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Abstract: Despite technological developments, modern methods for the disposal of end-of-life tires
most often involve either their incineration in cement kilns or the destruction of tires in special landfills,
demonstrating a lack of sustainable recycling of this valuable material. The fundamental role of
recycling is evident, and the development of high-efficiency processes represents a crucial priority for
the European market. Therefore, the investigation of end-of-life rubber processing methods is of high
importance for both manufacturers and recyclers of rubber materials. In this paper, we review existing
methods for processing of end-of-life tires, in order to obtain rubber crumb, which can later be used in
the production of new industrial rubber goods and composites. We consider processes for separating
end-of-life tires into fractions (in terms of types of materials) using chemical, mechanochemical,
and mechanical methods to process the materials of used tires, in order to obtain crumb rubber of
various fractions and chemical reactivities.

Keywords: rubber; environmental sustainability; end-of-life tires; critical raw materials; rubber
processing; disintegrator; reclaiming; devulcanization; ozone cutting; grinding

1. Introduction

Processing end-of-life tires and rubber is a critical aspect of modern waste management. End-of-life
tires (ELT) and elastomer products have been recognized by the European Union as a critical and
valuable resource for the circular economy [1]. In this context, the use of the principles of sustainable
development requires a smart approach to waste, using the environmentally friendly concept of
secondary raw material manufacturing from end-of-life tires [2].

End-of-life tires have a complex composition, containing rubber, steel, textiles, and additives.
According to the U.K. Waste and Resources Action Programme (WRAP) and the European Tire and
Rubber Manufacturers’ Association (ETRMA) report, the compositions of passenger and light truck
tires are given in Figures 1 and 2 [3].
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Figure 1. Typical passenger car tire construction (author’s image).

Figure 2. Typical composition of passenger and truck tires, wt%.

Waste rubber is very difficult to recycle for the following main reasons:

• the presence of a three-dimensional network formed during vulcanization;
• the variety of formulations of rubber compound;
• the complex structure of rubber products.

The polymer chains in rubber are cured during vulcanization. High energy chemical bonds are
formed. The most common crosslinking agent is sulfur. Sulfur crosslinks are similar to bond energy in
the polymer chain (Table 1) [4].

Table 1. Energy of bonds in sulfur cured rubber.

Bond Type Bond Energy, kJ/mol

–C–Sx–C– <270
–C–S–S–C– 270

–C–S–C– 286
–C–C– 353
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The three-dimensional network makes the rubber capable of high reversible deformations.
This makes rubber very difficult to grind. The three-dimensional network prevents the rubber from
dissolving, and therefore rubber swells only to a limited extent in some solvents. The complexity
of grinding and insolubility make it impossible to chemically destroy the crosslinks in the mass of
rubber [5]

Rubbers are made from different polymers. The polymer base gives special properties to the
product. These polymers often do not fit well with each other. Therefore, it is important to know rubber
composition during its reusing. Rubber compounds may consist of many different polymers, which in
turn may contain 10–20 other chemical compounds. Rubber products are often reinforced with metal or
textiles [6]. For processing of tires, conveyor belts or lip seals, it is necessary to separate the reinforcing
material from the rubber. It is difficult to implement technically, since, at the development stage,
the goal is to ensure the strongest coupling between the rubber and the reinforcing material. Therefore,
the collection and sorting of rubber waste is critical to the efficient processing of rubber waste.

Most end-of-life tires collected in the EU are subjected to recycling through processes of material
recovery [7]. However, the manufacturing of materials and products with added value based on
recycled ELTs can be considered to be a critical issue for the European circular economy. One of the
known approaches for recycling ELTs is to process them through mechanical shearing and grinding.
This approach produces crumb rubber, which can be used as a material to entirely or partially replace
mineral aggregates, producing more environmentally friendly composite materials, such as rubberized
asphalt pavement [8,9]. Binder modification with crumb rubber is a modern technology for asphalt
production with lower ductility [10]. An environmentally friendly approach for tire recycling is
devulcanization [11,12].

2. Processing Methods for Rubber Wastes

The current review is devoted to waste rubber processing methods, which can be classified
according to the modifications that occur in the elastomeric matrix during processing (see Figure 3).

Figure 3. Waste rubber processing methods (author’s concept).

Chemical processing methods lead to irreversible changes in the structure of the elastomeric
matrix and other rubber components. In most cases, the chemical processing of rubber waste is carried
out at high temperatures and consists of the thermal destruction of polymers, which occurs in a
specific environment.
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Mechanochemical methods make it possible to preserve the valuable properties of elastomers to
a greater extent as compared with chemical methods, as there is no complete decomposition of the
polymer. Due to their thermal, mechanical, and chemical actions, these methods allow for the partial
destruction of the three-dimensional structure of rubbers, and thus obtain a product that has plastic
properties, is capable of crosslinking during vulcanization, and can partially replace rubber in rubber
compound formulations.

The original structures and properties of the elastomers that are part of the waste are most fully
preserved when using mechanical processing methods. The primary method in this class is grinding.

New methods for improving rubber processing products are continually being developed, such as
surface treatment, catalytic regeneration, ultrasonic and chemical devulcanization, and many others [12].
Studies have shown that process parameters (e.g., the temperature), the intensity of mechanical action,
and the parameters of the reaction medium are essential [13].

Shredding tires and separating components are essential processes to recover useful recycled
materials. Moreover, preliminary grinding of the material is necessary to select the processing method.
Figure 4 demonstrates a two-stage grinding concept for end-of-life tires, showing the possible uses of
different particle sizes of rubber as secondary raw materials.

Figure 4. Staged grinding of end-of-life tires indicating the options for use of individual fractions
of rubber.

2.1. Mechanochemical Processing

2.1.1. Reclaiming

Rubber reclaiming is a technological process of converting mainly worn-out tires, as well as
vulcanized rubber waste, into reclaimed rubber; a product with predominantly plastic properties,
which is characterized by its ability to mix with rubber ingredients and undergo re-vulcanization.
The use of reclaimed rubber in the production of elastomeric materials and products saves rubber,
carbon black, and softeners.

When the regenerate is obtained by a water-neutral method, devulcanization of rubber occurs
in an autoclave using an aqueous medium with an acidic reaction under continuous stirring. As a
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result, the conditions for the swelling of rubbers in the softener and heat transfer from the walls of the
autoclave to the rubber are improved, the remnants of the tissue contained in the crumb are entirely
destroyed, and the degree of contamination under devulcanization decreases [14].

The most widespread method is the continuous thermomechanical method. Due to the continuity,
speed, complete mechanization, and significant automation of the devulcanization process, this method
of obtaining reclaimed rubber is the most technologically advanced as compared with other applied
methods of rubber reclamation.

2.1.2. Devulcanization

During the mechanical processing of crushed vulcanizate in the presence of a reducing agent
(e.g., thiuram [15], amines [16], bisphenols [17], benzoyl peroxide [18], and so on), the process of
devulcanization can occur. When using alkylphenol formaldehyde resins, surface devulcanization
of various crushed vulcanizates with a particle size from 0.5 to 5 mm can be carried out on rollers.
The introduction of styrene-butadiene rubber based elastomeric composites into the composition
leads to an increase in resistance to ageing and abrasive wear as compared with untreated rubber
powder [19].

In [20], the tensile, curing, viscoelastic, morphological, and thermal properties of natural
fiber-reinforced rubber composites and reclaimed rubber were reviewed. The thermal-mechanical
shearing devulcanization has been studied in [21], including the effects of different proportions on the
vulcanization process parameters of reclaimed rubber and natural rubber, as well as the impact of the
dosage of the reclaimed rubber and the curing rate and time of compounds.

Devulcanization of sulfur-crosslinked nitrile butadiene rubber can be carried out in a nitrobenzene
medium at a temperature of 200 ◦C for 3 hours [22].

The use of benzoyl peroxide as a devulcanizing agent for rubbers based on natural rubber has
been proposed. This process can be carried out at a temperature of 80 ◦C in a xylene medium with a
2 g dosage of benzoyl peroxide, as well as in a rubber mixer [23].

State-of-the-art rubber devulcanization has recently been reviewed in [24], demonstrating
alternatives for end-of-life tire conversion into products with added value. The latest developments
in the rubber and rubber parts devulcanization are reviewed in [25,26]. A mechanochemical
devulcanization process in a two-roll mixing mill with the addition of a devulcanizing agent has been
proposed in [25], while thiol acid has been suggested by Jana et al. [26]. The obtained devulcanized
rubber materials represent powder- and sponge-type aggregates, as shown in Figure 5 [27].

Figure 5. Crumb rubber (left) and devulcanized crumb rubber (right) after mechanochemical processing
in a multi-roll system (author’s images).

2.1.3. Ozone Cutting

Rubber products can be subjected to the simultaneous action of mechanical stress and ozone,
which leads to cracking of the rubber and separation of reinforcing elements from it without mechanical
cutting or crushing.
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The main technological line is an ozone disintegration unit. Ozone acts as a “chemical knife”,
where the rubber is separated from the metal and textile frames. Cracking of rubber in the presence
of ozone occurs primarily in places of stress concentration (i.e., along growing cracks). Therefore,
the ozonation process occurs along the cavities of the “cut” while the rubber practically retains its
properties [28,29].

The benefits of ozone technology include the following:

• low energy consumption (5–10 times less than mechanical crushing);
• environmental friendliness (low gas emissions);
• the process takes place at room temperature.

The ozone method of rubber destruction can be considered to be a promising technique, in which
the energy consumption per 1 kg of obtained crumb rubber does not exceed 0.02 kW per hour.
This method does not destroy the metal and synthetic cords of the tire, and there are no associated
costs for cutting the tire into pieces.

Ozone is used as an active agent for surface oxidation and modification of the rubber (tire) crumb.
The crumb rubber reacts with ozone to produce CO2 in the initial stages, resulting in a surface oxidized
product. The reaction rate constant between ozone and crumb rubber can be determined by Fourier
transform infrared spectroscopy, which monitors the absorption of ozone in the gas phase in the
presence of crumb. The oxidation state is determined by using the intensity of the ketone band at
1710 cm−1 as a reference. The ratio between the amount of ozone (in milligrams) reacting with crumb
rubber (in grams) is used as a parameter for the surface oxidation state. Thermogravimetric, differential
thermal, and pyrolysis gas chromatography analyses have shown that ozonation of the crumb rubber
exclusively occurs on the surface and does not affect the properties in the mass. The surface of the
oxidized crumb is characterized by surface acidity and hydrophilicity [30].

2.2. Mechanical Processing

When recycling waste, it is essential to preserve the original structure and properties of
the contained polymers. From this point of view, the best way to process rubber waste is
mechanical shredding.

2.2.1. Grinding at Negative Temperature

It has been established that the grinding of polymers occurs best under conditions when they have
the least deformability (i.e., at low temperatures or high speeds). At low temperatures, a minimum of
specific work can be observed, which is spent from the onset of deformation to fracture.

Cryogenic grinding consists of cooling the rubber below the glass transition temperature, followed
by mechanical action. For cooling, liquid nitrogen [31] or supercritical CO2 [32] are typically used.
Liquid nitrogen is preferred, which allows for sufficient physical contact and maintains an inert medium
during grinding, preventing oxidative processes. Mechanical action during cryogenic grinding can be
carried out by impact, abrasion, or compression, as well as due to the work of an electromagnetic pulse.

The ground vulcanizate obtained by cryogenic grinding has, as a rule, a smooth process surface [33],
which reduces the level of interaction with the elastomeric matrix but, at the same time, contributes to
good flowability and miscibility when it is introduced into rubber compounds.

The advantages of the cryogenic grinding method include the absence of thermal or oxidative
destruction of the powder, fire and explosion safety, and efficiency of separation of metal and textiles
from crumb rubber after grinding.

The disadvantage of the cryogenic method is the high consumption of refrigerant, especially when
obtaining rubber powders with particles less than 0.25 mm in size.

Other methods of grinding waste rubber use positive temperatures. One of the necessary
conditions determining the possibility of polymer grinding at positive temperatures is the creation of a
temperature regime, the lower limit of which would be equal to 80–100 ◦C.
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Mechanical grinding at positive temperatures can be carried out by abrasion, shearing, compression,
cutting, and impact [34,35].

2.2.2. Abrasive Grinding

This process is carried out by supplying the material to an abrasive tool [35], which is usually
constructed in the form of a tape or a circle, at either negative or positive temperatures. To prevent the
sticking of crushed material to the tool and to ensure intensive cooling of the treatment zone, water is
supplied to the product in order to reduce the temperature at the contact zone of the instrument.

The fineness of the resulting product and the performance of the equipment is mainly influenced
by the tool rotation frequency and the rubber feed rate. The quality of the material obtained affects the
subsequent possibility of its use in the production of industrial rubber goods [36].

This method makes it possible to grind tires without preliminary crushing of the tire, which is a
distinct advantage. However, the need to dry the resulting product and the significant heterogeneity
of particle size limits the industrial use of grinding by attrition.

2.2.3. Compression Shear Grinding

Compression shear grinding is usually carried out using crushing and grinding rollers operating
in a closed cycle with a classifier [37]. The disadvantages of this method are due to the low efficiency
of using the surface of the working bodies, which makes it necessary to repeatedly pass the crushed
material through the gap, as well as the associated low productivity and high energy consumption.

An increase in the efficiency of grinding rubbers on roller machines can be achieved by changing
the ratio of roll rotation frequency. Because the simple act of destruction on the rollers is due to the
creation of ultimate stresses in the particles of the crushed material, which arise due to the difference in
the speeds of rotation of the rollers, it has been found that an increase in roll friction leads to an increase
in productivity. To increase the yield of grinding crumbs to 1.0 mm and increase the productivity of
the equipment, the grinding of vulcanized waste can be carried out on a roller mill in the presence of
an aqueous solution of a copolymer of (meth)acrylic acid and acrylonitrile. In this case, the friction
is 1:100–1:400. The copolymer dosage per 100 wt including secondary rubber should be equal to
0.2–0.6 mass. hours (on the dry matter). With an increase in friction to a value of 1:100 or more,
the mechanism of rubber destruction changes. In this case, the destruction of the material occurs in the
surface layer of the rubber, which is crushed when in contact with the surface of the high-speed roller,
leading to the formation of small-sized individual rubber particles.

It is possible to carry out grinding in a complexly deformed (i.e., a combination of compression
and shear in different directions) state using extruders equipped with various types of grinding
heads. In such grinding units, screws with a small clearance to the cylinder can be used as working
elements [38].

Research has been carried out to determine the effect of a crushed vulcanizate, which was obtained
by the method of high-temperature shear deformation. This method is based on the phenomenon
of multiple cracking of a solid and its destruction into separate particles under conditions of intense
compression and simultaneous shear deformation carried out at high temperatures. This grinding
method makes it possible to obtain a ground vulcanizate with a bimodal particle size distribution.
The first maximum is observed in the range of 350–370 µm, while the second is in the range of
1400–1500 µm. In this case, in dosages of 5–10 mass., including IV obtained by this method, can be
used in mixtures based on styrene-butadiene, natural, isoprene, and nitrile butadiene rubbers without
a significant reduction in the conventional tensile strength and elongation at break. This method is
also applicable for grinding vulcanizates of ethylene propylene diene and silicone rubber.

For high-speed grinding of complexly deformed rubber composites, the SD-25 grinder has been
designed to model the grinding process of intact tires and for producing rubber crumbs of size 1–3 mm.
This result was achieved using a special compound tool. The preliminary results enabled the design of
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a compound grinder that can directly process tires to 1–3 mm rubber powder. Tires can be worked up
by saving tire beads and extracting spikes.

The processing of rubber composites is particularly effective, in which textiles and metal cords
become stress concentrators and facilitate fracture [39].

The results of changing the size of a rubber composite and separating its constituent components
using the example of processing the tread of a car tire using the SD-25 setup are shown in Figure 6.

Figure 6. Grinding at ambient temperature using the SD-25 grinder. (a) Initial pieces; (b) Pre-crushed;
(c) Milled tire; (d) Separated wire; and (e) Rubber.

2.2.4. Cutting

Cutting is the process of dividing the body into parts using stress concentrators (knives).
The production and use of highly dispersed active rubber powders has significant advantages as

compared with reclaimed rubber; therefore, rubber reclaim plants are being closed in many countries
and a transition to processing rubber waste into crushed vulcanizates is taking place [40].

In [41], the possibility of producing composites by joint crushing of rubber crumb and textile cord
in a disk grinder has been demonstrated. The resulting material contained 5–20% cord. In this case,
the effect of joint grinding made it possible to increase the strength of the composite by approximately
1.5–2.0 times as compared with a vulcanized mixture of rubber crumb and cord, which had not been
jointly processed.

The above paper described a method for crushing rubber waste using an ultra-high-pressure
water flow (180–300 MPa). This method can be used to obtain ground vulcanizate with a particle size
of 100–800 µm. This facilitates the separation of metal reinforcing materials from rubber waste and
also reduces the degree of degradation of the elastomeric matrix, as the water also serves as a cooling
agent [42].

2.2.5. Impact Milling

The material can be destroyed under the action of a mechanical shock [39] (constrained or free),
due to the conversion of the kinetic energy of the working body of the equipment into the energy of
deformation of destruction [43].

With a constrained impact, the destruction of the material occurs between two colliding surfaces;
in this case, the destructive effect depends on the impulse of the working fluid.

With a free impact, destruction occurs due to the collision between the material particles and the
working parts of the equipment. Therefore, the destructive effect depends on the inertial forces of the
crushed material.

In impact grinders, the processing of rubber waste can be carried out at negative and positive
temperatures. These are used to obtain lumps from the bulky waste, and then further process them
into fine powders.



Recycling 2020, 5, 32 9 of 20

A well-known method allows for the reduction of energy consumption during crushing by impact.
In this case, the crushing of rubber-based material (e.g. car tires) is performed with simultaneous
or preliminary deformation of the rubber base in a plane perpendicular to the direction of impact.
When the impact speed is exceeded by 20% or more over sound in rods and plates, the energy
consumption can be reduced by about 2.5 times.

2.2.6. Processing in Disintegrators

A disintegrator is an impact grinder that refines material by collisions [39] (see Figure 7), where the
elementary colliding contact of the material piece with the tool is 10−3–10−5 s and the processing time
in the machine for each element does not exceed 0.1 s. This avoids any heating of the treated material.

Unlike traditional grinding methods, disintegration breaks up the material through a series of
high-speed impacts, which generate stress within the material particle tens of times greater than its
ultimate strength. The use of a built-in inertial separation system makes it possible to produce material
powders that are generally considered impossible to obtain using such types of mills [44]. One variant
of such a built-in inertial separation system (selective grinding mode in Figure 8) also makes it possible
to separate the components of complex composites released by impact from each other [45].

The processes accompanying disintegration also significantly alter the mechanical and chemical
properties of the material [45]. When the particles are rapidly destroyed, surface oxide films are torn
off and a large amount of new non-oxidized surface is formed, which has exceptionally high chemical
reactivity. The spatial pattern of the grains of the material is distorted and numerous defects may
emerge. Thus, mechanochemical processes are taking place not only on the freshly formed surfaces
but also in the volume of ground grains.

Figure 7. Impact disintegrator DSL-175 (Tallinn University of Technology (TalTech)). 1, rotors; 2,
electric drivers; 3, inlet for raw material; 4, grinding elements (pins, blades); 5, outlet for processed
(milled) material.

Disintegration is especially useful for grinding elastic materials (e.g., rubber and its composites)
at low temperatures, when the rubber becomes brittle and rapidly degrades. The shortness of the
process avoids heating of the processed material. Low temperature milling of different materials
by disintegrator systems requires feed materials with sizes from 2.5 to 150 mm (depending on the
disintegrator type and design). The use of disintegrators has shown good efficiency in deagglomeration
of devulcanized rubber after mechanical-chemical treatment [46].
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Figure 8. Schematic of selective grinding mode (material fractionation, author’s image).

For these purposes, a special machine, a centrifugal accelerator for preliminary size reduction of
material parts by impact, has been designed. The centrifugal type pre-crusher DS-178 is presented in
Figure 9 and the main kinetic parameters of the device are given in Table 2.

Figure 9. Schematic representation of centrifugal accelerator (disintegrator DSL-178). (a) Mono-rotor
(MR) system; (b) Duplex-rotor (DR) system, SF-side feed, 1–3 treatment rings with grinding elements.

Table 2. Maximum velocity of impact and specific energy of treatment ES of treated material in DSL-178.

Monorotor (MR) System Duplex-Rotor (DR) System

Maximum velocity of impact, m/s 40 70
Specific energy of treatment ES, kWh/t 0.32 0.97

The shredded end-of-life tires are subjected to cooling in liquid nitrogen, and then are fed
piece-by-piece with dimensions of 50 × 60 × 100 mm (see Figure 10) into the DS-178 disintegrator using
a mono-rotor (MR) system for pre-crushing and a duplex-rotor (DR) system for separative milling.
As a result of processing, completely separated tire components are obtained.

The cryogenic grinding of rubber has a significant effect on the energy consumption required for
rubber destruction and contributes to the production of fine rubber fractions from end-of-life tires.

Considering that the consumption of cryogenic grinding of 1 kg of rubber is about 1 kg of liquid
nitrogen and that the specific energy of grinding is very low, it seems that the process can be carried
out with some economic benefit.



Recycling 2020, 5, 32 11 of 20

Figure 10. Cryogenic grinding using a disintegrator. (a) Raw material, pieces of cut tires; (b) Treated
material, pre-crushed tire (specific grinding energy ES = 0.32 kWh/t), or ground and separated
components of tire (ES = 2.26 kWh/t); (c) Textile; (d) Rubber; and (e) Cord (wire).

Grinding of pure rubber and composites using classical impact disintegrator mills at normal
temperatures is much (by orders of magnitude) less effective than grinding in liquid nitrogen (Figures 11
and 12). This is due to its high elastic properties. Under impact, kinetic energy leads to strong elastic
deformations of rubber pieces, which preferentially heat the material but do not destroy it.
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Figure 11. Dependence of the granularity of ground rubber particles on the specific energy of treatment.
Grinding at normal temperature with energy. (1) 30 kJ kg−1; (2) 60 kJ kg−1; (3) 90 kJ kg−1; (4) Cryogenic
grinding with energy 32 kJ kg−1.

Figure 12. Dependence of ratio of median size to initial value dm/dm0 on specific energy of treatment
(ES) at normal and cryogenic temperatures.

Therefore, it is rational to use such a grinding method for the following:

� Pre-crushing of rubber agglomerates (Figure 13a);
� changing material properties, such as:

(a) creation of interstitial composites (e.g., rubber iron powder);
(b) spheroidizing to reduce the surface and improve the free-flow properties of the powders

(Figure 13b);
(c) changing chemical properties under the influence of strong shear shock loads

(devulcanization).

The degree of grinding is directly related to the energy consumption of the process. Thus,
the feasibility of energy costs for the rubber grinding process is associated with the minimum particle
size obtained during grinding. Figure 14 shows the dependence of the average diameter of rubber
particles on the specific grinding energy.
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Figure 13. Pure rubber particles before (a) and after (b) grinding by disintegrator mills.

Figure 14. Dependence of the mean diameter size (dm) of treated pure rubber on the specific energy of
disintegrator milling (ES).

3. Applications of Crumb Rubber as a Secondary Raw Material for New Products Manufacturing

Crumb rubber is used as a component of complex mixtures to produce various materials for
non-tire technical applications. Some popular applications are listed in Table 3 [47,48].

Table 3. Crumb rubber uses in technical applications.

Application Areas wt%

Level crossings up to 80
Extruded pipes 5–10

Garden (watering) hoses 5–40
Silicone caps for spark plugs 10–30

Pads for car pedals 10–30
Components of a self-leveling roof 10–30

Floor coverings 10–100
Shoe soles 10–100

Components of a sheet roof 20–40
Foundation pads 30–50

Mudflaps 50–60
Automotive gaskets and seals 50–60
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Rubber crumb with particle size ranging from 0.1 to 0.45 mm can be used as an additive (5–20%)
in rubber mixtures for the manufacture of new car tires, massive tires, and other rubber products.
The use of rubber powder with a highly developed particulate specific surface area (2500–3500 cm2/g),
as can be obtained by mechanical grinding, increases the resistance of tires to bending and impact,
thus, increasing their service life. Furthermore, the obtained crumb can be used for the production of
reclaimed rubber. The reclaimed rubber is widely used in rubber compounds and for the manufacturing
of new tires as a rubber substitute; at the same time, rubber reclaimed from tire crumb is four times
cheaper than rubber. Consequently, there is a reliable and permanent economic factor for the use of
reclaimed rubber in the domestic rubber and tire industry.

Rubber crumb with particle size up to 0.6 mm can be used as an additive (up to 50–70%) for
manufacturing rubber footwear and other rubber products. Moreover, the properties of such rubbers
(e.g., strength and deformability) do not practically differ from the properties of ordinary rubber made
from raw rubbers. Furthermore, crushed vulcanizate with a particle size of up to 0.6 mm can be used
in a dosage of up to 50 mass. h in composition for the production of automotive glass seals [49].

Crumb with a particle size of up to 1.0 mm can be used for the manufacture of composite
roofing materials (i.e., roll roofing and rubber slate), rubber-bitumen mastics [50], and vulcanized and
non-vulcanized roll waterproofing materials [51]. Powdered rubber can be used in the manufacture of
rubber mats and rubber tiles for roofing [52].

Crumbs with particle sizes ranging from 0.5 to 1.0 mm can be used to increase the strength of road
surfaces, additionally increasing their impact resistance, frost resistance, and resistance to cracking at
temperature extremes [53]. The volume of crushed rubber in such improved coatings should be about
2% by weight of the mineral material (i.e., 60–70 tons per 1 km of roadbed). In this case, the service life
of the roadway can be increased by 1.5–2 times. In Western Europe, more than 900,000 kilometers of
roads require periodic repairs, more than 700,000 km in the USA, 100,000 km in Canada, and 130,000 km
in Japan. To replace the old road surfaces with new ones using rubber powder, about 25 million tons of
crumb rubber of fine fractions will be required in the countries mentioned above.

The use of rubber chips in building mixtures has been investigated for construction elements, [54]
as well as materials with increased resistance to low temperatures [55]. The addition of crumb rubber
to the cement compositions leads to compressive strength decrease. In the work by [56], the polymer
reinforcement was used as a substitute for some of the mineral components used in traditional concrete.
The development of three-dimensional (3D) printing for the production of building structures and
entire buildings has led to the creation of building 3D printable cement-based mix with the addition
of crumb rubber, suitable for construction [57]. Extensive research work of cementitious aggregates
containing a crumb rubber produced by means of 3D printing technique is outlined in [58].

Such powders can also be used as a sorbent for collecting crude oil and liquid petroleum products
from the surface of water and soil, for plugging oil wells, for green waterproofing layers, and so
on. Composite materials can be designed based on finely dispersed rubber powders with a highly
developed specific surface (2500–3500 cm2 g−1) and other free-flowing organic additives. Such powders
have a high ability to absorb crude oil and liquid oil products, with many known sorbents of oil and
oil products being based on rubber powders. The mass ratio of absorbed oil or oil products by such
sorbents is 6.5–7.0:1. They do not sink in water, although the raw material for the production of its
main component, i.e., finely dispersed rubber powder derived from worn out pneumatic tires and
technological waste rubber, has a mass density of more than 1.3. As a result of the sorption of oil or
liquid petroleum products, the sorbents are collected on the water into large agglomerates weighing
up to several kilograms, which can remain on the surface in any condition for several months and are
relatively easily collected mechanically without leaving any traces, even in the form of thin oil films.
These sorbents are non-toxic and environmentally friendly [59].

Research has been carried out to determine the effect of crumb rubber with an average particle
size of 0.6 mm on the properties of wood-based composite materials obtained by hot pressing [60].
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Rubber crumb with particle sizes from 2 to 10 mm can be used in the manufacture of massive
rubber plates for completing tram and railway crossings, which have been characterized by long-term
operations, excellent weather resistance, low noise level, and modern design; these can be further used
in the design of sports grounds with a comfortable and safe surface, livestock buildings, and so on.

Porous boards can be obtained by hot pressing rubber powder mixed either with the addition
of vulcanizing agents or with powder of polyethylene (PET), and so on. Such slabs can be used
in residential construction, as thermal and sound insulation layers in wall panels, as well as for
flooring and insulation coatings [61]. A promising application of powdered rubber lies in its use as
a filler for various synthetic thermoplastics [62]. These composites undergo dynamic vulcanization,
have rubber-like properties at room temperature, and are processed at elevated temperatures. Studies
have been carried out to assess the possibility of using tire crumb rubber in composites based on a
combination of butyl rubber and chlorosulphonated polyethylene. The resulting composites were
demonstrated to have increased thermal stability [63]. Studies of the properties of composites based
on natural rubber and devulcanized BNK showed a decrease in the degree of swelling in an aggressive
environment [64].

Research has also been carried out on thermoplastic composites, with polyethylene [65],
polypropylene [66,67], polyamide [68], or maleated polyethylene [69] being used as binders. It should
be noted that the strength properties of these composites deteriorate with an increase in the content of
crushed vulcanizate. A mixture of polyethylene and crumb rubber in a 50:50 ratio has been shown to
possess properties similar to composites based on a mixture of natural rubber and polyethylene [70].

A material based on thermoplastic polymers (e.g., polystyrene) containing rubber crumb in
a dosage of 15–20 phr has been investigated [71]. The strength of this composite was 6–8 MPa.
This thermoplastic elastomeric material can be used for the preparation of conveyor belts, drive belts,
flooring and walkways, floor tiles, rugs, mounting flanges, shock absorber covers, sound barriers,
safety guards, carpet backing, car bumpers, wheel arch gaskets, car door and window seals, sealing
rings, gaskets, irrigation systems, pipe or hose materials, flowerpots, building blocks, roofing materials,
geomembranes, and so on. The development of composites with a polymer matrix and crumb
rubber is well described in a recent review [72]. Uses of ground tire rubber in insulation materials
containing polymeric matrix are reviewed in [73]. The recycling of such composite materials leads to
the production of new composites with sacrificing the product quality due to low interface quality
between rubber and polymeric matrix [74].

It is possible to make massive rubber products based on partially vulcanized waste rubber
mixtures [75]. When the dosage of vulcanized waste is 20–35% of the mass, the vulcanizates have a
strength of 7.0–8.0 MPa and a relative elongation of 250–300%.

Rubber crumb of 2–3 mm in size can be used as an adsorbent for fuel components [76]. Intensive
processing in rubber crumb disintegrators and devulcanized rubber crumb with additional components
leads to the formation of composite mixture materials for environmental applications [75].

The use of crumb rubber in flexible polyurethane foams has a significant effect on the structure of
the material, in which the density of cross-inking increases significantly. This increases the thermal
stability of the material, where the decomposition temperature increased by 14 ◦C as compared with
the sample without crumb rubber [77].

In work [78], the possibility of manufacturing a water-repellent material based on crushed rubber
has been reported. The water-repellent properties of the resulting material were due to the air that
accumulated in the pores of the ground rubber surface.

Table 4 summarizes the data on the methods of material grinding along with the properties of the
obtained crumb rubber and possible risks to the environment.
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Table 4. Overview of waste rubber recycling approaches, crumb rubber properties, and associated
environmental risks.

Recycling
Approach

Surface
Activity

Particle Size,
Mesh

Reinforcing
Materials

Separation
Pollution Risk Reference

Reclaiming
No particles,
rubber-like
substance

n/a
Preliminary
separation is

necessary
Solvents [4,79]

Devulcanization

High,
chemically

active
functional

groups

30–100
Preliminary
separation is

necessary

Dust of
chemical agents [4,15,79,80]

Ozone cutting
Low surface

activity due to
oxidation

up to 140

Highly effective
metal and textile

separation
Complete (>99.9%)

separation of rubber
from cords

Environmentally
friendly
process

Local ozone
leakage

[11,30]

Mechanical grinding at normal temperature [12,41,66]

Abrasive
grinding High up to 100

Preliminary
separation is

necessary

Destruction of
the material

when
overheated by

friction
Harmful smoke

and gases in
case of

overheating

Cutting Low/average 12–30

Compression
shear grinding High 60

Impact
grinding inc

disintegrators
Low/average 40

Mechanical grinding at negative/ cryogenic temperature [11,18]

Impact,
abrasion, or
compression

Average/high 47–200

Preliminary
separation depends
on the original size

required

no

Disintegrator High Up to 300 Highly effective no

4. Conclusions

The methods reviewed in this article demonstrate that it is possible to obtain crushed rubber from
waste tires in various fractions, which can later be used in the production of industrial rubber goods
and composite materials.

Unfortunately, it is not possible to distinguish from the described rubber processing methods, one
universal or optimal method that can be considered to be the best for all situations. It would be useful
if the best methods were known in the search for an optimal solution to a particular technological
problem and if some methods could be excluded, in order to avoid confusion. It would also be useful
to know the alternatives, from which the appropriate method could be chosen, based on cost–benefit,
environmental impact, and feasibility analyses.

With the rapid development of production technologies, the ever-increasing requirements for the
technological properties of products, as well as the tightening of requirements for their processing and
reuse, have led to the rejection of certain technological processes in favor of combining them into two
or more processing methods.
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