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ABSTRACT 
 

Three types of ground tyre rubber (GTR) are treated with microwave in order to study the effect of 

microwave devulcanization. The first one is the standard GTR of truck (A1) and car (A2), mechanically 

reactivated GTR of truck (B1) and car (B2) and GTR which has been mechanically and chemically 

devulcanized (C1).Various analysis techniques have been used in order to characterize the 

devulcanizates produced under 0 minutes, 3 minutes, and 5 minutes of exposure to microwave. From 

the FTIR spectra, the most prominent result can be seen from the devulcanizates of mechanical 

reactivated GTR (B1). 

 

Various types of bonds such as methyl group, methylene group, carbon double bonds, and carbon-sulfur 

bonds have been reduced due to the decrease in peaks at certain bands.  
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The Thermogravimetric Analysis (TGA) of the mechanically reactivated GTR for car (B2) and chemical 

and mechanical devulcanized GTR (C1) shows a direct relationship of decrease of inorganic residual as 

the exposure time to microwave increase.  

 

The crosslink density test of standard GTR of car (A2), B1 and B2 showed an increase in crosslink density 

as time of exposure increase.  
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The sol fraction test was done by using acetone and all samples showed an increase in sol content as 

time of exposure increases. 
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1. INTRODUCTION 

1.1 Generation of End-of-Life Tyre 

The development and rapid growth of the automotive industry as well as high demands of passenger 

and commercial vehicles around the world have contributed to positive impacts on the economy and job 

creation. However, there are also environmental problems that arise from this industry. One of them is 

the generation of End-of-Life Tyre (ELT). The global output of tyre is estimated at 1,5 billion units [1] and 

in 2008, the amount of ELTs generated were 3,4 million tonnes in Europe and 238.529 tonnes in Spain 

[2]. The poor disposal of tyres in may affect human health as it becomes a breeding ground for 

mosquitoes and rodents. Due to the slow decomposition of tyres, it poses other environmental risk such 

as fire. 

1.2 Reclamation of End-of-Life Tyre 

Unlike other materials such as papers which can be recycled and manufactured into new products, the 

composition and the chemical structure of tyre hinders the process of recycling. The tyres are made by 

sulfur vulcanization of natural rubber or synthetic rubber with the addition of other additives and cured 

at a high temperature [3]. The result is the formation of crosslinks due to sulfur bridges which connects 

the carbons of the backbone chains in the rubber. The vulcanization process increases the mechanical 

properties of rubber and the formation of sulfur bridges are irreversible. 

From 1996 to 2010, the methods of dealing with the ELTs in Europe have improved, where the amount 

of ELTs that were dumped into the landfill reduced from 49% to 4% [1]. The rest of the ELTs are sorted 

according to their physical attributes. The damaged and worn out tyres are used in combustion for 

energy generation in boilers, power plants and kiln. Other than energy generation, the ELTs are recycled 

and reclaimed for the use in civil engineering and public works such as rubber mats used in playgrounds 

and running tracks and blended with asphalt for the use in road construction [4]. The tyres which are in 

a good condition or partially worn out are retreaded, reused and sent for export.  

The idea of retreading and reusing the tyres is considered good for the environment as there is less 

energy and raw materials (mineral oil, synthetic and natural rubber, etc.) used than the manufacture of 

new ones [5] [6]. Unfortunately, several reclaiming methods are detrimental to the environment. Such 

example is the obtention of energy from combustion of old tyres, which has caused debates among the 

members of the public due to the emission of hazardous pollutants that can cause negative health 

effects and problems to the environment [7] [8]. 
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Since the mentioned reclaiming method does not really break the crosslinks formed from the 

vulcanization process inside the tyre, there are studies made for devulcanization of ground tyre rubber 

(GTR). The devulcanizates produced are then made into new composite materials by mixing it with fresh 

synthetic or natural rubber [9]. The objective of making this composite material is to enhance the 

mechanical properties and hence, adding the value to the GTR. 

1.3 Chemistry and Composition of Tyre Rubber 

Before going further into the process of devulcanization, there is a need to understand the components 

that make up the tyres and its microstructure. The common compositions of tyres are given in the table 

below:  

Table 1: The compositions (in percentage) of car, truck and off-the-road tyre [10]. 

Component Car Tyre (%) Truck Tyre (%) Off-the-road Tyre (%) 

Rubber/ Elastomers 47 45 47 

Carbon Black 21,5 22 22 

Metal 16,5 25 12 

Textile 5,5 -- 10 

Zinc Oxide 1 2 2 

Sulfur 1 1 1 

Additives 7,5 5 6 

Total of Carbon-based 
materials 

74 67 76 

 

The elastomers used in each type are usually a mix of natural and synthetic rubber and the proportions 

differ from one another. Natural rubber has the chemical name of cis-1,4-polyisoprene and used in 

higher proportion than synthetic rubber in truck and off-the-road tyre. This is due to the fact that 

natural rubber builds up less heat when flexed and has greater resistance from tearing at an elevated 

temperature [11]. The synthetic rubber used is a copolymer of styrene-butadiene rubber (SBR) and has 

higher proportion in car tyres, mainly because it is cheaper and relatively good resistance from abrasion 

compared to natural rubber [12].  
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Carbon black is used as fillers to increase the strength of rubber and to give black colour to the tyre [3]. 

Since the early ‘90s, the idea of “Green Tyre” was introduced by using silica to replace the carbon black 

and it improves the traction in wet condition. However, it is difficult to process the tyre with the silica 

compared to carbon black. Hence, the mix of both is used and combines the processability and the wet 

traction of the tyre [13].  

Other ingredients include additives such as antioxidants to prevent oxidation and accelerators which 

reacts with zinc oxide to provide the condition for crosslinking. Finally is the sulfur which is responsible 

for the crosslinking. Since rubber consists of carbon backbone chains with double bonds, the sulfur 

functions as “bridge” to connect one carbon which was previously attached to a double bond, to 

another carbon backbone chain. This creates a network with C-S and S-S bonds throughout the entire 

structure that contribute to the crosslinks at a temperature between 120 0C – 180 0C [14]. This creates 

an elastomer which has high strength and stiffness.  

 

Figure 1: Structure of vulcanized rubber with sulfur bridges that interconnects the two backbone structures [14]. 
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1.4 Types of Devulcanization 

Figure 2: The summary of all devulcanization methods [15]. 

 

 

The objective of devulcanization is to break the S-S and C-S bonds which are responsible for the 

formation of crosslinks. Ideally, the devulcanizates produced are expected to be used again like fresh 

rubber. There are several works that discuss the various type of devulcanization process.  Based on the 

extensive report by CalRecovery Inc. [16] and B. Adhikari et al [17], there are five main types of 

devulcanization process  which is mechanical, chemical, biological, ultrasonic, microwave and the 

combination of the aforementioned process.  Each of the stated processes may be further divided under 

a few subcategories. Before any process takes place, the tyres are often ground to create a lot of surface 

area and ensuring effective devulcanization. 
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1.4.1 Mechanical Devulcanization 

A purely mechanical devulcanization involves the use of shear force and grinding which are intended to 

break the main backbone chain of rubber and possible some sulfur crosslinks. M. Mouri et al. [18] used 

the modular screw type reactor, based on “Shear-flow Stage Reaction Control Technology” and used 

ethylene propylene diene monomer (EPDM) rubber in its experiment. The reactor is divided into several 

parts, where the size of crushed rubber gets smaller along the reactor due to the high pressure and 

shear force exerted by the screw rotator inside the reactor. The extruded devulcanizates produced are 

then turned into pellets and its properties may be altered by changing the temperature inside the 

barrel, screw configuration and rotational speed [16] [19] [20] [21]. These methods can be classified as 

thermo-mechanical devulcanization as it involves the use of heat and shear force. Cryo-mechanical 

devulcanization method involves the use of liquid nitrogen to cool the rubber below its glass transition 

temperature. This causes the rubber to be brittle and then is put inside a mill to further reduce its size 

from 30 to 100 mesh [16] [17]. Even though the mentioned methods are perfect for mass production 

due to the continuous vulcanizates produced, Shinzo Kohjiya et al. [22] mentioned that those processes 

only comminute the devulcanizate and no devulcanization occur or in other word, no selective C-S and 

S-S bond cleaving occur. Moreover, in the case of thermo-mechanical devulcanization, very high 

operating temperature can destroy the backbone chains of the rubber, hence degradation occurs and 

the devulcanizates have poor mechanical property. 

1.4.2 Ultrasonic Devulcanization 

The first study on ultrasonic devulcanization was done by Okuda and Hatano [23] by batch process. The 

vulcanized rubber was exposed at 50 kHz of ultrasonic wave for 20 minutes. A. Isayev et al. [24]managed 

to create a devulcanization reactor based on single-screw extruders with the horn for ultrasonic wave 

placed before the die. The factors that can affect the degree of devulcanization are the amplitude of 

ultrasonic wave, the exposure or residence time and the pressure inside the extruder. The breaking of 

bonds of the rubber are mainly due to the dissipation of heat by the rubber due to the ultrasonic wave. 

If the amplitude of wave and the pressure is too low, no devulcanization occurs. Okuda and Hatano 

claimed that selective bond breaking are proved by the study where there is a breaking of C-S and S-S 

bonds and no effect to the C-C bonds. Therefore, the properties of devulcanizates are similar to the 

vulcanizates [25]. Continuous devulcanization process have been studied by Jeong Seok Oh et al. on 

butadiene rubber and the result of the study showed that devulcanization conditions are narrow and 

must be specific, or else significant degradation or no devulcanization occurred [26]. 



Microwave Devulcanization of Ground Tyre Rubber (GTR) 
 

 

12 

1.4.3 Chemical Devulcanization 

The use of chemical reagent to cleave the sulfur crosslinks for sulfur vulcanized natural rubber was first 

introduced on the ‘60s by Malaysian Rubber Producers Research Association (MRPRA) [27]. Among the 

reagents reviewed were triphenyl phosphine, sodium di-n-butyl phosphite, thiol-amine reagent, lithium 

aluminium hydride, phenyl lithium and methyl iodide. The latter has been studied by Saville and Watson 

[28] and its ability to break monosulfide bond is suitable in chemical devulcanization. Hunt and Kovalak 

[29] used 2-butanol at 150 0C and 3,4 MPa to devulcanize the rubber. Interestingly, there is no 

significant change of microstructure of rubber and the devulcanizates can be used the same way as the 

original rubber. However there is a need to treat and separate the slurry of 2-butanol with the rubber. 

The De-Link reactant, which composition was undisclosed, was introduced by Sekhar and Komer [30] is 

an environmental friendly process. The devulcanizates produced have the properties of unvulcanized 

rubber and is suitable for revulcanized into new products. Jin Kuk Kim and Marissa A. Paglicawan [31] 

stated that the higher reactant used, the properties of the revulcanizates deteriorate due to higher 

breaking of the rubber backbone chain.  

1.4.4 Biological Devulcanization 

Biological devulcanization uses microorganisms to break the sulfur bonds inside the rubber. Since sulfur 

is an inorganic compound, the use of chemolithautotrophs which gains energy from sulfur oxidation is 

an environmental friendly process [15]. Examples of such bacteria are Thiobacillus ferrooxidans, T. 

thiooxidans and Leptospirillumferrooxidans. Chu Yao et al. for example, did an experiment with 

Alicyclobacillus sp. [32]. However, since vulcanized rubber is an elastomer mixed with various 

ingredients, the biological attack is not as effective as the oxidation of sulfur in nature [17]. Some 

microorganisms are sensitive to rubber additives. Katarina el al. [33] used wood-rotting fungi, Resinicium 

bicolor as a pre-treatment to biological  devulcanization of cryo-ground tire rubber using Thiobacillus 

ferrooxidans bacteria. Resinicium bicolor decomposes aromatic compounds which reduces its toxicity. As 

a result Thiobacillus ferrooxidans increases in growth and may be able to break the sulfur bonds. Yuanhu 

Li et al. [34] showed that the sol content of GTR which undergoes devulcanization by Thiobacillus 

ferrooxidans increases. The analysis by FTIR proved that there is a breaking of C=C and a reduction of 

sulfur content. The drawbacks of microbial devulcanization are the need to maintain proper 

environmental conditions such as nutrients and temperature for the microorganisms to survive. 

The technique of microwave devulcanization will be discussed on the next subtopic. 
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2. LITERATURE REVIEW ON MICROWAVE DEVULCANIZATION 

2.1 Introduction to Microwave 

Microwave is a form of electromagnetic radiation (electric and magnetic field perpendicular to each 

other) which has a frequency between 300 MHz to 300 GHz which corresponds to 1 mm to 1 m of 

wavelength. To avoid conflict with the communication frequency, industrial microwave oven used a 

frequency between 915 MHz to 2450 MHz. Nowadays, almost all domestic microwave ovens operate at 

2450 MHz [35]. There are a few factors that affect the heating using microwave. One of them is the 

wattage of the oven. The higher the power level of the microwave, more work can be done by the 

microwave, hence the faster it is for the material to be heated. The other factor that needs to be 

considered is the properties of the material itself. Certain materials act differently towards microwave. 

Metal for example, reflects microwave and do not heat. Lossless materials are transparent to 

microwave, such as some glass, pottery, paper and most plastics [36] which means microwave passes 

through it and as a result, do not heat. Receptive materials such as rubber, absorbs microwave and 

heats up [35]. The absorbed microwave itself does not heat the material. The dipoles that exist in the 

material and water molecules rotate and align themselves in the direction of electric field.  As the 

frequency of microwave changes 2,45 billion cycles per second, the dipoles rotate quickly and generate 

friction which heats up the material [37]. As a result, the material gets heated evenly throughout the 

material. The fundamental equation of microwave heating can be described by the following equation: 

 

Equation 1: Equation of the dissipation factor [38] 

     
   

  
 

 

Where:         Dissipation factor 

        Dielectric loss factor 

        Dielectric constant 
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One important factor of the heating of a material is the dielectric loss constant. The dielectric loss 

constant of a material,      refers to the conversion of externally applied electromagnetic energy into 

heat energy. Therefore, thermal runaway is observed as the dielectric loss factor of a material increases 

[39]. The dielectric constant,    refers to the material’s ability to store the microwave energy and lastly, 

the dissipation factor,      refers to how well the material be penetrated by the microwave and how 

well it dissipate electromagnetic energy as heat [37]. The following table shows the dielectric constant 

and dielectric loss constant of various elastomers: 

 

Table 2: Permitivity of various elastomers at ambient temperature and at 3000 MHz [35]. 

Elastomer 
ASTM 
Designation 

Dielectric 
constant ,ϵ’ 

Dielectric loss 
factor, ϵ” 

Dissipation 
factor, tan δ 

Natural rubber NR 2,15 0,00645 0,0030 

Styrene-butadiene SBR 2,45 0,0107 0,0044 

Polybutadiene BR --- 0,00538 --- 

Ethylene-
propylene 

EPDM 2,35 0,0067 0,0029 

Polyisobutylene IIR 2,35 0,0021 0,0009 

Polychloroprene CR 4,00 0,1356 0,0339 

Nitrile NBR 2,80 0,0504 0,0180 
 

From the table above, polychloropene has the highest loss factor which is 0,1 and can heat up faster and 

has the highest dissipation factor of 0,0339. Nitrile, which has a loss factor of 0,05 is also good at 

converting electromagnetic energy to heat, thanks to its polar molecule.  

On the other hand, NR and SBR which are often used in tyres, have a low dissipation factor because they 

are non-polar in nature. However, the addition of carbon black and other polar additives creates heat at 

the interface of the elastomer hence, compensating the low dissipation factor due to their non-polarity 

[35]. 
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2.2 Microwave Devulcanization 

In microwave devulcanization, C-S (260 kJ/mol) and S-S (225 kJ/mol) bonds are expected to be broken 

when microwave is applied. Theoretically, the heating of GTR happens at specific points [40], near the 

polar groups and hence, reducing the degradation of the main backbone chains [41]. However, it is 

possible that the microwave provides more than enough energy. If that is the case, the C-C (350 kJ/mol) 

and C=C (611 kJ/mol) [42] of the rubber backbone chain may also be broken and degradation of the 

devulcanizates may occur. In the case of GTR, aside from the rubber component, there is also carbon 

black, oxide of silica and other additives which have its own dipole rotation when microwave is applied.  

2.3 Studies on Microwave Devulcanization 

One of the earliest study on microwave was a patent awarded to Goodyear Tire in 1978 and claimed 

that the application of 41Wh – 177 Wh per pound of EPDM rubber is sufficient to break the C-S and S-S 

bonds but not enough to break C-C bonds [43]. Roussy et al. found that the devulcanization of EPDM 

rubber happened at 280 oC. Karabork et al. [44] made a composite of SBR with microwave devulcanized 

GTR. The devulcanized GTR was analysed using thermogravimetric analysis (TGA) and Fourier transform 

infrared spectroscopy (FTIR). The thermogram form the TGA showed that the residue was 35 % of the 

original weight and corresponds to the additives used such as silica and carbon black. The FTIR analysis 

proved that there are a breaking of S-S bonds and a few C-C and C-S bonds were broken due to the 

microwave devulcanization. Similar study by A. Zanchet et al used microwave devulcanized SBR scraps 

and made a composite by mixing it with fresh SBR [45]. The remaing residue from the thermogram was 

between 41 to 45 % of the original weight. The difference of residual % from the previously mentioned 

study was mainly due to the difference of composition of SBR and GTR. D. Hirayama did a study on 

microwave devulcanization of SBR and proved by FTIR the breakdown of S-S bonds and a few C=C bonds. 

The absence of C=C bonds may affect negatively if it were to be made into composites because the C=C 

bonds are needed for the formation of sulfur crosslinks. The tensile strength of the composites made 

from the devulcanizates by Karabork et al. [44] and A. Zanchet [45] increased, but only in a specific 

amount of devulcanizates. The exposure to microwave also differs for GTR and scrap SBR in order to 

achieve the desired increase in physical properties. 
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3. EXPERIMENTAL 

3.1 Materials 

There are three types of samples used in this experiment. The first one is the standard GTR of truck (A1) 

and car (A2). The second is the mechanically reactivated GTR of truck (B1) and car (B2). The last sample 

is the GTR which has been mechanically and chemically devulcanized previously (C1). Samples A1, A2, B1 

and B2 have more or less the same texture and feels like a fine powder when touched. Meanwhile, C1 

has a different texture to it. It feels crumbly and loosely packed. When a little pressure is applied, it 

turns into a fine powder. These GTR samples are obtained from Gestión Medioambiental de Neumáticos 

S. L. (GMN) and have an average particle size of between 400 to 600 microns. Potassium bromide is used 

to make the pellet for the FTIR analysis of the GTR. Acetone is used in the determination of sol content 

of the GTR and toluene is used in determining the crosslink density for the swelling test and is obtained 

from Panreac Química  S.L.U.   

Figure 3: GTR used for microwave devulcanization. 

Type of GTR Figure 

A1-Truck 
Standard GTR 
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A2-Car 
Standard GTR 

 

B1-Truck 
Mechanically 
Reactivated 

GTR 
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B2-Car 
Mechanically 
Reactivated 

GTR 

 

C1-Chemical 
& Mechanical 
Devulcanizati

on 
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3.2 Sample Preparation 

 

The microwave devulcanization process is done by using a modified domestic microwave oven, Daewoo 

KOR-6L35 with the maximum power output of 700 W. A stirrer is added to the microwave and is made 

of polytetrafluoroethylene to ensure even exposure of microwave to the GTR. During the 

devulcanization process, around 15 g of each GTR sample is placed inside a 300 ml beaker. The stirrer is 

set at 20 rpm. The samples are then exposed to the microwave treatment for 0, 3 and 5 minutes at 700 

W. After each treatment, the temperature of the devulcanizates is recorded.  

Figure 4: The setup of modified microwave oven with stirring system. 
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3.3 Characterization of Microwave Devulcanization of GTR 

The microwave treated samples are then characterized using a few analysis techniques: 

3.3.1 Fourier Transform Infrared Spectroscopy (FTIR) 

5 to 6 mg of each sample is incorporated into 300 mg of potassium bromide and grinded into fine 

powder. The sample and powder are formed into pellet by using Specac pellet hydraulic press at 10 

tonnes of force. The spectrometer used is Nicolet Avatar 320 FTIR, equipped with CsI optics. Any 

changes of GTR microstructure before and after the microwave treatment can be observed by using the 

spectra produced. 

Figure 5: Nicolet Avatar 320 FTIR Spectrometer (left) and some of the KBr with GTR pellet used (right). 

 

3.3.2Thermogravimetric Analysis (TGA) 

Each sample is analysed using Mettler Toledo  TGA/SDTA 851. About round 13,5 mg of sample is placed 

inside an alumina crucible. The measurement is conducted in an inert environment, with a flow rate of 

20 ml/min of nitrogen gas and heating rate of 20 oC/min. The temperature starts at 40 oC and ends at 

600 oC. The TGA enables us to determine any changes of composition of GTR and the decomposition 

curve. 
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Figure 6: Mettler Toledo TGA used in the analysis. 

 

 

3.3.3 Crosslinking 

The crosslinking test is done by making a sheet of rubber made from the GTR. 61 g of GTR of each 

sample is put into a square mould of outside dimension 19 cm x 19 cm and inside dimension of 16 cm x 

16 cm with a thickness of 0,26 cm with steel plates. The mould is then pressed using Collin P200E hot 

plate press at a temperature of 220 oC for 12 minutes. The obtained rubber sheet is then removed from 

the mould and is cut into tiny squares of . 

Figure 7: Collin P200E hot plate press used in making the rubber sheet. 
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Figure 8: Square mould for making the rubber sheet. 

 

 

Figure 9: The cut rubber sheet used for swelling test with toluene. The diagram shows the dried sample (left) and the swollen 
sample (right).  

 

The dimension is recorded to calculate the volume and the weight is recorded. The tiny squares from 

various part is then soaked inside a small container containing about 2 ml of toluene for 72 hours. After 

that, the swollen specimen is weighed and left to dry for 24 hours at room temperature. The weight of 

the dried specimen is recorded once again. The crosslink density can be calculated using Flory-Rehner 

equation [46]: 
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Equation 2: Flory-Rehner equation 

    
 

  
 

  (    )       (  
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Where:       Crosslink density (mol/cm3) 

      Molar volume of solvent - toluene (106,13 cm3/mol) [46] 

      Rubber solvent interaction parameter (0,3795) [44] 

      Volume fraction of rubber in swollen sample 

 

The volume fraction of rubber in swollen sample is calculated by using the following equation: 

Equation 3: Formula to calculate the volume fraction of rubber [47] 

    
(
  
  

)

(
     

  
)  (

  
  

)
 

 

Where:       Weight of swollen specimen 

      Weight of the dried specimen (24 hours at room temperature) 

      Density of solvent – toluene (0,8669 g/cm3) [48] 

      Density of the specimen 

Crosslinking density refers to presence of crosslink inside the specimen. The solvent did not dissolve the 

network of crosslinks, but instead swells it by entering the spaces inside the crosslink cluster. The 

following illustrates the network of crosslinks: 
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Figure 10: The illustration of crosslink network inside a polymer [3] 

 

The solvent particles enter the crosslink cluster and as a result push the network junctions away from 

each other. The higher the value of crosslink density, the network junction moves away less and there is 

less volume expansion of the specimen due to swelling [49].  

3.3.4 Sol fraction 

The sol content refers to the soluble part of the sample. The determination of sol fraction is done by 

Soxhlet extraction, using acetone as the solvent. 

Figure 11: The Soxhlet extractor (left) and the cellulose thimble used (right) 
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Around 1,5 g of GTR devulcanizates is put inside the cellulose thimble. The extraction process is done for 

24 hours and is left to dry in oven at 70 oC for 24 hours. The final mass is recorded. The equation to be 

used for the sol fraction determination is: 

Equation 4: Sol content determination [44] 

 

               
(     )

  
      

 

Where:      Weight of sample before extraction (g) 

      Weight of sample after extraction (g)  

 

 

3.3.5 Ash content determination 

 

The determination of ash content is done to further facilitate the interpretation of result obtained from 

TGA. This test is done according to the ASTM D297-13, chapter 35. The sample is weighed and placed 

inside a crucible and then put inside the heat treatment oven, Optic Ivymen System at 550 oC for one 

hour. After one hour the oven door is opened at an opening of 3 cm to introduce oxygen gas inside the 

oven for 30 minutes more for the total oxidation of sample. The remaining ash is most probably from 

the inorganic components from the GTR, mostly silica. The following equation can be used to determine 

the ash content percentage: 

Equation 5: Equation for ash content determination. 

            ( )  (
  

  
)       

Where:       Initial mass of sample (g) 

      Final mass of sample after put inside the oven or ash (g) 
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Figure 12: The oven used for the ash content determination 

 

Figure 13: The ashes produced from the high temperature burning inside the oven. 
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4. RESULTS AND DISCUSSION 

The numerical results from the characterization of the treated GTR mentioned in the previous part are presented in the following table. The full 

calculation for each characterization process can be seen at the Annex. The nomenclature used in this study consists of three characters. The 

first is the letter A, B or C1 which indicates the standard, mechanically reactivated and chemical and mechanical devulcanized GTR respectively. 

The number 1 and 2 refers to the truck or car respectively, and only apply for sample A and B. The final number refers to the time of exposure to 

microwave, which is 0 (without microwave treatment), 3 and 5 minutes. 

Table 3: Table of temperature, percentage of decomposition & residue of TGA, crosslink density and sol fraction after microwave treatment.  

Type of GTR Sample 
Microwave 
Exposure 

Time (min) 
Temperature (oC) 

TGA - Percentage 
of decomposition 

of organic 
material (%) 

TGA - 
Percentage 
of residue 

left (%) 

 Average 
Crosslink 
density 

(mol/cm3) 

Sol fraction (%) 

Ash 
content 

(%) 

A1-Truck 
Standard GTR 

A10 0 - 60,9876 39,0124 3,47E-04 10,31 - 

A13 3 164 59,8634 40,1366 4,80E-04 20,27 - 

A15 5 163 60,5077 39,4923 2,89E-04 22,35 - 

A2-Car Standard 
GTR 

A20 0 - 61,8821 38,1179 3,66E-04 13,23 7,46 

A23 3 117 64,1567 35,8433 4,83E-04 18,48 7,04 

A25 5 185 57,0205 42,9795 5,80E-04 25,85 6,53 

B1-Truck 
Mechanically 

Reactivated GTR 

B10 0 - 61,8219 38,1781 4,33E-04 12,03 - 

B13 3 127 59,8907 40,1093 5,69E-04 15,72 - 

B15 5 170 60,8470 39,1530 6,53E-04 24,58 - 

B2-Car 
Mechanically 

Reactivated GTR 

B20 0 - 55,4784 44,5216 4,40E-04 13,95 - 

B23 3 115 56,1620 43,8380 5,50E-04 14,85 - 

B25 5 145 58,0535 41,9465 8,82E-04 29,26 - 

C1-Chemical & 
Mechanical 

Devulcanization 

C10 0 - 57,8599 42,1401 3,40E-04 9,54 4,50 

C13 3 97 58,3327 41,6673 3,39E-04 10,05 - 

C15 5 149 60,2990 39,7010 3,73E-04 15,87 - 
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4.1 Fourier Transform Infrared Spectroscopy (FTIR) 

In the study of GTR devulcanization by microwave process, there is a change in microstructure of the 

devulcanizates. Hence, it is necessary to detect the bands which are of our interest. Considering the 

possible bonds inside the GTR, the selected spectra are between 1400 cm-1 and 400 cm-1. The bands are: 

4.1.1 Analysis of FTIR spectra without microwave 

Prior to the microwave devulcanization process, the different samples are analysed to study the 

differences between the microstructures of each sample. The samples to be analysed are standard GTR 

of car (A20), mechanical devulcanized GTR of truck (B10) and car (B20), and finally the chemical and 

mechanical devulcanized GTR (C1). The spectra cover the wavenumber of 1800 cm-1 to 400 cm-1. The 

bands is analysed by using the data of Jones and Sandorfy [50]. 

FTIR Spectra 1 :FTIR spectra of the samples without microwave treatment, A20,B10,B20, and C10. 
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From the spectra, there are a few bands that can be seen and analysed: 

 1632 cm-1 [ -C=C- ]  

This band corresponds to the amount of elastomeric components of the tyre such as natural rubber 

(NR), styrene butadiene rubber (SBR), butadiene rubber (BR) and etc. For all the samples, this band is 

very high. 

 1412 cm-1 [ =CH2 ] 

This band corresponds to the methylene groups of double bonds. In A20, the band is higher compared 

to other samples (C20 and B10) and mainly in B20. This is due to the fact that the sample B10 and B20 

have undergone mechanical devulcanization while C10 has been chemically and mechanically 

devulcanized. The bond breaking is mainly due to shear and degradation of that happened during the 

treatment. 

 1382 cm-1 [-CH3] 

This band is due to the methyl group of different elastomers. Just like the methylene group, there is also 

a bond breaking due to C-C  and C=C from the mechanical and chemical mechanical devulcanization. 

 1026 cm-1 [black carbon] 

This particular band is higher in A20 than in other samples. This proves that the devulcanization process 

really decrease the black carbon. One possible explanation is that the increase in temperature during 

the devulcanization process is high enough to convert the carbon black to CO2. 

 1121 cm-1 [SiO2] 

This band remains the same for all the samples. The devulcanization process did not breakdown the 

silica inside the tyre, mainly because it is a mineral which is stronger and can withstand high 

temperature than the black carbon.  

 874 cm-1 [-C=C-H] 

This band is the highest in A20 and confirms the breaking of bonds from the previous band analysis. In 

the following spectra, we can see the part between 700 cm-1 to 400 cm-1 that corresponds to other 

band. 
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FTIR Spectra 2: Spectra of A20, B20 and C20 at 700 cm
-1

 to 400 cm
-1

. 

 

 716 cm-1 [-CH2-] 

The band is the backbone chain of the elastomers and is the highest for A20. For the other sample, the 

peak is lower because of the devulcanization process. 

 611 cm-1 & 524 cm-1 [C-S] 

This bond corresponds to the C-S bonds that is attached to the backbone chain. From the spectra, the 

peak is relatively similar to each other and no difference. 

 465 cm-1 [S-S] 

This bond corresponds to the sulfur bridges inside the GTR. This band is the highest for B20 and C10 but 

lower for the A20. We can see there is a shift of band towards the right for the sample C10. 
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4.1.2 Analysis of the microwave devulcanized samples 

In this part, the FTIR spectra of all the samples which have undergone microwave treatment is 

presented and discussed. 

A1 Spectra 

FTIR Spectra 3: Spectra for A1 at 0, 3, and 5 minutes of microwave exposure. 

 

In A1 spectra, there seems to be no change in methyl group (1385 cm-1), sulfur bridge (470 cm-1), 

carbon-sulfur bond (611 cm-1), methylene group (710 cm-1). However, there is a decrease in C=CH (1018 

cm-1) due to the microwave devulcanization and an increase in SiO2 (1092 cm-1) content, most probably 

due to oxidation. In this case, backbone chain breaking is happening. 
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A2 Spectra 

FTIR Spectra 4: Spectra for A2 at 0, 3, and 5 minutes of microwave exposure between 1800 cm
-1 

to 1200 cm
-1

. 

 

With the microwave time of 5 minutes, the peak at 1437 cm-1  is very prominent and corresponds to the 

(CH2) scissoring. 

FTIR Spectra 5: Spectra for A2 at 0, 3, and 5 minutes of microwave exposure between 1500 cm
-1

 to 900 cm
-1
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There is an increase in 1440 cm-1 and 1993 cm-1 (SiO2) while a reduction of the band 1385 cm-1 and 1021 

cm-1 (black carbon) and confirms that the microwave treatment reduce the quantity of black carbon. 
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FTIR Spectra 6: Spectra for A2 at 0, 3, and 5 minutes of microwave exposure between 800 cm
-1 

to 400 cm
-1

. 

 

B1 Spectra 

FTIR Spectra 7: Spectra for B1 at 0, 3, and 5 minutes of microwave exposure. 
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In B1 spectra, there is a reduction of –CH3 group (1383 cm-1  ), SiO2(1111 cm-1) , C=CH (1022 cm-1) , -CH2 

(713 cm-1) and C-S (606 cm-1 and 586 cm-1). In this case, there is more backbone chain breaking 

compared to the A1 and A2 sample and still no decrease in S-S bridge (466 cm-1). 

B2 Spectra  

FTIR Spectra 8: Spectra for B2 at 0, 3, and 5 minutes of microwave exposure from 1800 cm
-1 

to 1100 cm
-1

. 

 

For B2, there is a decrease in peak at 1407 cm-1 which corresponds to the breaking of backbone chain 

=CH2.  
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FTIR Spectra 9: Spectra for B2 at 0, 3, and 5 minutes of microwave exposure from 1500 cm
-1

 to 800 cm
-1

. 

 

FTIR Spectra 10: Spectra for B2 at 0, 3, and 5 minutes of microwave exposure from 800 cm
-1

 to 400 cm
-1

. 

 

The peak at 716 cm-1 (-CH2-) ,611 cm-1 and 524 cm-1 (both C-S) show a decrease of peak when exposed 

to microwave for 5 minutes and confirms the bond breaking. However the band at 465 cm-1 (S-S) do not 

change and no sulfur bridge breaking occurs.   
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C1 Spectra 

 

FTIR Spectra 11: FTIR spectra for C1 at 0, 3, and 5 minutes of microwave exposure. 

 

 

 

In the spectra of C1, there is practically no change in peak except a decrease of peak at 1117 cm-1 (SiO2), 

as the exposure time to the microwave increases. The decrease of inorganic residue such as SiO2 means 

the microwave increases the decomposition of organic components of GTR and proves the changes in 

microstructure. 
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4.2 Thermogravimetric Analysis 

TGA Curve 1: Curve for A1 at 0, 3, and 5 minutes of microwave exposure. 

 

TGA Curve 2:Differential TGA curve for A1 at 0, 3, and 5 minutes of microwave exposure. 
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TGA Curve 3: Curve of A2 at 0, 3, and 5 minutes of microwave exposure. 

 

TGA Curve 4: Differential TGA curve of A2 at 0, 3, and 5 minutes of microwave exposure. 
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TGA Curve 5: TGA curve of B1 at 0, 3, and 5 minutes of microwave exposure. 

 

TGA Curve 6: Differential TGA curve of A1 at 0, 3, and 5 minutes of microwave exposure. 
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TGA Curve 7: Curve of B2 at 0, 3, 5 and 8 minutes of microwave exposure. 

 

TGA Curve 8: Differential TGA curve of B2 at 0, 3, 5 and 8 minutes of microwave exposure. 
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TGA Curve 9: Curve of C1 at 0, 3, and 5 minutes of microwave exposure. 

 

TGA Curve 10: Differential TGA curve for C1 at 0, 3, and 5 minutes of microwave exposure. 
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Figure 14: Graphical representation of percentage of residue left as a function of microwave exposure time of all samples. 

 

Figure 15: Graphical representation of percentage of organic material decomposition as a function of microwave exposure 

time of all samples. 
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same and no significant change happens as exposure time is increased. There is also no shift of peak in 

the differential TGA curve and we can say that the sample A1 is energetically stable and resist change in 

microstructure when microwave energy is applied.  

The graph of organic material decomposition for the sample A2 proves that the data is an anomaly. 

Unlike other samples, as the microwave exposure time increase, there is a reduction in elastomeric 

components of A2 from 0 minute to 5 minutes, 61,8821 % to 57,0205 %. One effect that stands out from 

the microwave treatment is the reduction of moisture content in the GTR. This can be seen in the initial 

part if the TGA curve, where there is a rapid decline in mass due to evaporation of H2O. The differential 

TGA curve also confirms this effect as the peak at 400 oC for 0 minute is lower than that of A2 sample at 

5 minutes of microwave, which signifies the rapid loss of mass. 

In B1, there is no observable pattern in percentage of residue (inorganic compounds) left after the 

thermal analysis and the variation of percentage of residue is very small (61,8219% at 0 min, 59,8907% 

at 3 minutes and 60,8470% at 5 minutes ). However, we can see some interesting things that happen in 

the differential TGA curve of B1. For B10 (no microwave treatment),at 400 oC, there is a lower peak (high 

rate of loss of mass)  and at around 450 oC, the peak is higher. These two peaks correspond to the two 

different types of elastomers present in the truck GTR. The first elastomer at 400 oC is assigned to the 

natural rubber while the second elastomer at 450 oC is assigned to the SBR rubber. As the exposure time 

increase to 5 minutes, the peak at 400 oC gets higher (less rate of loss of mass) and the peak at 450 oC 

gets lower. In this case, the result shows that the microwave degrades the natural rubber part and turns 

it into possibly CO2 gas or other relevant components. 

We can see a pattern of a decrease in residue   or increase in organic material decomposition as the 

exposure time increases for B2 and C1 samples. If we use these two results, we can say that the 

microwave treatment changes not only in some bonds, but also decrease the residue of inorganic 

compounds inside the GTR, for example carbon black and oxide of silica. The microwave might have 

reacted with the inorganic residue and converts some of them into CO2 or degrade into other by-

products. The differential TGA curve of B2 shows the effect of increase in thermal stability of the B2 

GTR, where the peak temperature at around 400 oC (0 minute) shifts to the right (8 minutes).  

One inference that can be made from the TGA is that the shape of the differential TGA curve can be 

used as a characteristic curve to determine the type of samples used. The shape of the C1 differential 

TGA curve resembles a lot like A1 differential TGA curve, where it has a pronounced peak at 400 oC and 
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an inflexion point at 450 oC. Therefore, we can possibly assume that C1 is made up of truck GTR which 

has been mechanically and chemically devulcanized. The differential TGA curve of A2 and B2 resembles 

each other in a way that they both have a broad peak and a wider inflexion point. 

One more observation that can be seen from the differential TGA curve is that the peak of 

decomposition shifts to the right for all the samples as the exposure time to microwave increases. This 

indicates that the microwave treatment increases thermal stability of the GTR. 

4.3 Crosslink Density 

Figure 16: Graphical representation crosslink density as a function of microwave exposure time of all samples. 

 

There is no observable pattern in crosslink density for A1 as the exposure time increases. In C1, the 

variation of value is very small that we can consider the microwave treatment does not really affect the 

crosslink inside the GTR.  

On the other hand, we can see a direct increase in crosslink density for A2, B1 and B2 sample as the 

exposure time increases. However this result seems counter-intuitive. This is due to the fact that the 

microwave should break the S-S and C-S bonds and other backbone chains. As a result, the crosslink 

density should decrease as the exposure time to microwave increase. 

One possible explanation for this phenomenon is that, there is a revulcanization process happening 

during the formation of rubber sheet. Since high pressure and a temperature of 220 oC is used, the 

2,00E-04

3,00E-04

4,00E-04

5,00E-04

6,00E-04

7,00E-04

8,00E-04

9,00E-04

0 1 2 3 4 5

A
ve

ra
ge

 C
ro

ss
lin

k 
d

en
si

ty
 

(m
o

l/
cm

3 )
 

Microwave exposure time (min) 

Average Crosslink density (mol/cm3) 
vs Exposure time (min) 

A1

A2

B1

B2

C1



Microwave Devulcanization of Ground Tyre Rubber (GTR) 
 

 

45 

remaining C=C bonds reacts with the remaining sulfur inside the sample, and hence creating new 

crosslinks. It should be noted that this temperature is way over the normal vulcanization temperature 

which is 120 oC -180 oC. 

4.4 Sol Fraction 

Figure 17: Graphical representation sol fraction as a function of microwave exposure time of all samples. 

 

Unlike the mentioned characterization process of the microwaved devulcanizates, the sol fraction test 

gives us a very clear pattern as the exposure time increases. The sol fraction for all the samples 

increases as the exposure time increases. This proves that the microwave breaks some of the bonds and 

increases the amount of soluble compounds that can be extracted by the solvent (acetone). 

4.5 Ash content determination 
 

The ash content for four types of samples, A20, A23, A25 and C10 is determined and the result is as 

follow: 
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Figure 18: Graphical representation of ash content with exposure time. 

 

From the graph above, we can see the evolution of ash content with microwave exposure time. The ash 

content of sample A2 decreases as the exposure time increase. This result is as expected because in the 

discussion of TGA previously, we have concluded that the microwave alters the microstructure of GTR, 

which in turn increases the organic material decomposition (for B2 and C1). As the residue left is a 

complement for the organic material decomposition, when organic material decomposition increases, 

the residual inorganic left decrease.  

In the case of the sample A2, the ash content result somehow negates the TGA result previously where 

the result is considered an anomaly and fits the pattern of all the other samples, where the organic 

material decomposition increase as a function of microwave exposure time. 

5. PROPOSED MECHANISM OF DEVULCANIZATION 

 

From the FTIR results, we can detect that there is a breaking and degradation of backbone chain through 

the breaking of C=CH, CH3, -CH2 and C-S bonds. However, S-S bonds are unchanged and are not affected 

by microwave treatment. The following diagram can show the mechanism of microwave devulcanization 

of GTR: 
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After the treatment, the S-S bonds remains constant, while the backbone chain is broken. The SiO2 is no 

longer attached to the elastomer and the carbon black has been converted into CO2. 
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6. CONCLUSION 

 

From the FTIR spectra of all the samples, the spectrum of B1 which is the mechanical reactivated for 

truck GTR gives us the best result. It has the most groups and bonds which are broken by microwave. 

The bonds broken are of –CH3 group, SiO2, C=CH, -CH2 and   C-S. However, the microwave process did 

not break the S-S bonds, which is the main purpose of the study. We can say that the microwave 

treatment works fairly well because even if there is no S-S bonds broken, there is still C-S bonds which 

are broken.  

The second conclusion that can be drawn from this study is that the microwave treatment does affect 

the elastomeric components (rubber backbone chains) as well as the inorganic components. The TGA 

proves the decrease in inorganic residue due to microwave process. These inorganic components of GTR 

may have been destroyed due to the friction of dipole rotation in it due to the application of microwave. 

The generated heat is great enough to convert it into CO2. 

The crosslinking test suggests that the revulcanization of the elastomer inside the GTR is possible due to 

the increase in crosslink density in the rubber sheet. However, the temperature must be sufficiently high 

in order to reactivate the residual sulfur and C=C bonds which is responsible for sulfur bridge inside the 

elastomer. Further studies may be done to determine if the increase in crosslink density can improve the 

tensile strength of the formed rubber sheet. 

The first conclusion that can be drawn is that the chemical and mechanical devulcanized GTR (C1) has 

the least amount of microstructural and sol fraction change. Unlike the standard GTR and the 

mechanically reactivated GTR, C1 gives the least change be it in FTIR , crosslink density (between 3,4 

x10-4 to 3,7 x10-4) and sol fraction percentage (between 9,5% to 15%) . The chemical and mechanical 

devulcanization process really affects the performance of the GTR. 

The second conclusion that we can get from this experiment is that the microwave treatment do 

increase the organic component decomposition by altering the microstructures of the GTR. This 

statement is backed by the result of FTIR and TGA. 

The final conclusion i, microwave devulcanization is suitable for certain types of GTR. This can be seen in 

sample C1, where all the characterization analysis proved that it has the smallest change in parameter of 

all the samples even if the exposure time to microwave is increased. Further studies can be done to 
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ensure that the microwave devulcanization is suitable to be used on all types of GTR and gives a 

constant result. 

7. PROPOSALS 
For future studies, the following points can be taken into account in order to improve the result of this 

experiment: 

a) For the crosslinking test, a new way to form the rubber sheet must be introduced. The hot plate 

press must be operated at a temperature lower than 160 oC to avoid revulcanization of the GTR. 

If it is possible, only use hight pressure to form the rubber sheet at a room temperature. As a 

result, the crosslink density can be decreased as the exposure time of microwave increase. If 

combined with the sol fraction obtained, the Horikx’s theory can be applied to relate whether a 

selective bond breaking can be achieved with microwave devulcanization.  

b) The rubber sheet can be cut into standard shape for tensile strength testing. If this is possible, 

we may relate the tensile strength with the crosslink density inside the specimen. 

Figure 19: The standard shape that is made of GTR for tensile strength. 

 

c) A microwave oven with power more than 700 W can be used in order to see any changes in 

microstructure of GTR. 
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ANNEX 

Annex 1: The table of crosslink density calculation. 

Sample 
Width 
(cm) 

Length  
(cm) 

Height 
(cm) 

Volume 
of Dry 

Sample, 
Vd (cm3) 

Weight of 
Dry 

Sample,Wd 
(g) 

Density of 
Sample, 

ρ2=Wd/Vd 

(g/cm3) 

Weight of 
Swollen 
Sample, 

a1 (g) 

Weight of 
Swollen 
Sample 

After 
Drying, a2 

(g) 

Weight of 
Toluene 

Absorbed , 
a1-a2 (g) 

Volume 
Fraction 

of 
Rubber, 

Vr 

Crosslink 
Density, ρc 

(mol/cm3) 

A10(1) 0,960 1,200 0,260 0,30 0,324 1,082 0,897 0,296 0,601 0,283 3,53E-04 

A10(2) 1,110 1,200 0,260 0,35 0,407 1,175 1,115 0,38 0,735 0,276 3,32E-04 

A10(3) 1,290 1,050 0,250 0,34 0,389 1,149 1,07 0,356 0,714 0,273 3,24E-04 

A10(4) 1,480 1,450 0,260 0,56 0,615 1,102 1,662 0,57 1,092 0,291 3,78E-04 

A13(1) 1,200 1,180 0,270 0,38 0,383 1,002 0,831 0,302 0,529 0,331 5,25E-04 

A13(2) 1,120 1,240 0,260 0,36 0,363 1,005 0,835 0,289 0,546 0,313 4,57E-04 

A13(3) 1,160 1,320 0,250 0,38 0,424 1,108 0,923 0,332 0,591 0,305 4,27E-04 

A13(4) 1,220 1,290 0,260 0,41 0,360 0,880 0,831 0,275 0,556 0,328 5,13E-04 

A15(1) 1,020 1,000 0,260 0,27 0,279 1,052 0,785 0,246 0,539 0,273 3,24E-04 

A15(2) 1,280 1,250 0,250 0,40 0,443 1,108 1,215 0,384 0,831 0,266 3,02E-04 

A15(3) 1,180 1,080 0,240 0,31 0,360 1,177 0,982 0,313 0,669 0,256 2,77E-04 

A15(4) 1,160 1,180 0,240 0,33 0,380 1,157 1,034 0,316 0,718 0,248 2,56E-04 

A20(1) 1,470 1,210 0,260 0,46 0,462 0,999 1,381 0,439 0,942 0,288 3,68E-04 

A20(2) 1,103 1,079 0,266 0,32 0,351 1,109 0,972 0,322 0,65 0,279 3,41E-04 

A20(3) 1,164 1,138 0,266 0,35 0,360 1,022 1,026 0,338 0,688 0,294 3,89E-04 

A23(1) 1,130 1,120 0,260 0,33 0,299 0,909 0,654 0,234 0,42 0,347 5,96E-04 

A23(2) 1,125 1,167 0,249 0,33 0,349 1,068 0,831 0,295 0,536 0,309 4,40E-04 

A23(3) 1,036 1,171 0,249 0,30 0,316 1,046 0,766 0,262 0,504 0,301 4,12E-04 

A25(1) 1,040 1,220 0,260 0,33 0,336 1,019 0,797 0,271 0,526 0,305 4,25E-04 
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A25(2) 1,164 1,264 0,246 0,36 0,379 1,047 0,926 0,306 0,62 0,290 3,75E-04 

A25(3) 1,381 1,157 0,247 0,39 0,415 1,052 0,753 0,344 0,409 0,409 9,40E-04 

B10(1) 1,250 1,080 0,270 0,36 0,401 1,100 1,042 0,373 0,669 0,305 4,27E-04 

B10(2) 1,221 1,118 0,284 0,39 0,409 1,055 1,109 0,384 0,725 0,303 4,20E-04 

B10(3) 1,187 1,093 0,272 0,35 0,379 1,074 0,993 0,357 0,636 0,312 4,51E-04 

B13(1) 1,110 1,360 0,260 0,39 0,389 0,991 0,889 0,354 0,535 0,367 6,91E-04 

B13(2) 1,052 1,061 0,255 0,28 0,287 1,008 0,719 0,263 0,456 0,331 5,28E-04 

B13(3) 1,025 1,324 0,256 0,35 0,376 1,082 0,924 0,343 0,581 0,321 4,86E-04 

B15(1) 1,500 1,380 0,270 0,56 0,537 0,961 1,163 0,443 0,72 0,357 6,43E-04 

B15(2) 1,365 1,131 0,272 0,42 0,393 0,936 0,828 0,313 0,515 0,360 6,59E-04 

B15(3) 1,425 0,939 0,271 0,36 0,355 0,979 0,76 0,295 0,465 0,360 6,56E-04 

B20(1) 1,090 1,090 0,270 0,32 0,363 1,132 0,887 0,337 0,55 0,319 4,80E-04 

B20(2) 1,140 1,110 0,260 0,33 0,394 1,198 0,975 0,355 0,62 0,293 3,85E-04 

B20(3) 1,160 1,380 0,270 0,43 0,492 1,138 1,203 0,45 0,753 0,313 4,54E-04 

B23(1) 1,180 1,330 0,270 0,42 0,450 1,062 0,984 0,397 0,587 0,356 6,37E-04 

B23(2) 0,960 1,250 0,250 0,30 0,345 1,150 0,761 0,297 0,464 0,325 5,04E-04 

B23(3) 1,240 1,240 0,260 0,40 0,456 1,141 1,002 0,391 0,611 0,327 5,11E-04 

B25(1) 1,300 1,400 0,270 0,49 0,354 0,720 0,726 0,297 0,429 0,454 1,27E-03 

B25(2) 1,290 1,440 0,270 0,50 0,495 0,987 1,002 0,407 0,595 0,375 7,37E-04 

B25(3) 1,360 1,140 0,260 0,40 0,431 1,069 0,862 0,349 0,513 0,356 6,36E-04 

C10(1) 1,000 1,110 0,270 0,30 0,282 0,941 0,821 0,248 0,573 0,285 3,59E-04 

C10(2) 1,047 0,875 0,257 0,24 0,221 0,939 0,667 0,194 0,473 0,275 3,28E-04 

C10(3) 1,101 0,976 0,261 0,28 0,289 1,030 0,845 0,264 0,581 0,277 3,33E-04 

C13(1) 1,020 0,940 0,260 0,25 0,254 1,019 0,742 0,224 0,518 0,269 3,11E-04 

C13(2) 1,081 1,114 0,254 0,31 0,322 1,053 0,904 0,293 0,611 0,283 3,53E-04 

C13(3) 1,351 0,898 0,260 0,32 0,318 1,008 0,928 0,292 0,636 0,283 3,53E-04 

C15(1) 1,190 1,160 0,270 0,37 0,371 0,995 1,021 0,325 0,696 0,289 3,72E-04 

C15(2) 0,870 1,410 0,263 0,323 0,330 1,023 0,923 0,303 0,620 0,293 3,84E-04 
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C15(3) 0,983 1,437 0,264 0,37 0,376 1,008 1,065 0,339 0,726 0,286 3,64E-04 
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Annex 2: The table of the crosslink density and its average value. 

 
Sample 

Microwave 
Exposure 
Time (s) 

1st Trial 2nd Trial 3rd Trial 4th Trial 
Average  
Crosslink 

 Density (mol/cm3) 

A1-Truck 
Reference 

A10 0 3,53E-04 3,32E-04 3,24E-04 3,78E-04 3,47E-04 

A13 3 5,25E-04 4,57E-04 4,27E-04 5,13E-04 4,80E-04 

A15 5 3,24E-04 3,02E-04 2,77E-04 2,56E-04 2,89E-04 

A2-Car 
Reference 

A20 0 3,68E-04 3,41E-04 3,89E-04 - 3,66E-04 

A23 3 5,96E-04 4,40E-04 4,12E-04 - 4,83E-04 

A25 5 4,25E-04 3,75E-04 9,40E-04 - 5,80E-04 

B1-Truck 
Mechanical 

Devulcanization 

B10 0 4,27E-04 4,20E-04 4,51E-04 - 4,33E-04 

B13 3 6,91E-04 5,28E-04 4,86E-04 - 5,69E-04 

B15 5 6,43E-04 6,59E-04 6,56E-04 - 6,53E-04 

B2-Car 
Mechanical 

Devulcanization 

B20 0 4,80E-04 3,85E-04 4,54E-04 - 4,40E-04 

B23 3 6,37E-04 5,04E-04 5,11E-04 - 5,50E-04 

B25 5 1,27E-03 7,37E-04 6,36E-04 - 8,82E-04 

C1-Chemical & 
Mechanical 

Devulcanization 

C10 0 3,59E-04 3,28E-04 3,33E-04 - 3,40E-04 

C13 3 3,11E-04 3,53E-04 3,53E-04 - 3,39E-04 

C15 5 3,72E-04 3,84E-04 3,64E-04 - 3,73E-04 

 

Annex 3: The table of result and the calculation of sol fraction percentage. 

Sample 

Microwa
ve 

Exposure 
Time (s) 

Mass Of Dry 
Cellulose 

Initial 
Mass Of 
Sample 

Dry Mass of 
Cellulose + 

Sample 

Mass of 
Dry 

Sample 
Sol % 

A10 0 2,103 1,504 3,452 1,349 
10,31

% 

A13 3 2,062 1,559 3,305 1,243 
20,27

% 

A15 5 2,111 1,548 3,313 1,202 
22,35

% 

A20 0 6,464 2,184 8,359 1,895 
13,23

% 

A23 3 6,160 2,462 8,167 2,007 
18,48

% 

A25 5 2,061 1,149 2,913 0,852 
25,85

% 

B10 0 6,101 2,228 8,061 1,960 
12,03

% 

B13 3 2,099 1,603 3,450 1,351 
15,72

% 

B15 5 6,513 2,425 8,342 1,829 
24,58

% 
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B20 0 2,034 1,570 3,385 1,351 
13,95

% 

B23 3 2,069 1,542 3,382 1,313 
14,85

% 

B25 5 6,185 2,396 7,880 1,695 
29,26

% 

C10 0 2,064 1,530 3,448 1,384 9,54% 

C13 3 2,090 1,602 3,531 1,441 
10,05

% 

C15 5 6,158 2,136 7,955 1,797 
15,87

% 

 
Annex 4: Table of result of ash content determination. 

Sample 
Exposure 

time (min) 
Mass of 

recipient (g) 

Initial 
mass of 

sample (g) 

Final mass 
of sample 

with 
recipient (g) 

Final Mass of 
sample/ash (g) 

Ash 
content 

(%) 

A20 0 39,63 2,01 39,78 0.15 7,46 

A23 3 66,34 1,99 66,48 0.14 7,04 

A25 5 63,42 1,99 63,55 0.13 6,53 

C10 0 70,63 2,00 70,72 0.09 4,50 
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