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Rubber based product has properties very different from the viscous latex of the 

rubber tree, Hevea brasiliensis. The properties of rubber latex are usually 

changed to enable it be used in production of many rubber based products such 

as tires, hoses, and etc. To strengthen it, the rubber undergoes vulcanization 

process where the addition of sulfur and heating the mixture under pressure is 

done which results in the formation of sulfur-bridges between the hydrocarbon 

chains. It makes an economic sense to recycle spent rubber products.  Prior to 

recycling, surface devulcanization of rubber is vital to produce the acceptable 

reprocessed product. Devulcanization is basically a process that cleaved the 

monosulfidic, disulfidic or polysulfidic of vulcanized rubber. The tensile strength 

of the new material is of paramount important.  In this study, enzymatic 

devulcanization of rubber was performed.  Design of Experiment and analysis 

was conducted using Design Expert® (Version 6.0.8) software, with tensile 

strengths as the responses.  Results showed that both factors tested, time of 

incubation and rubber concentration contributed significantly towards the 

strength of rubber products.  Data shows that setting the incubation time for 4 

hours with 4% w/v rubber in the incubation media results in the highest tensile 

strength of 10.7 MPa, an increase of 67% from the untreated control.  In 

conclusion, the process conditions of the enzymatic devulcanization of used 

rubber product have been successfully optimized using tetrathionate hydrolase 

rich media, produced by Thiobacillus ferrooxidans.  This information is important 

to improve enzymatic devulcanization method and finally to increase the 

percentage of rubber recycling.  
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1. Introduction 

 

Annually, near to a billion discarded spent tires are being produced worldwide and finding ways 

to dispose them is a major environmental problem [1, 2].  Spent tyres are virtually indestructible if 

left in the dump site as it is not biodegradable, thus it is an economic sense to recycle them.  To 

date, recycle rubber has not been used as a replacement for new or synthetic rubber in significant 

quantities, largely because of the unachievable desired properties.  Currently, less than 13% of the 

waste tires generated annually are recycled by any means.  Double bond containing natural rubber 

molecules behaves like an unsaturated polymer whereby the tensile modulus and strength are 

usually very low. For many of applications, therefore, addition of an irreversible process of 

reinforcing phase of crosslinks such as sulfur is necessary to improve the properties of rubber [3]. 

Before it can be recycled, spent tires should undergo devulcanization, a process that breaks the 

sulfur bridges between rubber molecules [4].  Of all the devulcanization methods available, such as 

mechanical, chemical, microwave, bacterial and enzymatic, enzymatic are considered the most 

‘green’ method.  The enzyme responsible for the devulcanization steps is tetrathionate hydrolase, 

produced by many bacterial strains including Thiobacillus ferrooxidans. Thiobacillus ferrooxidans 

are autotrophic sulfur-oxidizing bacteria belonging to the family of Thiobacteriaceae and are 

commonly termed as colourless sulfur bacteria [5]. The ability of this sulfur oxidizing bacteria to 

oxidize sulfide and reduced inorganic sulfur compounds are attributed to an enzyme system 

present in the cell [6], by which sulphide or the reduced inorganic compounds are biologically 

oxidized to sulfate [7]. 

The main concept of this enzymatic devulcanization method is exposing the surface of a 

vulcanized rubber article to the enzyme, maintaining the exposure for a time sufficient to convert 

sulfur to sulfoxide or sulfone, and halting conversion or preventing further degradation of these 

groups to sulfide or sulfate.  This is because the former groups are reactive or bondable with virgin 

rubber but the later ones are not [8]. 

In this study, the process conditions for devulcanization of ground tire rubber (GTR) has been 

optimized by varying two important parameters; the incubation time and percentage of rubber 

used, keeping the temperature, stirring time and amount of enzyme constant.  Incubation time was 

chosen as a parameter because it is important to know when to stop the devulcanization process 

before it become wasteful.  Percentage of GTR is varied to find out the most acceptable percentage 

of vulcanized rubber to be used per volume of incubation media. Design of Experiment was used to 

carry out the experimental runs with tensile strength of the revulcanized rubber as the response.  

Tensile strength was chosen because in rubber material production, for whatever target purposes, 

one of the most common tests for rubber products is its tensile strength [9].  

 

2. Experimental procedure 

2.1 Optimizing the Devulcanization Process Condition of GTR 

 

The ground tire rubber (GTR) was first sterilized by rinsing it with 95% ethanol. Tetrathionate 

hydrolase rich media, produced by Thiobacillus ferroxidans cultivation was used for the 

devulcanization process [10].   For the devulcanization experiments, Design of Experiment (DOE) 

and analysis was conducted using Design Expert® (Version 6.0.8) software. Face Centered Central 

Composite Design (FCCCD) under Response Surface Methodology (RSM) was used by varying the 

effect of incubation time and % (w/v) GTR, with Tensile Strength of the revulcanized rubber as the 

Response as depicted in Table 1.  GTR at specific % (w/v) was loaded in 250 ml shake flask followed 

by the addition of 100 ml tetrathionate hydrolase enzyme rich media. The mixture was incubated at 
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25°C, while shaking at 150rpm at a specific incubation time. Upon completion, the rubber flakes 

were withdrawn from the shake flasks, rinsed with distilled water and then dried at 60ºC in the 

oven before being used for revulcanization. 

  

2.2 Revulcanization of GTR  

 

The compounding of the rubber followed the conventional method and they were carried out 

by mixing 20g of devulcanized GTR, 80g of SMR-L, 6.0 g of zinc oxide, 0.5 g stearic acid, 3.5 g sulfur 

and 0.5 g 2-mercaptobenzothiazole (MBT). The tensile strength of the revulcanized rubber was 

conducted based on methods accorded in ISO 37:2011. 

 

3. Results and Discussion 

3.1  Face-Centered-Central-Composite Design 

 

According to the DOE, with two parameters and at three levels, FCCCD suggested 11 

experimental runs.   Upon the completion of the devulcanization process, the rubber flakes were 

revulcanized followed by tensile strength testing.    In our study, the test aims to study the effect of 

the interaction between the duration of incubation and % (w/v) GTR used to the degree of 

devulcanization, hence the strength of the new rubber product. The data obtained for tensile 

strength was shown in Table 1. 

 

Table 1 

Design of Experiment for devulcanization process conditions and tensile strength responses of 

revulcanized rubber 

Run 

Time of incubation 

(hour) 

 

Rubber concentration 

(%) 

 

Tensile strength 

(MPa) 

 

1 2 2 7.1 

2 2 4 7.0 

3 2 6 5.6 

4 4 2 7.4 

5 4 4 10.3 

6 4 4 7.8 

7 4 4 10.7 

8 4 6 6.9 

9 6 2 6.2 

10 6 4 6.9 

11 6 6 4.6 

 

Data in Table 1 shows that the tensile strength of the revulcanized rubber varies from 4.6 to 

10.7 MPa.  Run 7 gives the highest tensile strength with incubation time and % (w/v) GTR set at 4 

hours and 4 % (w/v) GTR respectively, which is also the middle point of the tested range. The 

second highest reading was observed in run 5 which was set at similar condition to run 7. The 

lowest reading was obtained from run 11 where incubation time was set for 6 hours and 6% (w/v) 
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GTR, and the tensile strength was found to be less than half compared to the highest.  For 

comparison, a control sample, which has not been devulcanized, but was revulcanized, gave the 

strength of 6.4 MPa. 

From the ANOVA analysis shown in Table 2, it was found that the model F-value of 5.76 is large 

and implies that the model is significant. The significance of each factor was evaluated based on the 

p-value data [11]. The term with p-value less than 0.0500 indicates that the model term is 

significant and in this study, the quadratic term of both factors; A
2
, and B

2
 were considered as 

significant terms. The lack-of-fit value of 0.18 was high and considered as insignificant with respect 

to pure error. The R-squared value (0.7935) for this model can be considered as high and that this 

model could predict about 79.35 percent of response variability under the experimental data. The 

value of adjusted-R
2
 was 0.6558 indicates that the model has 65.56 percent of flexibility in 

comparing the explanatory power of regression models that contain different numbers of 

predictors. The adjusted-R
2
 and the predicted-R

2
 having less than 0.2 in difference, shows that 

there is a reasonable agreement between the two data. A high adequate precision (6.1455) 

obtained shows that the model can be used to navigate the design space.  

 
Table 2 

Analysis of variance (ANOVA) for tensile strength of revulcanized GTR in RSM FCCCD 

optimization based on the best-fitted quadratic model 

Source Squares DF Mean 

Square 

F-Value P-value  

Model 25.91 4 6.48 5.76 0.0298 significant 

A 0.67 1 0.67 0.59 0.4705  

B 2.16 1 2.16 1.92 0.2150  

A
2
 9.40 1 9.40 8.36 0.0276  

B
2
 7.55 1 7.55 6.72 0.0411  

Residual 6.74 6 1.12    

Lack of Fit 1.80 4 0.45 0.18 0.9284 not significant 

Pure Error 4.94 2 2.47    

Cor Total 32.66 10     

 

The following Equation 1 represents the mathematical prediction model for the tensile strength 

that was generated based on the ANOVA with A and B as the coded factors. This equation 

represents a linear second-order model that describes a twisted plane with curvature, arising from 

the quadratic terms as follows: 

 

� = 9.31 − 0.33	 − 0.60� − 1.93	
�
− 1.73	�

�            (1) 

 

where R is the experimental response (tensile strength) to be optimized, A and B are the linear 

terms, and A
2
 and B

2
  are the quadratic effect. 

A 3-D surface plot in Figure 1 is very valuable for studying the interaction effects of the factors 

on the responses. As can be perceived, the interaction of time incubation and % (w/v) GTR yields a 

wide range of high tensile strength which lies in the middle of the response surface. At the 

maximum incubation time and minimum % (w/v) GTR, the tensile strength was found to be at its 

minimum as described by the model response. Conversely, at the minimum incubation time and 

maximum % (w/v) GTR, the tensile strength was also at its minimum. The tensile strength of the 

revulcanized rubber shows an augment as the incubation time and % (w/v) GTR moving towards 
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the middle point of the tested range. The elliptical surface plot portrays the mutual interaction 

between the maximum tensile strength and each of the two variables. 

 

 
Fig. 1. A 3-D graph showing the effect of time 

of incubation and percentage of rubber 

concentration on tensile strength 

 

Tensile strength is the maximum tensile stress reached in stretching a test piece, usually a flat 

dumb-bell shape, to its breaking point [12]. The tensile strength of the revulcanized rubber is an 

important test as it is highly related to the degree of devulcanization. In general, factors that 

influence the tensile strength of polymer are test temperature, strain rate, and loading history of 

sample. It is found that increasing of strain rate resulted in increasing of stiffness and tensile 

strength of a material but reduction in its toughness. The tensile properties of rubber may be 

influence by few factors such as type of polymer used, molecular orientation of crosslink, effect of 

fine particle fillers, presence of plasticizers, degree of polymerization or vulcanization and etc. [13]. 

Maintaining a ‘sufficient exposure time’ of the enzyme with the rubber and adequate amount 

of GTR per media volume were important to cleave the sulfur bridges, converting the sulfur to 

sulfoxide or sulfone.  ‘Sufficient exposure time’ here means that there is no further degradation of 

these surface sulfoxide or sulfone to sulfide or sulfate, whereby the later ones are undesirable [14]. 

Results in Table 1 also imply that increasing the time of devulcanization leads to augmentation to 

sulfide or sulfate production which leads to decreasing of tensile strength of the revulcanized 

rubber.  As time of incubation increased, more sulfur conversion reached the sulfide or sulfate 

phases, reducing the amount of ‘active’ functional group on the surface necessary for 

revulcanization. Sufficient exposure time ensure a high and proper sulfur bridges were formed 

between the devulcanized rubber and the new rubber matrix.  A previous study showed that the 

tensile strength would reach its maximum as the density of crosslinks increased [15]. 

As there was no study that featured tetrathionate hydrolase enzyme devulcanization, the 

closest comparison could be made is with bacterial devulcanization. A study showed that during 

devulcanization, the conversion to sulfate reached its maximum after six days of incubation [16]. 

This observation is in agreement with the findings by Romine et al. [8] where they reported that the 

rubber devulcanization process which used a mixed culture of Thiobacillus ferrooxidans and 

Thiobacillus thiooxidans, showed that the mechanical strength of new revulcanized rubber 

incubated at 72 hours was much higher compared to the ones incubated at 168 hours.  This 

supported the findings that longer incubation is actually not necessary in terms of devulcanization. 

But it is now certain that if enzymes are used directly, the time of devulcanization can be shortened 

tremendously, from days to hours, as there was no requirement to wait for the bacterial growth. 
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4. Conclusion 

 

The RSM was successfully employed to optimize the process condition of devulcanization and 

this was shown by the data obtained on the tensile strength study of revulcanized rubber. Under 

optimal conditions, tensile strength of 10.7 MPa was achieved and it is close to the predicted value. 

The highest strength of revulcanized rubber was found to be 10.7 MPa, an increase of 67% 

compared to non-devulcanized control, and that was achieved when 4% (w/v) sample was 

incubated for 4 hours while stirring.  Application of RSM for optimization studies is effective in 

understanding the interaction effects between the incubation time and % (w/v) GTR used.   
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