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Abstract: Recycling of waste tires is a significant issue considering both environmental and 

economic aspects. One of the leading recycling routes is the shredding of tires resulting in the 

generation of ground tire rubber. This material can be easily introduced into various polymer 

matrices as a filler, reducing the use of conventionally applied petroleum-based materials. In such 

cases, it is essential to ensure sufficient interfacial compatibility, which could be achieved by the 

proper modification of the rubber surface. Different methods of treatment of ground tire rubber aim 

to activate its surface and introduce functional groups, which could provide the possibility for 

interfacial interactions and incorporation of the significant amounts of recycled material. Therefore, 

in the presented paper, we examined the impact of thermo-mechanical treatment in twin-screw 

extruder on the appearance and chemical structure of ground tire rubber. Moreover, for each set of 

process parameters, the specific mechanical energy required for the processing was calculated, 

which could provide essential insights for the potential industrial application of the analyzed 

process. The energy demand should be considered as a very important issue during development 

of “greener” processes and materials. 
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1. Introduction 

The utilization of post-consumer car tires is a critical environmental issue. Among the recycling 

methods, there are two, which are definitely the most popular: energy recovery and material 

recycling. In general, the European Union’s primary method is material recycling (stands for ~40% of 

car tires recycling). However, in some countries, e.g., Poland, this process still gives way to 

incineration. Nevertheless, it only allows for recovery of up to 40% of the energy used to produce a 

new tire [1]. Energy recovery can be considered a relatively safe process, but it must be performed 

under very controlled conditions and using special equipment. Therefore, soon, especially 

considering current pro-environmental trends and law regulations, incineration should be rather 

replaced by material recycling [2]. 

Material recycling converts post-consumer tires into different products, which could be further 

applied in different industrial processes. The most popular is the shredding of tires, resulting in 

ground tire rubber (GTR). Its properties could be regulated by the proper selection of the shredding 

method and adjustment of its parameters. Nevertheless, it allows for obtaining secondary materials 

with high efficiency and good quality products. 
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Due to car tires’ excellent mechanical properties, ground tire rubber can be considered 

auspicious material, which can be applied as a filler for polymer composites [3]. Its application in 

polymer technology was already reviewed [4]. It perfectly fits into current trends associated with the 

circular economy approach to polymer technology and looking for the possibilities to introduce 

various by-products and waste materials into polymer matrices. Incorporation of GTR into polymer 

matrices could significantly reduce the use of the virgin polymers reducing the use of petroleum and 

simultaneously decrease the environmental footprints of final products [5]. From the economic point 

of view, most polymers are obtained from raw materials of petrochemical origin, so the plastic market 

is strongly dependent on oil prices, which is a raw material with decreasing availability and unstable 

price. Therefore, the search for alternative sources of raw materials that can be used to produce plastic 

products is fully justified. Application of ground tire rubber, low-cost by-product could noticeably 

reduce the cost of the final polymer products. Nevertheless, to fully exploit ground tire rubber’s 

mechanical properties, it is often essential to modify it. Such an approach is the answer for one of the 

most significant issues related to the polymer/ground tire rubber composites—insufficient interfacial 

compatibility, which does not allow to use of GTR as real reinforcement for polymer matrices [6]. 

Numerous methods of ground tire rubber modification have been developed and described in the 

literature [7–9]. They included mechanical, thermomechanical, and mechanical-chemical treatments 

and other methods using microwave radiation, ultrasounds, microorganisms, or CO2 in the 

supercritical state [10]. Unfortunately, most modification methods described in the literature are 

based on periodical processes, limiting their industrial applications. On the other hand, continuous 

processes ensure greater efficiency, reduce the amount of waste generated (both auxiliary materials, 

such as solvents, and waste generated during starting and stopping the process). The economic aspect 

of the process is also positively influenced. Moreover, in terms of filler treatment, it is necessary to 

adjust its properties, hence the process’s parameters, to the final use of filler because different 

polymer matrices require different modifications. Therefore, the effective process applied for the 

modification of fillers should be characterized by the continuous character and easiness in adjusting 

its parameters. A potentially very effective method is the modification of fillers using reactive 

extrusion. This process is fast, relatively cheap, flexible, and considered a pro-ecological alternative 

to traditional, periodical modification [11]. The reactive extrusion enables the precise regulation of its 

parameters such as temperature in individual zones of the cylinder, screw speed, capacity, material 

residence time in the extruder, and finally, the size of shear forces acting on the material regulated 

by changing the screw configuration. As a result, adjustment of the whole process for the desired 

product is relatively easy and fast. 

Having in mind the advantages of the reactive extrusion, in the presented research work, we 

aimed to investigate its application in recycling ground tire rubber aimed at the manufacturing of 

potential filler for foamed polyurethane matrix. Thermo-mechanical treatment of GTR was applied, 

assisted by adding two types of rapeseed oil, fresh one, and post-consumer waste from the restaurant. 

The process’s energetic efficiency was evaluated, and the changes in the chemical structure of 

modified GTR. 

2. Experimental 

2.1. Materials 

Ground tire rubber obtained by ambient grinding of used tires (a combination of passenger car 

and truck tires in 50:50 mass ratio), whose average particle size is approximately 0.8 mm was 

produced and provided by Recykl S.A. (Śrem, Poland). 

Two types of rapeseed oil were applied as modifiers for ground tire rubber. Fresh rapeseed oil 

was acquired from Lidl (Poland), while waste oil was obtained from a local restaurant (Gdańsk, 

Poland). 

During the evaluation of the chemical structure of modified GTR following chemicals were 

applied: acetone, dibutylamine, chlorobenzene, hydrochloric acid, toluene diisocyanate (TDI), and 
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3′,3″,5′,5″-tetrabromophenolsulfonphthalein. All chemicals were acquired from Sigma Aldrich 

(Poland) and were used as received. 

2.2. Thermo-Mechanical Treatment of Ground Tire Rubber 

Thermo-mechanical treatment of GTR was performed with EHP 2x20 Sline co-rotating twin-

screw extruder from Zamak Mercator (Poland). The extruder has nine heating/cooling zones with a 

screw diameter of 20 mm and an L/d ratio of 40. Ground tire rubber was premixed with 20 or 40 phr 

(parts per hundred of rubber) of oil before treatment and then was dosed into the extruder by a 

volumetric feeder with a constant throughput of 2 kg/h. The screw speed was set at 50, 150, or 350 

rpm. The value of 50 rpm was selected as a minimum screw speed, which could be applied to process 

the ground tire rubber effectively. Nevertheless, for samples containing 40 phr of oils, minimum 

screw speed had to be increased to 150 rpm to enable the extrusion without clogging in the dosing 

section. Barrel temperature in all zones was set at 200 °C. For each set of parameters, extrusion was 

carried out for at least 5 min after stabilizing the extruder’s motor load, indicating the stabilization 

process. 

2.3. Measurements 

To evaluate the effect of barrel temperature on the progress of ground tire rubber reclamation, 

the specific mechanical energy (SME, in kWh/kg) was determined. SME was calculated using 

Equation (1): 

SME = N/Q (1) 

where: N—the consumption of drive motor power (kW), Q—throughput (kg/h). 

For calculations of the specific mechanical energy, the average motor load from at least 20 min 

of extrusion was used. Moreover, the total energy consumption (TEC) of the extruder was monitored. 

Changes in the chemical structure of ground tire rubber were evaluated using a modified 

method for the determination of free isocyanate groups content by titration with dibutylamine, 

according to ASTM D-2572. The 0.5 g samples of GTR were put in a glass flask with 0.5 g of toluene 

diisocyanate and 20 cm3 of acetone. Mixtures were thoroughly mixed, sealed, and stored at room 

temperature for 24 h. Then, proper amounts of dibutylamine solution in chlorobenzene and 

3′,3″,5′,5″-tetrabromophenolsulfonphthalein were added. Then, mixtures were titrated with 0.1 M 

hydrochloric acid until the color change to yellow. Obtained results were compared with the free 

isocyanate content of neat toluene diisocyanate to determine the number of functional groups at the 

rubber surface able to react with isocyanates. Such evaluation is essential for the potential application 

of modified GTR as a filler for polyurethane materials. 

The free isocyanate content of the GTR/TDI mixture was calculated according to the following 

Equation (2): 

%NCO = (4.202 · (VB – VS) · NHCl)/mTDI     (2) 

where: VB—the volume of HCl required for titration of the blank sample, ml; VS—the volume of HCl 

required for titration of analyzed sample, ml; NHCl—molarity of HCl, M; mTDI—the mass of TDI placed 

in the flask, g. 

Based on these values, the assumed hydroxyl numbers (LOH) of ground tire rubber were 

calculated. During calculations, it was assumed that all of the consumed isocyanate groups reacted 

with the GTR particles. Another assumption was that all of the functional groups present on the 

surface of GTR were hydroxyls. Considering these assumptions, the number of hydroxyl groups, 

which took part in reactions was calculated following the Equation (3): 

XOH = XNCO = ((%NCO-TDI – %NCO) · mTDI · 2)/(MTDI · 100)   (3) 

where: %NCO-TDI—free isocyanate content in TDI, equal to 42.7%; MTDI—the molar mass of TDI, equal 

to 174.2 g/mol. 

Then, the hydroxyl number of ground tire rubber was calculated from the Formula (4): 
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LOH = 56100 · XNCO/mGTR   (4) 

where: mGTR—the mass of GTR placed in the flask, g. 

3. Results 

In Table 1, there are presented results obtained during the modification of ground tire rubber in 

a twin-screw extruder. From the industrial point of view, an essential aspect of all processes included 

in the production cycle is energy consumption, which directly impacts the cost-efficiency of 

production. Therefore, it is essential to determine the amount of energy required by different 

processes. It can be seen that the increase of the screw speed resulted in the noticeable reduction of 

the motor load and reduced the specific mechanical energy required for the processing of a given 

mass of material. It was related to the shortened residence time of material in the extruder barrel, as 

well as the smaller level of filling of the working volume by the material [12]. Nevertheless, a higher 

amount of energy needed by the motor to turn the screws caused a slight 6% increase in total energy 

consumption. 

The motor load, hence the specific mechanical energy, was noticeably decreased when oils were 

introduced. Such an effect was associated with the lubricating properties of oils, which reduced the 

friction between ground tire rubber particles and between rubber particles and the extruder barrel. 

Moreover, oils could swell the rubber particles, reducing their stiffness, resulting in lower friction 

inside the extruder barrel. Total energy consumption was also slightly reduced from 0.160 to 0.157 

kWh/kg of processed GTR. The increase in oil content caused a slight rise in total energy 

consumption. However, specific mechanical energy was maintained at the same level of 0.006 

kWh/kg of material for the screw speed of 350 rpm. 

Considering the type of applied oil, it can be seen that the introduction of waste oil reduced the 

specific mechanical energy comparing to the neat rapeseed oil. Such an effect could be associated 

with the partial decomposition of oil during cooking. It probably resulted in the generation of lower-

molecular weight products, which acted as plasticizers during the process and reduced the friction 

inside the extruder barrel. Moreover, they could be more effective in swelling rubber particles, 

especially for the longer residence time. The most significant difference between oils was noted for 

samples extruded with a screw speed of 50 rpm, so when residence time was noticeably the highest. 

Table 1. Results obtained during thermo-mechanical treatment of ground tire rubber. 

Sample Oil Content, phr Screw Speed, rpm Motor Load, % SME, kWh/kg TEC, kWh/kg %NCO, % ΔNCO, % 
LOH mg 

KOH/g 

Neat GTR - - - - - 33.3 9.4 61.7 

GTR - 
50 33.0 0.053 0.160 36.3 6.4 41.1 

350 2.2 0.006 0.170 32.1 10.6 67.8 

Rapeseed oil 

20 
50 21.3 0.033 0.157 37.9 4.8 30.8 

350 3.5 0.006 0.173 33.8 8.9 56.9 

40 
150 4.6 0.008 0.165 36.7 6.0 38.3 

350 3.6 0.006 0.175 34.5 8.2 53.1 

Waste oil 

20 
50 16.4 0.026 0.157 32.4 10.3 66.6 

350 3.6 0.006 0.173 30.9 11.8 75.2 

40 
150 4.7 0.008 0.168 29.9 12.8 82.3 

350 3.6 0.006 0.178 30.9 11.8 75.9 

As mentioned in the introduction, the presented work aimed to manufacture the modified 

ground tire rubber, which could be further applied as a filler for the foamed polyurethane matrix. 

One of the main components used during polyurethane synthesis is isocyanates. Due to the presence 

of free isocyanate groups, they are very reactive with compounds containing various functional 

groups, including amines, alcohols, or carboxylic acids. Some of these groups, especially hydroxyl 

and carboxyl, may be present on the surface of ground tire rubber after thermo-mechanical treatment. 

As a result, GTR can interact with isocyanates during the manufacturing of polyurethane foam and 

affect the polymerization reactions [13]. Therefore, it is essential to adjust the foams’ formulations 

when ground tire rubber is applied as a filler [14]. Nevertheless, for proper adjustment, it is crucial 
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to determine the portion of the functional groups present on the surface of GTR particles and able to 

interact with isocyanate groups. To do so, we modified the method for the determination of free 

isocyanate content according to the ASTM D-2572 standard. 

In Table 1, there are presented the free isocyanate contents (%NCO) of GTR/TDI mixtures and the 

decrease of their value comparing to neat TDI (ΔNCO). It can be seen that neat ground tire rubber, 

before the extrusion, already contains functional groups on the surface, which can react with 

isocyanate. The content of free isocyanate groups was 33.3%, comparing to 42.7% for neat TDI. These 

functional groups are generated during shredding of tires, conducted under air atmosphere, enabling 

partial oxidation of rubber particles. The extrusion treatment of GTR caused changes in the chemical 

structure of the material. When a lower screw speed of 50 rpm was applied, the calculated hydroxyl 

value of rubber was noticeably decreased, which indicated the lowered amount of hydroxyl groups 

at the surface of particles. The adverse effect was noted for the screw speed of 350 rpm when the LOH 

increase was noted. It can be associated with the shorter residence time of material inside the extruder 

barrel and the lower extent of its decomposition, as well as lower shear forces acting on the material 

(smaller filling of the working volume). 

The introduction of oils caused noticeable differences in the chemical structure of GTR. When 

fresh rapeseed oil was added, the hydroxyl values were reduced. It can be associated with the 

hydrophobic character of oil, hence its low hydroxyl value. Hartman et al. [15] reported the hydroxyl 

value of rapeseed oil of 16.4 mg KOH/g. However, it may be even lower, depending on the oil quality. 

Similar to the extrusion treatment of neat GTR without oil, higher screw speeds resulted in higher 

hydroxyl values. It is also related to the shorter residence time and lower extent of rubber swelling 

with oil. Such an effect was not noted for the 40 phr content of waste oil. 

On the other hand, the application of waste oil increased hydroxyl values. It was associated 

probably with the partial decomposition of oil during its use in the restaurant. Its stability was lower, 

which resulted in burning during processing. According to the literature data, the rapeseed oil smoke 

point may vary in the range of 180–220 °C [16]. Therefore, oil with previous thermal history could be 

easily oxidized and degraded during processing, which resulted in the generation of lower-molecular 

weight compounds with functional groups during processing. 

4. Conclusions 

Obtained results related to ground tire rubber’s applied treatment indicate that the extrusion 

should be considered an up-and-coming method for modifying this by-product. It enables the 

accessible tailoring of the final product properties by adjusting process parameters or introducing 

additional modifiers. It is also exciting considering the potential applications of modified GTR as a 

filler for foamed polyurethane matrices. Thermo-mechanical treatment may be applied to activate the 

surface of rubber particles and increase the number of functional groups, which is crucial for 

developing polyurethane-based materials. Furthermore, this study shows that it is possible to process 

GTR continuously, obtaining a reclaimed product which is also in a powdery form. This allows us to 

conclude that it is possible to obtain products based on reclaimed GTR, using multi-component 

injection molding. This method, according to the authors, is the future of the processing of waste 

rubber products, and this study opens new possibilities in this area. 

The proposed method for determining the hydroxyl value of modified rubber particles could 

also be considered very interesting from the polyurethane point of view. Proper design of 

polyurethane formulations should include the presence of all functional groups, especially 

hydroxyls, able to react with isocyanates. Such an approach enables the effective development of 

polyurethane structures and strong interfacial interactions with applied filler, which is crucial for the 

satisfactory mechanical performance of composite material. 

Future works related to the extrusion treatment of ground tire rubber, considering its potential 

applications in polyurethane materials, should include: 

 Examining the broader range of the extrusion parameters could potentially result in higher 

hydroxyl values of modified ground tire rubber and enhance the interfacial interactions with the 
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polyurethane matrix. Moreover, modified GTR could be applied as a cross-linking agent for 

rigid polyurethane materials when sufficiently high values would be achieved. 

 Incorporation of the additional modifiers, which could enhance the interfacial adhesion with the 

polyurethane matrix. 

 Investigation of the volatile organic compounds emissions during modification, especially when 

additional modifiers are applied, which is essential for developing the truly environmentally-

friendly processes. 

 Reduction of the environmental impacts of the process, e.g., by lowering the process temperature 

or other adjustments of process parameters aimed at reducing the energy demand. 
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