenerate the catalyst beds [18].  

Hydrocracking involves a transformation of polymeric waste into fuel range 

hydrocarbons in a hydrogen atmosphere and at elevated temperatures. Many common 

polymeric may be used as a feed, like polyolefins, PET, PVC, polystyrene (PS) and mixed 

polymer waste [19-22]. However, this method is commonly used with heavy gas oils 

and residues to remove nitrogen, sulfur, or metals and transform them into lighter 

fractions (e.g., fuel, gas, oils) [23]. 

The methods listed above are only the main group of processes used to manage waste 

plastics. Each of them has its specificity and involves different technological solutions 

depending on the approach of people, scientists, and entrepreneurs. However, despite 

this multitude of processes, the substantial amount of financial contributions from 

countries around the world, and the growing self-awareness of the public, we still face 

many problems regarding waste management. This situation is due to the quality and 

price of recyclates compared to their non-waste counterparts. The use of waste plastics 

is also associated with increased control over the material and consumer demands 

related to product aesthetics. And while the recycling rates for plastics such as 

polyethylene (PE), polypropylene (PP), low-density polypropylene (LDPE), high-density 

polyethylene (HDPE), PVC, and PET are at a relatively good level, there are materials 

whose recycling is significantly hindered by their nature, properties as well as advanced 

and complex physical and chemical structures. 

2. Waste tire management. 

The examples mentioned above and problems of recycling mainly concern plastics that 

are one-component materials (with the possible presence of pigments, stabilizers, or 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


12 
 

catalysts in the structure). In the case of multicomponent polymer waste, it is much 

more challenging to carry out appropriate activities aimed at its effective and 

environmentally friendly management. Even more problematic are materials with 

reinforcements in their physical structure, especially those belonging to other material 

groups (metals, ceramics, a wide range of organic and inorganic compounds). One of 

the most problematic materials, posing a considerable threat to the environment and 

human life, yet being an advanced engineering product generated by almost every 

household, is a tire. 

2.1. Waste tires worldwide 

During further discourse regarding the global generation and management of waste 

tires, this product will be referred to as end-of-life tires (ELT). This term refers to a tire 

that can no longer serve its intended purpose due to wear and tear. The data presented 

is based on a thorough analysis of global ELT management presented by the World 

Business Council for Sustainable Development (WBCSD) published in December 2019 

[24]. The study presented here excludes tires that have been retreaded, reused, and 

exported with used cars.  

For the further purpose of evaluating the generation and recovery rate of ELT, three 

basic methods of recycling were adopted, and these are: material recovery, energy 

recovery, and backfilling (e.g., in mining sites [25] or for land rehabilitation [26]) and 

civil engineering (e.g., water retention basins [27]). According to WBCSD data for 13 

countries (United States, China, India, Japan, Indonesia, Brazil, Thailand, South Korea, 

Mexico, Russia, South Africa, Argentina, and Nigeria), and parts of Europe (as reported 

by the European Tyre and Rubber Manufacturers' Association (ETRMA)), ELT recovery 

is 25.7 million metric tons per year, and when include backfilling and civil engineering 

the number rises to 26.1 million metric tons per year, while the overall volume of ELT 

generated in those countries is estimated to be 29.1 million. To delve deeper into the 

problem of ELT management, the analysis began with ELT generation, the legal system, 
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main recovery methods, and responsible organizations (for each of the above-

mentioned world regions), which were gathered and presented in Table 1
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Table 1 Summary for each region of current ELT generation, legal system, main recovery methods, and responsible organizations (data based on WBCSD report). 
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Table 1 Summary for each region of current ELT generation, legal system, main recovery methods, and responsible organizations (data based on WBCSD report). 
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Table 1 Summary for each region of current ELT generation, legal system, main recovery methods, and responsible organizations (data based on WBCSD report). 
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Table 1 Summary for each region of current ELT generation, legal system, main recovery methods, and responsible organizations (data based on WBCSD report). 
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As shown in Table 1, most ELTs are recovered by Indie, China, United States, and 

European Countries. However, to evaluate the efficiency of each country, the recovery 

rate must be taken into account. To facilitate further analysis of the global management 

of waste tires, the recovery rate by region is presented in Figure 1.  

 

Figure 1 ELT recovery rate by region (1-excluding civil engineering and backfilling; 2- including civil 
engineering and backfilling) (data based on WBCSD report) * According to CTRA and CRIA (authorities have 
claimed it that 100% of the generated ELT is recovered in China).  

The graph above indicates that Brazil, India, Japan, Europe, and South Korea have the 

highest recovery of generated ELT. In the case of China, the recovery depends on the 

data source. It is estimated at 38%, however, tires are treated as a resource in this 

country, so 100% of the ELT generated should be collected separately [28]. About two-

thirds of the total recovery occurs in the informal arena. Taking these factors into 

* 
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account, one must assume that the actual data is somewhere between. In terms of 

managing this waste, Brazil focuses on granulation and the use of ELT in cement kilns. 

India, which also manages a significant portion of its waste tires in the informal arena, 

focuses on energy recovery as well as reclaiming of rubber waste. Japan mainly focuses 

on energy recovery, gasification, pyrolysis, and TDF generation and utilization. In the 

case of South Korea, the highest number of ELT is transformed into any form of fuel for 

energy production (limit set by the government up to 70%) and material recycling with 

reclaiming dominance. In Europe (2017), more than 1.9 million tons of ELT were sent 

to material recovery (through granulation and pulverization), 1.2 million tons to energy 

recovery (mainly in cement kilns), and 0.1 million tons to civil engineering and 

backfilling.  

Achieving high ELT recovery rates results from many years of work on waste tire 

management systems. Those are based on regulations that are more or less interfered 

with by the government of a country or region. In some cases, the government is 

limited to being a stakeholder in the ELT management process, while in other cases, it 

may have an active and legal influence on financial management and technology 

development. Basic ELT management systems are presented in Table 2 with a brief 

explanation and examples of the countries involved. 
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Table 2. ELT management system and regulation principles with examples of involved countries. 

System Principles Examples of countries involved 

Extended 
Producer 
Responsibility 

Tire manufacturers and importers 
are held responsible by national 
regulations for the appropriate 
management of end-of-life tires 
arising. 

Belgium, Brazil, Czech Republic, 
Estonia, Finland, France, Greece, 
Hungary, Ireland, Italy, Latvia, 
Lithuania, Netherlands, Poland, 
Portugal, Russia, Slovenia, South 
Korea, Spain, Sweden, and Turkey 

Free market 
system 

Enterprises may invest in ELT 
management plans; however, 
every action must be following 
legislation/standards 
 

Denmark, Croatia, and Slovakia 

Tax system 

Each country is responsible for 
the management of ELTs. It is 
financed by a tax levied on tyre 
producers and subsequently 
passed on to the consumer. 

Arabia, Argentina, China, India, 
Indonesia, Japan, and Mexico 

 

Despite the existence of solutions to unify the recovery systems, it is essential to 

emphasize that each entity focuses on different recycling methods (material, energy, 

etc.), characterized by different technological solutions and their degree of 

development. Moreover, despite the existing effective solutions, the biggest problem 

for the industry involved is that the resulting products are very often of average or low 

quality, the recycling methodology can be hazardous; hence the ELT market is most 

often unprofitable and not self-sufficient. Therefore, on a global scale, the ELT recovery 

and recycling market is still in the development phase and needs further work from 

governments, entrepreneurs, and research entities.  
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2.2. Waste tire recycling. 

The whole ELT recycling cycle can be very simple (direct use in civil engineering) as well 

as more complex (pyrolysis or reclaiming). To better present the ELT management 

options, Figure 3 shows the recovery routes and their possible interrelationships.  

 

Figure 2. ELT management routs and links between steps. 

 

The ELT recycling process begins with activities to cut, granulate, or shred them. These 

differ in the degree of shredding of the waste tire (cutting>granulation>shredding). 

Typical classification according to the European Committee for Standardization (CEN; 

CEN TS14243) is presented in Table 3. Two main methods can be applied to decrease 

the size of processed ELT: (i) grinding at ambient temperature and (ii) grinding at 

cryogenic conditions. It must be pointed out that the first method allows obtaining a 

product with a rough surface, while the second one gives a material with a smooth one. 

Regarding the practical use of materials, surface development is crucial (higher 
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interaction with a raw matrix), and the ambient atmosphere grinding method is usually 

used, precisely because of its irregular shape and fuzzy surface [29]. 

Table 3. Typical classification of GTR particles according to the European Committee for Standardization. 

Classification name Fraction size (mm) 

Cut tires > 300  

Shreds 20-400  

Chips 10-50 

Rubber granulate 0,8-20 

Rubber dust <0,8 

 

Grinding processes are either applied to the entire ELT or a combination of them is used 

to gradually reduce the particle size and partial removal of steel cord and fibers from 

it. For example, shredded tires can be used directly in cement kilns or civil engineering, 

or for further shredding and then for granulation. It all depends on the needs of the 

product recipients (place of management or particle size). ELTs or their cut form can be 

used in civil engineering, cement plants, gasification, pyrolysis, energy recovery, or 

steel production. The granulation products, i.e., powder and granulate, are also used in 

civil engineering applications. However, the processed material can be subjected to 

other operations aimed at partial devulcanization and cross-linked waste rubber 

structure degradation. This process is called reclaiming. 

To understand how to recycle waste tires, one needs to delve a little deeper into each 

option.  

2.2.1. Waste tires in Civil Engineering 

Regarding developing ELT in various forms, the discussion should start with civil 

engineering. As a raw material, it is characterized by low density, high elasticity, low 

stiffness, and high thermal insulation, and it can innovatively get a second life. Typical 

applications are noise barriers and sound insulation panels [30], vibration-damping 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


23 
 

layers beneath rail lines [31], rubberized asphalts [32-34], fills for highway barriers [35, 

36], or insulation against frost penetration in roadways [37]. Not only can scraped tires 

be used in civil engineering; for example, a waste fiber obtained during granulation and 

separation can also be applied as a filler enhancing concrete properties [38].  

2.2.2. Waste tires in Cement Kilns. 

Another pathway briefly discussed will be the use of ELT in the cement kilns. This 

solution is separated from energy recovery due to the sophistication and prevalence of 

this technology. In the case discussed, waste tires are used as fuel for cement 

production. The important fact is that cement production is very energy-consuming 

(3.3 GJ/tonne), and energy generation costs are about 40% of the total production 

amount [39]. However, what distinguishes this technology from others is that the 

whole process works in a closed system, and the generated ash is introduced into the 

cement composition. Thanks to that, the ash generated is not treated as waste and 

does not generate further problems with its disposal. Due to the complex chemical and 

physical structure, this solution allows for oxidation of all components, so the ash 

generated consists of 100% of the ELT used [40]. 

2.2.3. Waste tires for steelmaking 

Similar assumptions are used when using waste tires for steelmaking. The production 

of "green steel" uses Polymer Injection Technology, which allows ground waste tires to 

be fed straight into the furnace. In this process, ELT is used as a partial or complete 

substitute for coke, which has been proven to lead to a more stable slag [41]. 

Furthermore, the introduction of ELT significantly increases the reduction and 

carburization of the metal produced, compared to coke alone. The researchers 

conclude that the hydrogen introduced by the rubber-based waste, and thus the 

reactions in which this element participates, promote faster coal gasification ( more 

rapid reduction of iron oxide in coke) [42].  
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2.2.4. Waste tires in pyrolysis/gasification 

Pyrolysis/gasification is another option for ELT development. These are thermal 

methods to convert waste tires into valuable products, the difference being that the 

gasification process is carried out in an atmosphere of air, oxygen, hydrogen, or steam, 

while pyrolysis is an endothermic process done without access to air or oxygen 

(sometimes hydrogen or steam is used to suppress oxidation processes resulting from 

the presence of elemental oxygen in the feedstock) [43]. Due to the presence of 

reactive gases, the obvious conclusion is that gasification is more efficient than 

pyrolysis and has a much narrower range of temperatures at which it is carried out (700 

– 800 °C – gasification; 400 - 800°C – pyrolysis) [44]. By controlling the temperature and 

the heating and cooling rate, it is possible to control the quality and quantity of 

products. In pyrolysis, running processes at low temperatures promote liquid products, 

while high temperatures promote gas production. When the process is run slowly, char 

production is increased [45]. When the process is cooled rapidly, the production of 

liquid products is favored due to the condensation of the formed gases. For gasification, 

the type of gases used has a crucial impact on the quality of the products obtained. 

Conducting the reaction at this stage offers many possibilities, including introducing 

additional variables into the process to obtain a specific product (for example, the 

synthesis of specific gaseous or liquid fuels), while for the pyrolysis products further 

processing further is needed. Of course, this does not mean that all gasification 

products are already finished, products that do not require additional treatment. The 

resulting products from both processes can be used to produce syngas, synthetic oils, 

and char. For better visualization, Table 4 presents the compounds detected in the 

highest amounts as components of ELT pyrolysis products. D
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Table 4. ELT pyrolysis products and their main composition.  

Detected components References 

Pyrolysis oils 

polyaromatic hydrocarbons 

[46] polyaromatic nitrogen hydrocarbon 

polymeric sulfur hydrocarbons 

benzene 

[47] 

toluene 

xylenes 

styrene 

limonene 

indene 

Gaseous products 

hydrogen 

[47] 

methane 

ethane 

ethene 

propane 

propene 

butane 

butene 

butadiene 

carbon dioxide 

carbon monoxide 

hydrogen sulfide 

Solid residue 

Char containing inorganics used in tire 
manufacture such as: zinc, calcium or silicon 

[47] 

2.2.5. Waste tires in energy recovery 

Due to their high calorific value (33-35 MJ/kg), ELTs are used directly or after size 

reduction to generate energy by simply incineration or co-combustion with other fuels 

like coal. Shredded waste tires used for incineration are commonly called tire-derivated 

fuel (TDF). These solutions are often used in the pulp and paper industry, electric 

utilities, or industrial boilers and give tangible benefits like lower air pollution, reduced 

energy generation costs, and efficient heat recovery. However, despite its advantages 

and the aspects related to the management of waste tires, this solution has a few 
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problems. First of all, to design and build a proper plant, high capital investment is 

needed. The whole process requires a flue-gas cleaning and well-trained staff.  

2.2.6. Waste tires reclaiming/devulcanization 

The ELT management methods listed above mainly focus on high-temperature 

processes. Although these methods are already widely used worldwide and can 

partially cover the demand for waste tire management, two important things must be 

considered before using ELT as fuel. The first is possible environmental pollution 

through the generation of substances that negatively affect human health and life. 

When a tire burns, there is a high probability of generating harmful substances such as 

dioxins and furans. These substances are produced by the combustion of halogen 

derivatives in the presence of hydrocarbons and oxygen. ELT used as a fuel itself 

contains great amounts of hydrocarbons and the process itself is carried out in the 

presence of air. The chlorine can be found in the chlorinated butyl rubber liner, which 

slows down air leak. Justice Energy Network [48] reported that the application of ELT 

as a fuel in cement kilns and paper mills increases the amount of dioxins/furans 

generated during incineration (depending on the quantity and the measurement 

location, an increase of 4.1 - 247 % was observed). In addition to data shown in Table 

4 not only dioxins can be generated during thermal treatment of ELTs. Among 

mentioned substances, some are generally considered carcinogenic (e.g., butadiene 

and styrene). The potential risk of generation and release of hazardous chemicals into 

the atmosphere is an important aspect to consider when using TDFs. However, analysis 

of the ELT development market indicates that treatments of this type are continuing. 

This is due to advanced technologies to capture these compounds and thus reduce the 

number of toxic substances below the permitted levels. However, the potential risk of 

toxin leakage is not the essential factor in using ELT as a TDF. As mentioned earlier, 

when TDF is burned, we get an energy yield of about 32-35 MJ/kg. At this point, it is 

vital to consider the energy generated during compound production used for tire 

manufacturing, tire production itself, and the processes applied for ELT 

cutting/shredding/granulation. A detailed analysis,made by Amari T. et al. [49], 
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indicates that the energy recovered during the combustion of TDF represents about 

37% of the energy needed to produce a tire (including the production of raw materials 

and the tire itself, as well as the grinding of tires to the required size for use as fuel). At 

this point, an important question arises, would it not be better to perform material 

recovery of the tire and use it as a matrix for a new product, a partial substitute, or as 

a hybrid filler/filler? It overcomes the energy loss problem resulting from the difference 

between the energy input in the tire production and the energy recovered from its 

combustion. However, appropriate processes must be carried out to modify the rubber 

waste for this approach to be applicable on a large scale. Such possibilities are provided 

by the reclaiming of waste rubber. In this case, the most commonly used raw material 

is ELT after the granulation or powdering process. Generally speaking, the basis of 

reclaiming processes is the phenomenon of devulcanization, i.e., breaking crosslinking 

bonds (most often mono-, di- and polysulfide bridges but also in the form of C-C bonds) 

occurring in the structure of cross-linked rubber. If such selective degradation of these 

bonds was possible, one would obtain a product that could be re-crosslinked, 

significantly eliminating the problem of waste rubber recycling. However, the selective 

devulcanization process is still not feasible because of the ratio of S-Sx-S bonds to C-C 

bonds present in the elastomer chain. Therefore, all processes aiming to partially 

restore the non-crosslinked structure of waste rubber are supposed to be called 

reclaiming. An essential difference between reclaiming and devulcanization is that 

partial devulcanization and degradation of elastomer chains occur during reclaiming. 

Moreover, the phenomena used in this process often lead to new reactions or cyclic 

crosslinking and de-crosslinking, dramatically changing the physical and chemical 

structure of the material. Figure 3 illustrates the difference between the discussed 

processes  
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Figure 3. The difference between the molecular structure of rubber compounds, vulcanized, devulcanized, 
and reclaimed rubber.  

The presented above possible structural changes are induced by supplying the system 

with an appropriate amount of energy, an appropriate chemical compound, or even 

living organisms. The existing terminology of reclaiming depends on the source 

initiating the discussed process. Therefore, there are thermal, chemical, physical, 

biological, mechanical, and combined methods. 

An essential problem in classifying and describing the methods mentioned above is that 

combined methods are most often used, and the line between the different methods 

is heavily blurred. This is due to the lack of standardization of the process and the fact 

that literature reports deal with one method. Therefore, this chapter will discuss 

examples of reclaiming methods used in aggregate form, emphasizing the type of 

method used and potential inaccuracies. 

To highlight the multitude of ongoing research towards the remanufacturing of rubber 

waste from tires, only works published since 2014 will be cited. Moreover, the analysis 

of increasing interest in rubber recycling will be presented. The exception is the 

biological method, which is little developed, and there are few relevant literature 

reports. This is also why it will be treated a little differently in this chapter than the 

other methods, which are much more commonly combined. 
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2.2.6.1. Biological methods. 

The discussion will begin with the least obvious choice, which is the biological method. 

In the literature, a new trend is being observed. Scientists take the effort to reclaim 

rubber waste with enzymes [51] and sulfur-assimilating microorganisms.  

Yao et al. [51] tested the ability to desulfurize waste latex rubber with Alicyclobacillus 

sp. selected from the soil of an iron mine. It was shown that adding 5% weight per 

volume of waste latex rubber into microbe medium does not hinder the growth of 

Alicyclobacillus sp. Moreover, due to the lipophilic character of latex and the 

hydrophilic character of microbes, the surfactant was applied to increase the contact 

probability. It was noticed that surfactant has a toxic effect on Alicyclobacillus sp.; 

however, the effect was limited via proper technique. Longer desulfurization time 

resulted in increased swelling degree values and decreased cross-link density, and after 

8-10 days, a good desulfurization effect was achieved. Mechanical properties show 

significant improvement of desulfurized waste latex rubber/natural rubber blends over 

waste latex rubber/natural rubber blends. XPS and FTIR analysis revealed that the 

applied microbes break sulfur bonds and oxidize them to sulfone groups.  

In the next study, [52] authors carried out desulfurization of waste latex rubber with 

Sphingomonas sp.; however, a new half-submerged cultivation method has been 

applied. Compared to the traditional submerged cultivation method, the new one 

allows for the addition of much more waste latex rubber and is carried out without 

stirring. Due to the limited space and absence of mechanical agitation in the half-

submerged method, microorganisms grew on the surface of waste latex rubber instead 

of creating colonies without contact with rubber. In Figure 4, the states of 

Sphingomonas sp. in desulfurization by the submerged and half-submerged cultivation 

methods are compared. The results showed that the process was the most efficient 

when 40 weights per volume of waste latex rubber were added into the medium 

without surfactant. The desulfurization lasted for 10 days. The XPS and FTIR analysis 

showed that the content decreases of S-C and S-S bonds were greater when compared 
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to the traditional method. For better contrast, the mechanical properties of styrene-

butadiene rubber blends with waste latex rubber, submerged waste latex rubber, and 

half-submerged waste latex rubber were tested. It was concluded that the new method 

enhanced the mechanical properties. Moreover, increased compatibility was 

confirmed via scanning electron microscopy. 

 

Figure 4. Comparison of states of Sphingomonas species in desulfurization by submerged and half-
submerged cultivation methods. 

Hu et al. [53] investigated the influence of three types of surfactants (Tween 20, Tween 

60, and Tween 80) on the affinity between ground tire rubber (lipophilic character) and 

Sphingomonas sp. (hydrophilic character). The toxic effect of Tween was reduced by 

premixing ground tire rubber with surfactants before desulfurization. The process was 

most efficient when Tween 20 was applied. Scanning electron microscopy conjugated 

with energy-dispersive X-ray spectroscopy has shown that the amount of sulfur on the 

rubber surface was reduced by 67%. As it could be expected, XPS analysis revealed the 

reduction of S-S and S-C bonds and an increase of S-O bonds. For better understanding, 

desulfurized ground tire rubber was blended with styrene-butadiene rubber and 

a curing system. The results proved that the addition of Tween 20 significantly 

enhanced the mechanical properties compared to the desulfurized blend without 

surfactant.  
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Cui et al. [54] carried out desulfurization of ground tire rubber using Sphingomonas sp., 

Gorodnia sp., and their mixed consortium. The results presented in this study 

demonstrated that the mixed bacteria biomass value was higher during the 

desulfurization process than the biomass value of any single bacteria. This fact indicates 

that those two kinds of bacteria support each other and can grow together. The mixed 

bacteria desulfurization caused a decrease in the cross-link density of ground tire 

rubber and a reduction in sulfur content on the sample's surface. Moreover, 

desulfurized ground tire rubber treated by mixed bacteria and blended with styrene-

butadiene rubber showed better mechanical properties than the same type of blends, 

in which ground tire rubber part was desulfurized with single bacteria species. This 

result indicates that the combination of bacteria types caused better compatibility 

between ground tire rubber and styrene-butadiene rubber. 

A significant disadvantage of using biological methods is the time required to finish the 

process, which is related to the nature of the processed waste. Sulfur assimilating 

microorganisms live in an aqueous environment, while rubber is hydrophobic, which 

significantly slows the growth of the microbes down. Moreover important is the fact 

that reclaiming occurs with this method, but only on the surface of the structure, which 

is also related to the water-resistance of GTR.  

2.2.6.2. Combined methods. 

The first of the cited publications dealing with the management of rubber waste is the 

work of Molanorouzi et al. [55]. In this work, the authors perform 

devulcanization/reclaiming of waste rubber using microwave radiation (200-240°C) and 

chemical modifiers in the form of hexadecylamine (HDA), Diphenyl disulfide (DPDS), N-

cyclohexyl-2-benzothiozyl sulfenamide (CBS) 2-mercaptobenzothiazole disulfide 

(MBTS) and two types of the oils, aromatic and paraffinic with various contents (all 

samples were mixed with 30 phr of oils). The authors confirmed with the TGA technique 

that the raw material used was in fact from passenger car/truck tires. The authors 

determined the degree of devulcanization, sol fraction, and degree of crosslinking of 
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their samples depending on the modifier used. After determining which compound was 

the most effective (highest sol fraction), the effect of temperature was investigated. 

According to the authors, the most suitable compound for devulcanization is DPDS. 

However, several important concerns arise after analyzing the demonstrated method. 

The use of microwave methods to reclaim rubber waste containing carbon black in its 

structure is risky and often challenging to control. As I indicated in one of my papers 

[56] for the power of 800W and a time of more than 120 seconds, a GTR ignition occurs, 

related to the Maxwell-Wagner polarization effect [57]. In the case of the cited 

research, the process lasts 180 seconds (900W). However, the addition of 30 phr of 

aromatic oils may have slowed the ignition of the sample, hence the absence of this 

phenomenon. Additionally, note how the degree of devulcanization of the sample was 

determined. GTR is an already cross-linked material (after reclaiming processes, it often 

also exhibits a high degree of cross-linking) with many components in its structure, 

including carbon black to a large extent. The method used to determine the degree of 

crosslinking does not consider the interaction between the elastomer matrix with the 

filler, which gives unreliable results. The Kraus correction must be included to calculate 

the degree of crosslinking correctly [58]. The authors mention in their paper the lack of 

proper correction and explain that these are illustrative results to evaluate the degree 

of crosslinking of the samples. However, since carbon black is an active filler, it has a 

significant effect on the measurements. Furthermore, the calculation did not consider 

the added oil, which affected the sol fraction content, and thus calculated the degree 

of crosslinking and devulcanization. 

Another relatively new work worth discussing is the article by Zhang et al. [59]. In the 

paper, the authors emphasize that they use a chemo-thermomechanical 

devulcanization method, which is important in standardizing the terminology used 

during research in the field discussed. The process was carried out in an internal mixer 

with a speed of 45 rpm at 180°C and 200°C using as a devulcanizing agent a self-

synthesized thiobisphenol (4,4’-dithiobis(2,6-di-t-butylphenol) in different ratios (0, 

0.1, 0.3, 0.5, 1.0 and 3.0 grams). The origin of GTR was confirmed by TGA analysis. 
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Furthermore, the authors conducted the revulcanization process to evaluate the 

effectiveness of the process in terms of the potential use of the resulting regenerate as 

a raw material for new products. This approach is essential since the main objective of 

the research on the reclaiming of rubber waste is to create a technology allowing for 

the management of a large number of waste tires, as well as waste rubber products in 

general. In the conclusions, the authors raised an important issue related to the process 

efficiency versus the properties of the regenerates. The study shows that the increasing 

addition of devulcanizing agent and process temperature decreases the degree of 

crosslinking and Mooney viscosity. However, at the same time, a too high reclaiming 

degree negatively influences the parameters of regenerates. Clearly, this is important 

when using rubber regenerates to manufacture flexible products. However, for use, for 

example, as an asphalt filler, a higher degree of devulcanization has a positive effect. 

This fact means that the design of the GTR recovery method should start at the stage 

where the final product is planned. Moreover, these authors analyzed the degree of 

crosslinking of their samples without running Kraus corrections. 

Another of the analyzed publications that bring an important aspect to the question of 

practical methods of reclaiming of rubber waste is the work of Guo et al.[60]. In this 

case, the starting material is a natural rubber-based vulcanizate specially prepared for 

publication; however, the article is analyzed here due to the importance of the study 

in terms of the development of tire management technology. The authors performed 

mechano-chemical reclaiming, with emphasis on the fact that it is a low-temperature 

process. The results were compared with a traditional high-temperature reclaiming. As 

a reclaiming agent, the authors used a composition of vegetable oil, vegetable esters, 

and anti-recrosslinking additives (the authors do not specify the exact composition). 

The highest temperature used for the high-temperature process was 290°C, while the 

highest temperature of 120°C characterized the low-temperature process. The only 

significant difference is the order used during the reclaiming process. Instead of one 

variable being temperature, the type, amount, and order of ingredient dosing also 

change. This results in too many variables being introduced into the system that can 
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affect the final result, making the comparison of those two technologies difficult. In 

addition to the well-known techniques for evaluating the efficiency of waste rubber 

reclaiming (sol fraction, degree of devulcanization), the aging of the material, as well as 

the application potential of products based on the obtained regenerate, were also 

investigated. The results indicated that low-temperature regenerates have superior 

properties to high-temperature ones.  

Conducting these processes at low temperatures is crucial for emissions of volatile 

organic compounds (VOCs), which are hazardous to the environment and those 

operating the technology (example Chapter 2.2.4.). Previous research works have also 

addressed the aspect of running processes at low temperatures [61-63] highlighting the 

essence of this approach. Generally speaking, few publications indicate the 

harmfulness of high-temperature GTR reclaiming. However, the problem should be 

underlined in every study regarding reclaiming, as well as the impact of the designed 

technology on the environment should be quantified.  

Another publication that raises an important issue is the work presented by Shi et al. 

[64] and deals with continuous methods. In this study, thermo-chemo-mechanical 

reclaiming of waste rubber, allegedly from used truck tires, was performed using a co-

rotating twin-screw extruder. Two sets of screw configurations, two temperatures 

260°C and 300°C (exact zones temperatures given), several screw speeds, and three 

different reclaiming recipes were used as variables for the research. The authors also 

attempted to evaluate their material's application potential as a reactive polymeric 

plasticizer by preparing samples based on the obtained regenerates and natural rubber. 

It was shown that a regenerate with a sol fraction of 73.5% was achieved. As mentioned 

earlier, too high sol fraction negatively affects the mechanical properties of the 

regenerate, while the authors clearly understand that what matters is the target 

market and customization of regenerate parameters and the search for new markets. 

What is more, a continuous method has been applied, which is the most effective 

method of processing the discussed waste due to its economic aspect. This fact is due 
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to two important reasons. (i) The extrusion process is one of the most widely used 

methods in the plastics industry, which facilitates the implementation of the new 

technology. (ii) GTR is a waste material whose purchase cost is in the range of 600-1200 

PLN/tonne (approx.. 130-220 euro – calculated by the exchange rate on 28.06.2021). 

Therefore, the equipment used to design the rubber waste reclaiming technology 

should be economically viable. Of course, suppose technology is developed to 

effectively manage rubber waste on a national/continental/worldwide scale, thus 

essentially eliminating the problem of landfilling and incineration of rubber waste. In 

that case, the ratio of raw material prices to technology will not be as significant. 

However, current knowledge in the field allows obtaining products with average 

properties at best. This is why the potential implementation of the solution should be 

taken into account when designing a new solution.  

The article, while not direct, also raises another important issue in the characterization 

of the GTR. The author indicates that the GTR used is from the tread part of heavy truck 

tires and the composition is approximately 70% NR and 30% synthetic rubber (SBR 

and/or BR). However, the thermogravimetric analysis performed by the authors and 

the description included in the publication indicate the presence of one type of rubber 

(NR – peak at 375°C, which is in agreement with the literature data) while there should 

be the second one from the synthetic rubber [65-68]. It is true that when analyzing the 

derivative course of the TG curve, one can see a small peak in the range of 400-450 °C; 

however, this issue is not addressed by the authors, and the intensity of the peak itself 

may not indicate the presence of about 30% of synthetic rubber. The dTG curve 

presented in the study is similar to NR-based materials thermogravimetric 

characteristics [69, 70]. There is a reliable chance that the raw material used is not GTR, 

but rubber waste coming from a different source. For this reason, before starting 

research on GTR, additional tests confirming the origin of the raw material should be 

carried out (for example, dTG).  
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An interesting approach was also presented by Dobrota et al. [71]. A thorough analysis 

of the composition of waste rubber based on conveyor belts has been made, however, 

the authors in their publication do not simply say whether the described material is the 

starting raw material or whether another one was used. However, regardless, the 

described method is suitable for conducting GTR recovery processes. The reclaiming 

method belongs to the thermo-chemical methods. Its main element is the autoclave. 

Two methods were compared. For both, di-xylene di-sulphide and mineral oil 

(plasticizer) were used. The working pressure was approx. 30 bar. After reaching the 

set point, the pressure was raised to 40 bar and the temperature was set to 225°C. The 

waste rubber with chemical components was kept in those conditions for 2.5 h. After 

the process, the autoclave was depressurized, and the system was cooled down. The 

second method was identical to the first, except that the pressure was lowered to 

about 1.3 bar after the entire process, and a vacuum generating system was installed. 

This made it possible to achieve a pressure of 0.1-0.2 bar, which, according to the 

authors, has a positive effect on the efficiency of the process. Thanks to this low 

pressure, the resulting gases were transported to a condenser, where they were turned 

into wastewater and purified in a wastewater treatment plant. The resultant 

regenerate was subjected to homogenization, plasticization, refining, and baling 

regardless of the process. The efficiency of the processes was evaluated by analyzing 

the degree of cross-linking of the samples, showing the superiority of the latter. 

However, the addition of oil was not considered (the waste-to-oil ratio is 90:7). It should 

be mentioned at the outset that the publication takes seriously the development of 

rubber waste reclaiming technology, taking into account aspects such as (i) 

environmental protection, (ii) energy consumption, (iii) conducting processes under 

near-real conditions, (iv) evaluation of the potential of the obtained product, (v) 

cooperation with companies that produce materials based on rubber waste, (vi) 

designing a technology that does not require the selective collection of rubber waste, 

and (vii) an influence of waste rubber particle size on the physico-mechanical and 

chemical properties. 
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2.3. Publication trend analysis 

The examples cited above illustrate in significant part the methods and problems 

associated with the reclaiming of rubber waste. However, a careful analysis of the 

number of publications from 2000 to 2020 was done to demonstrate the multiplicity of 

publications in this area. 

It should be noted at this point that the data presented are subject to several rules 

chosen by the author. The data collection was based on regional vocabulary (tire - U.S.; 

tyre - English speaking countries outside North America), databases (Scopus and Web 

of Science), and several commonly used phrases in terms of waste tire management 

such as rubber reclamation, rubber reclaiming, rubber devulcanization, waste rubber, 

crumb rubber, waste tire rubber, and ground tire rubber. Please also note that the 

databases used, in the case of affiliation analysis, assign a publication to as many units 

as shown in a paper.  
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Figure 5. Number of published articles on the subject of waste rubber management according to Scopus 
and Web of Science databases (2000-2020).  

Analyzing the graphs shown in Figure 5, one can see clearly the growing interest in the 

topic of my work. Regardless of the terminology used, there is a positive average 

increase in publications given the entire analysis period in each case. For the Scopus 

database it is 4.05, 16.7, 22.2, 30.9, 1.8, 2.4, and 0.45, respectively for ground tire 

rubber, waste tire rubber, crumb rubber, waste rubber, rubber devulcanization, rubber 

reclaiming, and rubber reclamation. In the case of Web of Science, the rise is as follows: 

3.5, 14.3, 19.7, 30.1, 0.95, 0.1, and 0.45 for “ground tire rubber”, “waste tire rubber”, 

“crumb rubber”, “waste rubber”, “rubber devulcanization”, “rubber reclaiming”, and 

“rubber reclamation” respectively. As one can see, the highest growth as well as the 

highest number of publications are related to the terms waste rubber, crumb rubber, 

and waste tire rubber. This is due to the fact that these terms can be assigned to any 

method using the discussed material, be it devulcanization, energy recovery, use as 

a filler in new matrix or asphalts, etc. On the other hand, rubber reclaiming, rubber 

reclamation, and rubber devulcanization refer to a much narrower subject of rubber 

waste management. Now that we know the basic trend of publishing in the work topic 

as a function of time, it is important to look at the distribution as a function of 

countries/regions. 
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Figure 6. Number of published articles on the subject of waste rubber management according to Scopus 
and Web of Science databases as a function of countries/regions (no period restiction).  

Figure 6 shows the number of publications on tire management as a function of 

countries/regions. The resulting data for the two databases show significant 

discrepancies in the number of publications attributed to specific keywords. The 

number of publications for the phrases used to create the graphs is 1003, 2531, 2464, 

5135, 476, 540, and 159 (Web of Science) and (1009, 2634, 2834, 6360, 375, 162, and 

314 (Scopus) for “ground tire rubber”, “waste tire rubber”, “crumb rubber”, “waste 

rubber”, “rubber devulcanization”, “rubber reclaiming”, and “rubber reclamation” 

respectively. The data indicate that the number of publications attributed to given 

keywords varies significantly depending on the database used. Moreover, the sum of 

publications varies and is 12 308 (Web of Science) and 13 688 (Scopus). This state of 

affairs results from the methods used by specific databases when searching for 

requested phrases, double attribution of publications to the same affiliation (several 

authors with the same affiliation), and treating one publication as several when several 

affiliations are shown. However, these are minor errors that any user can easily verify. 

Nevertheless, the data obtained is important and gives a general idea of the interest in 

the topic. Moreover, these data are important from the application point of view of the 

developed technologies. Knowing in which countries there is the greatest demand, you 

can try to implement the developed solutions in the territory/cooperation of a given 

country with a higher degree of probability, or if you want to implement the solution 

in your home country, supporting your regional economy, it can be used for basic 

market analysis to establish cooperation or identify potential competitors. Further 

analysis will follow on a narrower group of countries. 
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Figure 7. Number of published articles on the subject of waste rubber management according to Scopus 
and Web of Science databases as a function of top countries/regions (no period restiction). 

Figure 7 presents data for the countries with the highest interest in the topic since the 

last 5 years, which are China, India, the United States, Malaysia, Iran, Australia, Poland, 

Spain, the United Kingdom, Canada, and Brazil. Depending on the database, there are 

several differences (swapping places between Poland and Spain and Canada or Brazil 

on the list). The data presented partly agrees with the data on the amount of ELT 

generated in each country (Table 1). In the case of China, the United States, Brazil, and 

India, it is clear that the size of the problem in terms of the amount of waste tires 

generated coincides with the number of publications with the affiliation of these 

countries. In this comparison, Poland and Spain are part of the European Union, and 

specific numbers are not listed. Nevertheless, according to ETRMA report regarding ELT 

collection and treatment in 2019, both countries are at a similar level of ELT generation 

[72]. In the graphs presented above, Russia does not appear either, while the number 

of ELTs generated, according to Table 1, is relatively high. This is due to the fact that 

Russia significantly restricts access to research results by scientists from outside the 

country. Therefore, also in the databases used, they are not taken into account. An 

important aspect is that regardless of the database, Poland is in the top 10. That being 

said, it's also worth looking at which country's units are making the most significant 

impact on such an excellent global performance. 
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Figure 8. Contribution of the Gdańsk University of Technology to publications on rubber waste 
management. 

Figure 8 shows the contribution of Gdańsk University of Technology to publications on 

rubber waste management, and it is approx. 52%. These data indicate that the Gdańsk 

University of Technology is a national leader in research on the management of waste 

tires, which is also confirmed by numerous projects carried out in this area. 

2.4 Summary 

An analysis of the available literature and reports on the subject, as well as publication 

trends, revealed: 

• Existing waste tire management methods worldwide are heterogeneous and 

mainly focus on energy recovery, which does not fit into the ideology of sustainable 

development. 

• Due to their cross-linked structure and complex composition, ELTs are 

challenging to recycle, and products based on them are of average or low quality, and 

the recycling process itself can be highly hazardous to human life. 
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• Management methods are mostly based on high temperature processes. This 

involves the risk of harmful compounds, including potentially carcinogenic ones, 

entering the atmosphere during the processing of ELT and the use of products based 

on this material. 

• Existing scientific publications are mainly based on rubber waste management 

methods. However, many of them do not include such important information as: the 

impact of the process on the operators/work environment, the analysis of the starting 

raw material, or the cost-effectiveness of the process. Basic data are presented without 

highlighting the application potential. In the case of such materials, given the existing 

body of work, describing only basic parameters such as strength properties, hardness, 

sol fraction, degree of swelling is insufficient. The most important aspects in the 

reclaiming of waste rubber such as the influence of the reclaiming degree on the final 

properties of the product, the formation of blends and the influence of GTR on their 

characteristics, or the mechanism of the reclaiming process have already been 

understood. And despite so many works, there is still no ideal solution, significantly 

reducing the problem of ELT management. According to the author of the dissertation, 

this is due to: the lack of attempts to commercialize the results by many research 

groups (write a publication and leave the topic), the lack of reproducibility of the 

results, the inability to reproduce the process following the experimental description, 

and the lack of research that is relevant from the point of view of the entrepreneur and 

the recipient of the product. 

The data and statements presented above are based on an extensive analysis of 

available literature in the form of scientific publications, statistical reports, my trend 

analysis, and professional experience (gained during research projects and 

commissioned studies). They are presented to provide the reader with the most 

relevant information on rubber waste management. They show that despite intensive 

work on improving the state of affairs, there are still a lot of inaccuracies related to the 
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subject, and effective management of rubber waste, especially that coming from car 

tires, still requires a lot of work. 

3. Aim of the research work 

Objectives of the research work, conducted during the doctoral studies, include (i) 

development of GTR processing technology, allowing to obtain a product with 

satisfactory utility properties, (ii) development of research methodology on GTR-based 

products taking into account gaps in the current state of knowledge, (iii) evaluation of 

the impact of GTR processing on the environment, (iv) assessing the recycling potential 

of GTR-based products.  

Due to the broad spectrum of research work, the following section will present 

published works on the issues mentioned above. 

The following is a list of publications that were included as relevant to the dissertation. 

The contributions of specific authors are shown in each of the included publications. 

• P1 - Zedler Ł., Przybysz-Romatowska, M., Haponiuk, J., Wang, S., Formela, K. 

(2020). Modification of Ground Tire Rubber—Promising Approach for Development of 

Green Composites. Journal of Composites Science, 4, 1-11. 

https://doi.org/10.3390/jcs4010002 

Journal: Journal of Composites Science (IF: N/C, 20 points) 

• P2 - Zedler Ł., Klein, M., Saeb, M., Colom, X., Cañavate, J., Formela, K. (2018). 

Synergistic Effects of Bitumen Plasticization and Microwave Treatment on Short-Term 

Devulcanization of Ground Tire Rubber. Polymers, 10(11), 1-17. 

https://doi.org/10.3390/polym10111265 

Journal: Polymers (IF: 3.164 (publication year), 100 points) 

• P3 - Zedler Ł., Kowalkowska-Zedler, D., Colom, X., Cañavate, J., Reza Saeb, M., 

Formela, K. (2020). Reactive Sintering of Ground Tire Rubber (GTR) Modified by a Trans-
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Polyoctenamer Rubber and Curing Additives. Polymers, 12, 3018. 

https://doi.org/10.3390/polym12123018 

Journal: Polymers (IF: 4.329 (publication year), 100 points) 

• P4 - Zedler Ł., Kowalkowska-Zedler, D., Vahabi, H., Saeb, M., Colom, X., 

Cañavate, J., Wang, S., Formela, K. (2019). Preliminary Investigation on Auto-Thermal 

Extrusion of Ground Tire Rubber. Materials, 12, 1-16. 

https://doi.org/10.3390/ma12132090 

Journal: Polymers (IF: 3.057 (publication year), 140 points) 

• P5 - Zedler Ł., Burger, P., Wang, S., Formela, K. (2020). Ground Tire Rubber 

Modified by Ethylene-Vinyl Acetate Copolymer: Processing, Physico-Mechanical 

Properties, Volatile Organic Compounds Emission and Recycling Possibility. Materials, 

13, 4669. https://doi.org/10.3390/ma13204669  

Journal: Materials (IF: 3.623, 140 points) 
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Publication 1: Modification of Ground Tire Rubber—Promising Approach for 

Development of Green Composites 

Article Summary 

The objective of the research presented in this article was to improve the processability 

of GTR by adding bitumen, and to attempt reclamation and revulcanization with 

organic peroxides, taking advantage of their property to form free radicals.  

Materials preparation 

The samples were mechano-chemically modified at ambient temperature, within 10 

min, using two-roll mills. During the process, GTR was modified with 10 phr of bitumen 

as a reactive plasticizer as well as two types of organic peroxides (0.5 and 2.0 phr). The 

type of bitumen was 100/150, and two commercialy available peroxides dicumyl 

peroxide (DCP), and di-(2-tert-butyl-peroxyisopropyl)-benzene (BIB) were used with 

two diffrent amounts (0.5, and 2.0 phr). As a reference sample pure GTR and GTR 

modified with bitumen were prepared and treated with the same manner. The 

obtained samples were compression-molded into 2-mm thick samples at 180 ◦C and 

4.9 MPa according to the determined optimal cure time or (if not determined) for 5 

min. For a better understanding of the obtained data, the reference sample of the 

unmodified GTR was prepared in the same conditions as the other samples 

Methodology 

 Curing Characteristics 

 Physico-Mechanical Properties 
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Publication 2: Synergistic Effects of Bitumen Plasticization and Microwave Treatment 

on Short-Term Devulcanization of Ground Tire Rubber 

Article Summary 

In the study, GTR was mechano-chemically modified with road bitumen 160/220 and 

subsequently treated using microwave radiation. The course of the process and their 

effect on the test material were examined using the following methods 

Materials preparation 

GTR was processed at ambient temperature by means of two-roll mill. In order to 

improve the GTR processing during mechano-chemical devulcanization, GTR was 

modified with a variable content of bitumen (in the range of: 0–2.5 phr) as a reactive 

plasticizer. Low-temperature mechano-chemical treatment of GTR was performed 

using a high shear forces (small gap) for 10 min. The following two-roll mill settings 

were used: ambient temperature, friction equaled 1.08 and the gap width varied 

between 0.2 and 3 mm. The mechano-chemical treatment of GTR allows the formation 

of sheets with constant thickness (3 mm). The obtained sheets were cut into circular 

samples with constant weight (65 g), which were put directly on turn-table and 

subsequently treated by microwave radiation. The power of the magnetron oven was 

set up to 800 W. 

Methodology 

 Infrared Thermal Imaging Camera And Weight Loss 

 Wavelength Dispersive X-Ray Fluorescence Spectrometry 

 Static Headspace And Gas Chromatography-Mass Spectrometry 

 Thermogravimetric Analysis Conjugated With Fourier-Transform Infrared 

Spectroscopy 

 Curing Characteristics and Aging Resistance 

 Static Mechanical Properties 
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Publication 3: Reactive Sintering of Ground Tire Rubber (GTR) Modified by a Trans-

Polyoctenamer Rubber and Curing Additives 

Article Summary 

The proposed method of ground tire rubber (GTR) utilization involves the application 

of trans-polyoctenamer rubber (TOR), a commercially available waste rubber modifier. 

The idea was to investigate the influence of various curing additives (sulfur, N-

cyclohexyl-2-benzothiazole sulfenamide (CBS), dibenzothiazole disulfide (MBTS) and di-

(2-ethyl)hexylphosphorylpolysulfide (SDT)) on curing characteristics, physico-

mechanical, thermal, acoustic properties as well as the morphology of modified GTR, 

in order to evaluate the possibility of reclaiming GTR and the co-cross-linking between 

applied components. As reference samples, a pure GTR and GTR modified by TOR 

without any chemical treatment were used. All samples were reclaimed using a two-

roll mill and then reactively sintered according to the optimum curing time. 

Materials preparation 

Mechano-chemical reclaiming was conducted at ambient temperature utilizing the 

two-roll mills. The whole process time was set to 10 min and the application order and 

time of used components were as follows: GTR (start), TOR—Vestenamer 8012 (after 

1 min), and curing additives (after 7 min). The following two-roll mills settings were 

used: ambient temperature, friction equaled 1.08 and the gap width varied between 

0.2 and 3 mm. The GTR/TOR (100/10) samples were mixed with 5 different curing 

agents (Sulfur, S-80, CBS, MBTS, and SDT in amount 3.0, 3.75, 3.0, 3.75, and 6.0). The 

variable amount of additives in the presented composition results from the need to 

recalculate them so that the same amount of active compound (3 phr—parts per 

hundred rubber) is added to each sample. After the mastication samples were 

submitted to the revulcanization process by forming them into sheets with 2 mm 

thickness and cured in an electrically heated press at 180°C under the pressure of 4.9 

Mpa according to the optimum cure time. 
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Methodology 

• Curing Characteristics 

• Fourier-Transform Infrared Spectroscopy 

• Physico-mechanical properties 

• Thermogravimetric Analysis 

• Scanning Electron Microscopy 

• Acoustic Properties 

• Differential Scanning Calorimetry 
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Publication 4: Preliminary Investigation on Auto-Thermal Extrusion of Ground Tire 

RubberArticle Summary 

Regarding the management of waste rubber from automobile tires, the methods of 

extrusion at elevated temperatures are well known. Such an operation makes it 

possible to obtain a material with a partially degraded structure, which facilitates the 

recycling of such materials (better processability, higher compatibility with other 

polymeric matrices, or better dispersion in asphalt mixtures). However, large energy 

inputs are needed for such a process, which can be reduced. Recently, Seghar et al. [73] 

studied the effect of the extruder barrel temperature (in the range of 80–220°C) on the 

thermo-mechanical devulcanization efficiency of post-production waste natural rubber 

(waste obtained by injection molding). The obtained results indicate the self-heating 

phenomenon of waste rubber during extrusion in the whole studied range of 

temperatures. However, this effect was more visible in the lower temperature range 

(80–140°C). This phenomenon is related to the combined effect of two main factors. 

The first factor is high shear forces acting on the material, which are transferred into 

heat during extrusion. The second factor is related to exothermic reactions, which 

occur during reclaiming/devulcanization of GTR. To sum up, the self-heating 

phenomenon allows a reduction of energy consumption during rubber recycling [74], 

which has a beneficial effect on the economic and sustainable development of waste 

tire recycling. In this paper, preliminary studies on the auto-thermal reclaiming of GTR 

in a co-rotating twin-screw extruder are presented. Two different heating conditions 

were applied: (i) constant barrel temperature at 60°C and (ii) auto-thermal (without 

external heating of extruder barrel). 

 
Materials preparation 

The reclaiming of GTR was carried out with the continuous method using a co-rotating 

twin-screw extruder. It has eleven heating/cooling zones with a screw diameter of 20 

mm and an L/d ratio of 40. Ground tire rubber was added into the hopper at constant 

feed rate using a gravimetric feeder. Two types of heating methods were applied: (i) 
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Constant barrel temperature at 60°C and (ii) auto-thermal (with disabled barrel 

heaters). In the first case, all the heating zones were set to 60°C and the process 

proceeded with a constant heat supply. In the second solution, the heating zones were 

also heated to 60°C, however, as soon as the process had reached stability, the 

heating/cooling system was turned off. The reclaimed GTR was further mixed with a 

sulfur curing system (GTR/Zinc oxide/Stearic acid/N-tert-butyl-2-benzothiazole 

sulfenamide/Sulfur 100/2.5/1.0/0.35/1.5) and then cured in an electrically heated 

press 150°C to form 2 mm sheets.  

Methodology 

 Thermogravimetric Analysis  

 Static Headspace and Gas Chromatography-Mass Spectrometry 

 Scanning Electron Microscopy with Energy Dispersive X-Ray Analysis 

 Fourier Transform Infrared Spectroscopy 

 Curing Characteristics 

 Physico-Mechanical properties 
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Publication 5: Ground Tire Rubber Modified by Ethylene-Vinyl Acetate Copolymer: 

Processing, Physico-Mechanical Properties, Volatile Organic Compounds Emission 

and Recycling Possibility 

Article Summary 

As we already know, the most important factors in GTR recycling are to ensure the 

continuity of the process, to analyze the impact on the work environment, the costs 

associated with its processing, and the properties of the final product. In the theoretical 

part, it was repeatedly emphasized that GTR is a huge problem in terms of its 

management. This means that products based on recycling of this material will also 

pose a challenge at the end of their useful life (assuming that the product will not be 

suitable for use in the second principle of sustainable development, i.e. "reduce"). In 

the theoretical part, it was repeatedly emphasized that GTR is a huge problem in terms 

of its management. This means that products based on recycling of this material will 

also pose a challenge at the end of their useful life (assuming that the product will not 

be suitable for use in the second principle of sustainable development, i.e. "reuse"). 

GTR was treated by low-temperature extrusion in presence of two grades of ethylene-

vinyl acetate copolymers. The samples were compared with trans-polyoctenamer 

(a commercial additive dedicated to waste rubber recycling) commercial modified GTR 

(samples prepared in the same manner).  

Materials preparation 

Reclaimed GTR modified by thermoplastics was prepared using a co-rotating twin-

screw extruder with a L/d ratio of 40. The screw’s diameter was 20 mm and their 

rotational speed was equal to 250 rpm. The extruder was equipped with eleven heating 

zones. The temperatures in individual heating zones (from hopper to extrusion die) on 

the barrel of the extruder were: 40/40/60/60/60/60/60/60/60/60/60 °C. Both 

components, GTR and 10 phr of thermoplastics (TOR-Vestenamer®8012, EVA1—

Sipchem EVA 2518 or EVA2 - Escorene Ultra EVA FL00218), were directly introduced 

into the hopper with a constant feeding rate (2.5 kg/h) that was provided by 
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a gravimetric feeding system. Modified reclaimed GTR was directly formulated into 

sheets by compression molding for 5 min. under a pressure of 4.9 MPa. In order to 

better understand the effect of molding temperature on the performance of obtained 

materials, modified reclaimed GTR samples were compression molded at three 

different temperatures: 140, 160, and 180 °C. 

Methodology 

 Temperature and Energy Consumption  

 Melt Flow Index  

 Mooney Viscosity 

 Swelling Behavior 

 Physico-Mechanical Properties 

 Multiple Reprocessing Assesment 

 Volatile Organic Compounds 
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4. Conclusions on all research carried out in the dissertation. 

The topics of my research works include methods of managing waste rubber from 

waste automotive tires, considering the cost-effectiveness of the processes, risks 

associated with working on production lines, recyclability, as well as identifying 

inaccuracies and/or deficiencies in the literature.  

Considering the above aspects, the basic ideas and paths while conducting my research 

have been outlined. Guided by the above assumptions, which were also partly formed 

during the course of the research, I have conducted a number of studies on ELT 

management methods, taking into account aspects often bypassed by the community. 

This research is presented in the five publications (P1-P5) included in this dissertation, 

which are based on research results from my doctoral study and the main findings are 

presented below. 

The articles P1 (page 46) and P2 (page 68) show that, apart from the conclusion that 

the structure of the crosslinking system influences the process and final product 

properties, another phenomenon is of great importance for the practical use of GTR-

based products. It is the phenomenon of blooming. During the tests, it was observed 

that white blooming occurred on the surface of the samples. This means that this 

undesirable phenomenon occurs due to using too much of a vulcanizing system or using 

a vulcanizing system that is less compatible with the matrix being used. This can have 

a huge impact on aspects such as: the release of hazardous substances into the 

environment, a negative impact on the health and life of not only the users of the 

product but also the production line staff, and a negative perception of the product by 

the consumer resulting in a decrease in potential sales. Furthermore, too high 

temperature can lead to ignition of the samples while the bitumen acts as an insulator, 

reducing the temperature to about 100°C, which protects GTR from uncontrolled 

oxidation and ignition.  

The most important conclusion of the article P3 (page 76) is related to determining the 

feasibility of revulcanizing reclaimed rubber using vulcanization accelerators alone, 
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which was confirmed in the study (without sulfur it was possible to record a typical 

curing curve - ∆M 13.0-15.9 dNm). Moreover, it was determined that it is possible to 

revulcanize rubber using only sulfur (∆M 22.9-25.3dNm). However, cyclization during 

this process is apparent (deviation from the plateau towards higher values – curing 

curves), which indicates its instability when no additional accelerators are applied to 

the crosslinking system. This also indicates incomplete vulcanization process, which 

was confirmed by DSC analysis (two peaks in a diagram for the 1st heating run were 

present only when sulfur was applied). The presented results show that the obtained 

materials are characterized by good performance properties, compared to the results 

presented by other research groups (when GTR was considered as the main component 

of the product). The defined parameters are sufficient to utilize the recycled GTR as a 

raw material for producing anti-vibration mats, dustbin wheels, water-proof rubber 

goods, and roofing elements, which was confirmed in discussions with manufacturers 

of such products.  

Regarding the management of waste rubber from automobile tires, extrusion methods 

at elevated temperatures are well known. Such an operation makes it possible to obtain 

a material with a partially degraded structure, which facilitates the recycling of such 

materials (better processability, higher compatibility with other polymeric matrices, or 

better dispersion in asphalt mixtures). However, considerable energy inputs are 

needed for such a process, which. Research presented in the article P4 (page 97) 

addresses the phenomenon of self-heating of material during low-temperature 

extrusion and the associated benefits (barrel temperature after the process 

stabilization - 25/39/54/64/69/69/68/70/70/85/96, set temperature – ambient with 

disabled barrel heaters). The use of lower temperatures may result in energy savings, 

which directly affects reducing the process costs. 

On the other hand, high shear forces applied to the crosslinked rubber particles cause 

their mutual friction and enhance exothermic reactions during reclaiming. As 

a consequence, a self-heating phenomenon during GTR reclaiming can be observed. 
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The presented preliminary results showed that auto-thermal extrusion of GTR (process 

carried out without external heating) allows the production of reclaimed rubber with 

performance properties that are competitive with commercially available products. 

Moreover, the expected savings of energy and reduced emission of VOCs are also 

advantages of this method. 

Regardless of the proposed methodology, GTR recycling must be an economically 

viable and environmentally acceptable process. This means that it must be possible to 

use the waste material without the need for a selective collection of post-consumer 

tires, the treatment and modification must be cost-effective, and the products cannot 

be characterized as hazardous. The recycling and modification methods proposed in 

the article P5 (page 115), as well as the characteristics of the finished products, are part 

of a pro-ecological approach to the subject. It was proven that proper modification of 

the system could lead to a significant reduction in total VOCs. Moreover, the samples 

were characterized by good reprocessing parameters, showing that the samples retain 

their mechanical properties even at the third cycle of revulcanization. 

The analysis of the presented publications allows us to draw the following conclusions. 

 In order to reduce the price of the product, the typical sulfur-based crosslinking 

system was reduced to a peroxide-based system. This approach results in a significantly 

lower amount of additional resources used in the production of revulcanized products. 

I have shown that using organic peroxides or a simple curing accelerator is possible to 

produce cross-linked elastomers based on GTR. 

 Due to the cross-linked structure of GTR, in products with high GTR content, 

the degree of physical or chemical bonding of the raw material particles is not high. 

This property results in the formation of gaps and voids in the structure. Moreover, it 

hinders the dispersion of the crosslinking system components in GTR, which is due to 

their limited ability to penetrate the crosslinked network. The cumulative effect of this 

state of affairs is the migration of excessive amounts of processing components to the 
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surface of the already vulcanized product, becoming a potential hazard to the 

environment and the people handling the product. 

 Another obstacle at recycling, associated with the crosslinked state of GTR is its 

processability, which is essential for its recyclability. I have proved that it is possible to 

modify the GTR using bitumen to obtain a product with the same end properties as the 

reference material or even better. Unfortunately, due to the complex composition of 

the asphalt, there is a partial absorption of the crosslinking system reducing its 

effectiveness. Despite its positive impact, its application forces the use of larger 

quantities of crosslinking system components, which is economically unviable, 

particularly given the ratio of a component to matrix price.  

 High-temperature processes pose a significant risk due to the potential release 

of harmful substances into the environment and the risk of ignition of the material. This 

release is especially important in microwave processes, for which GTR heating is very 

efficient, which often ends in material ignition. It is worth mentioning that ignition is 

not reported in the literature, for the conditions used in my work, where I have faced 

the phenomenon. I have demonstrated that it is possible to control the temperature of 

the product by adding bitumen, while maintaining an appropriate degree of reclaiming 

and mechanical properties while improving the processability of the material. 

 Improved processability of GTR can be achieved by a small addition of 

a modifier, such as bitumen. However, due to its ability to partially absorb the 

crosslinking system, another solution must be found. For this purpose, a commercially 

available product (TOR) designed to improve waste rubber recycling was used. 

However, due to the price of the GTR (approx..130-220 euro/tonne – calculated by the 

exchange rate on 28.06.2021) the work must be carried out in the idea of low 

consumption of raw material in order to keep the process cost-effective. Therefore, 

materials with a small addition of modifier were tested. I have shown that it is possible 

to obtain a vulcanized product using only vulcanization accelerators (SDT, MBTS, and 

CBS) and a small modifier (TOR) addition improves the material processability and 

strength properties. 
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 The GTR reclaiming process is an important industrial method of rubber 

recycling, which is highly influenced by temperature. The use of lower temperatures 

may result in energy savings, which directly affects the reduction of the process costs. 

On the other hand, high shear forces applied to the cross-linked rubber particles cause 

their mutual friction and enhance exothermic reactions during reclaiming. As 

a consequence, a self-heating phenomenon during GTR reclaiming can be observed. 

I have shown that auto-thermal extrusion of GTR (process carried out without external 

heating) allows the production of reclaimed rubber with performance properties that 

are competitive with commercially available products. Moreover, the expected savings 

of energy and reduced emission of VOCs are also advantages of this method. 

 Due to the price and quality of GTR-based products, its recycling should be cost-

effective as well as not harm the environment. This means that the treatment and 

modification must be cost-effective, and the products cannot be characterized as 

hazardous. I have shown that it is possible to obtain a product based on a waste tire 

having higher properties than commercially available products, and at the same time it 

is possible to recycle it again without any loss in final properties, up to three cycles. 

I also highlighted the quantity and quality of potential volatile organic compounds 

generated from the product. Further research work will focus on promoting a more 

conscious approach towards GTR upcycling.  
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Podziękowania również kieruję do dr inż. Paulinie Kosmeli oraz dr inż. Aleksandrowi 

Hejnie. Przy nich praca na uczelni nigdy nie była nudna. Czy poprzez przekomarzanie 
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