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Abstract 

Enzymatic devulcanisation is one of the methods of recycling waste rubber tire. 

Among all devulcanised methods that are introduced, biological method is a 

safer choice because it does not include any harmful or toxic chemicals, and is 

normally not energy intensive. The process deems more efficient and less 

expensive compared to various other devulcanisation methods. This method 

was done by exposing a surface of a vulcanised rubber piece to at least one 

enzyme, secreted from chemolithoautotrophic iron- and sulphur-oxidising 

bacterium to break the sulphur bonds in the vulcanised rubber structure, 

rendering it more acceptable to be recycled. By applying the enzymatic 

devulcanisation, it is hoped that the amount of demand of raw rubber can be 
reduced and at the same time helps to reduce the solid waste disposal problem. 

In this study, the process parameters that affect the tetrathionate hydrolase 

activity secreted from Thiobacillus ferrooxidans was screened using Plackett-

Burman design (PBD). Among the various variables, results showed initial pH, 

agitation rate, temperature of incubation, inoculum size and calcium chloride 

concentration were determined as the most influential variables on tetrathionate 
hydrolase production. 

Keywords: Tetrathionate hydrolase, Thiobacillus ferrooxidans, Sulphur metabolism,       

Plackett-Burman design. 

 

 

1.  Introduction 

Rubber has been one of high demand material, especially in the automobile industry 

mainly for tires. Malaysia is known as the fourth largest producer of natural rubber  
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Nomenclatures 
 

CaCl2 Calcium chloride 

KH2PO4 Potassium dihydrogen phosphate 

MgSO4 Magnesium sulfate 

Na2S2O3 Sodium thiosulfate 

(NH4)2SO4 Ammonium sulfate  
 

Abbreviations 

ATCC American Type Culture Collection 

PBD Plackett-Burman Design 

after Thailand, Indonesia and Vietnam [1]. The properties of rubber are usually 

changed to enable it to be used in production of many products such as tires, hoses, 

and etc. For that, addition of sulphur and heating the mixture under pressure is done 

to form sulphur bridges between the hydrocarbon chains. 

This vulcanisation process produced rubber that has unique mechanical and 

thermoelastic properties, which is stable over a wide range of temperatures [2]. 

However, the vulcanisation is an irreversible process at standard atmospheric 

conditions of temperature and pressure. The sulphur bridges that formed 

between the rubber natural structures have made the tires non-biodegradable 

and this leads to disposal problem.  

Many methods to recycle or dispose-off rubber have been developed in the 

past years, but the methods are not effective, thus, a desired effective technique is 

still being searched. The used tires are durable for more than 30 years when left 

untouched at the dumped site. The tires cannot be burnt as burning will produce 

thick black smoke and release high content of hazardous chemical gases [3]. 

These tires stacked in a heap space at the dump sites may increase the potential 

for large blazes and can be extremely detrimental to the environment.  

Therefore, it is crucial to find an alternative way to recycle or dispose this 

scrap tires to encounter the current waste management problem. Devulcanisation 

is one of the ways to prepare the rubber tires before recycling. During 

devulcanisation, the sulphur bridges of vulcanized rubber are cleaved. Among the 

available devulcanisation methods, microbial or enzymatic devulcanisation has 

become one of the preferable methods in which bacteria are used to degrade the 

rubber. This method is carried out by exposing the surface of a vulcanised rubber 

to at least one enzyme, the time of exposure is continued until the sulphur is 

converted to sulfoxide or sulfone, and preventing further degradation of the these 

functional groups [4].  

The microbial devulcanisation is deemed more environmental friendly. 

Among the Acidothiobacillus genus bacteria known in sulphur oxidation system 

is Thiobacillus ferrooxidans. Thiobacillus ferrooxidans or Acidithiobacillus 

ferrooxidans is a gram-negative and rod-shaped bacterium. It gets its carbon 

source by fixing the atmospheric carbon dioxide and is obligate autotrophic. This 

bacteria secrete an enzyme known as tetrathionate hydrolase, an enzyme that is 

involved in tetrathionate oxidation and it also acquire energy from the oxidation 

of inorganic sulphur compounds [5].  
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The devulcanisation process making use of Thiobacillus ferrooxidans has 

been reported in a few studies [4, 6-8]. However, this bacterium is found to be 

sensitive towards additives like accelerants, stabilisers etc. that are present in 

vulcanized tires where it tends to die before it can complete the devulcanisation 

[9]. Thus, the objective of this study is to screen the factors affecting tetrathionate 

hydrolase production from Thiobacillus ferrooxidans using PBD. 

 

2.  Methodology 

2.1.  Microorganism and preparation of inoculum 

Thiobacillus ferrooxidans (ATCC® 19859TM) was secured from the American 

Type Culture Collection (ATCC), USA.  The propagation process was first done 

based on the method provided by ATCC, ATCC® MEDIA. Growth was evident 

within 14 days when yellow-orange iron oxide deposits were observed.   

 

2.2.  Cultivation of bacteria 

In order to determine the incubation period for the production of tetrathionate 

hydrolase, the enzyme activity was first observed for a week. The reading of 

enzyme activity for PBD analysis was taken on the day where highest activity 

was observed. 

Thiobacillus ferrooxidans was cultivated in a sulphur based media containing 

KH2PO4, MgSO4, (NH4)2SO4, CaCl2 and Na2S2O3 in 1.0 L of distilled water. The 

medium concentration and physical parameter were prepared according to Table 1. 

The medium was initially prepared without the thiosulfate and autoclaved at 121 °C 

for 15 minutes. The thiosulfate was filter sterilised and aseptically added to 

 

Table 1. Levels of the variables in PBD. 

Variables Factors 

Levels * 

Low 

(-1) 

High 

(+1) 

Physical factor (X1) Initial pH (pH) 2 4 

Physical factor (X2) Agitation rate (rpm) 125 325 

Physical factor (X3) 
Inoculum size 

(cells/mL) 
107 109 

Physical factor (X4) Temperature (°C) 25 40 

Chemical factor (X5) CaCl2  (g/L) 0.25 0.5 

Chemical factor (X6) MgSO4 (g/L) 0.1 0.3 

Chemical factor (X7) (NH4)2SO4  (g/L) 1.0 5.0 

Chemical factor (X8) Na2S2O3  (g/L) 3.5 5.5 

Chemical factor (X9) KH2PO4  (g/L) 5 10 

Dummy 1 (X10) - - - 

Dummy 2 (X11) - - - 
   * The components as well as their concentration levels were decided on the basis of 

literature reports on tetrathionate hydrolase production. 
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the autoclaved medium. After that, 100 mL of the sulphur medium was 

transferred into a 250 mL shake flasks. The propagated bacteria were aseptically 

withdrawn and added to the sulphur medium. Finally, all the shake flasks were 

placed in an incubator and shaken as per values from PBD. All the shake flasks 

were examined to monitor the qualitative tetrathionate hydrolase activity. 

 

2.3.  Screening using PBD 

PBD is one of the common designs used to identify the significant factors required 

for enhanced enzyme production. The screened variables that give significant effect 

to the production can be further evaluated or optimised using RSM. PBD is a design 

experiment that works based on the first order polynomial model: 

∑+= iXiY ββ0                                              (1) 

where Y is the response (tetrathionate hydrolase activity, U/mL), β0  is the model 

intercept, βi is the linear coefficient, and Xi is the level of the independent 

variable. Therefore, this model only used to screen and evaluate the important 

variables that significantly influence the response and does not portray interaction 

among variables. 

In order to determine the factors that influence the production of tetrathionate 

hydrolase enzyme, a set of 12 runs were executed that contains 9 independent 

variables which included 4 physical parameters and 5 chemical parameters 

wherein each factor was set at two levels (low and high). All experiments were 

carried out according to the experimental matrix as shown in Table 2, and the 

tetrathionate hydrolase activity was determined as the response.  

 

3.  Analytical Analysis of Tetrathionate Hydrolase Assay 

Tetrathionate hydrolase activity assay was done based on de Jong et al. [10] 

method. 1.0 mL of sample was transferred from the shake flask into 2.0 mL 

centrifuge tube. The sample was sonicated at 50% amplitude and 30 s break in 2 

minutes. Then, the sample was centrifuged at room temperature at 5000 g for 30 

minutes. Next, 2-3 drops of ethanol 95% were added to the sample to stop the 

reaction at room temperature. 

The enzyme activity was measured by mixing 40 µL 50 mM K2S4O6 and 1300 µL 

1.5 M (NH4)2SO4. 500 µL of enzyme sample prepared earlier was added, 

followed by addition of 160 µL distilled water. The sample was mixed thoroughly 

before incubating for 10 minutes at 30 °C.  Then, 5 µL 1M NaOH was added to 

stop the reaction.  The absorbance was measured using UV-spectrophotometer at 

290 nm. Media without inoculation was used as a replacement of the enzyme for 

the control sample. 

 

4.  Results and Discussion 

4.1.  Cultivation of Thiobacillus ferrooxidans 

From Fig. 1, the highest tetrathionate hydrolase activity was observed on day 2. 

Sugio et al. [11] stated that in the early log phase the tetrathionate-grown 
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Thiobacillus ferrooxidans cells tend to have high oxidising activity as the 

tetrathionate hydrolase produces Fe2+ from tetrathionate during growth on 

tetrathionate. This result contradicted the previous finding by Md. Dom and 

Yusof [12] that observed the highest activity on day 5 and 6. However, the 

contrast might be due to the different level of media concentration and physical 

parameters that was used.   

 

Fig. 1. Tetrathionate hydrolase activity that was measured every day for 7 days. 

4.2.  Screening of significant factors for tetrathionate hydrolase  
activity using PBD 

The PBD was employed to evaluate the factors significantly affecting the 

production of tetrathionate hydrolase by Thiobacillus ferrooxidans. The PBD is a 

tool that can be used for initial screening of the effects of different factor types in 

few numbers of experiments that will reduce the reliable factors by indicating 

how each factor affects the production process for further optimisation [13]. The 

value of ‘Main Effect’ represents each of the factor influence towards the 

response. It is calculated based on the difference between the total averages of 

measurement recorded at a high level with the measurement at low level of each 

factor. From the ‘Main Effect’, the factor with a large contrast indicates that it has 

a large impact on the response while small contrast means that the factor has very 

little effect or almost no effect. The sign of effect can be either positive or 

negative. When the sign of the effect is positive, it shows that the factor will give 

higher influence at high level and when the sign of the effect is negative the factor 

will give higher influence at low level. 

The response, tetrathionate hydrolase activity was measured by calculating the 

changes in absorbance reading divided by minute and total enzyme in mL at 25 °C. 

The formula used was as follow:  

mL min.0.5

e∆Absorbanc
enzymeActivityof =                                                                       (2) 

The reading of time was taken at 1 minute. 

From Table 2, a broad variation of tetrathionate hydrolase activity ranging from 

0.102 to 0.48 (U/mL or µmol/min/mL) was found. From Fig. 2 it shows that six 

variables had a positive effect on the tetrathionate hydrolase activity and the rest 

had a negative effect. Out of the five variables that are highly affecting the 
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tetrathionate hydrolase activity, initial pH (X1) and inoculum size (X3) gave positive 

effect while agitation (X2), temperature (X4)  and CaCl2 (X5) gave negative effect.  

Table 2. Experimental design and responses of PBD. 

Run X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 X11 
Tetrathionate hydrolase  

activity (U/mL) 

1 1 -1 1 1 -1 1 -1 -1 -1 1 1 0.4120 

2 -1 1 1 1 -1 1 1 -1 1 -1 -1 0.1800 

3 -1 1 1 -1 1 -1 -1 -1 1 1 1 0.1756 

4 -1 -1 -1 1 1 1 -1 1 1 -1 1 0.1228 

5 -1 1 -1 -1 -1 1 1 1 -1 1 1 0.1164 

6 1 1 -1 1 1 -1 1 -1 -1 -1 1 0.1160 

7 -1 -1 1 1 1 -1 1 1 -1 1 -1 0.1460 

8 1 -1 1 -1 -1 -1 1 1 1 -1 1 0.4800 

9 1 -1 -1 -1 1 1 1 -1 1 1 -1 0.1480 

10 1 1 -1 1 -1 -1 -1 1 1 1 -1 0.1020 

11 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 0.1360 

12 1 1 1 -1 1 1 -1 1 -1 -1 -1 0.2280 

 

The final regression equation developed by PBD in terms of coded factors was 

as follows: 

R=0.1969+0.0508X1-0.0439X2+0.0734X3-0.01714X4-0.0408X5                            (3) 

where R is the tetrathionate hydrolase enzyme activity (U/mL) . The X1, X2, X3, X4 

and X5 are coded factors. The Model F-value of 7.69 implies the model is 

significant. The analysis of variance of experimental design also showed that X1, 

X2 and X3 are significant model terms with a confidence level greater than 95% 

(p<0.05). The R-squared 0.8651 or 86.51% showed a relatively high correlation 

between experimental and predicted value of the variable in the degradation rate. 

The adjusted R-squared statistic of 0.7527 or 75.27% was high enough to show 

that the regression model could be used to explain the response trends. 

 

Fig. 2. Main effects of the different variables on tetrathionate hydrolase activity. 
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4.3. Tetrathionate hydrolase activity 

The result showed that all physical variables gave significantly high effect toward 

the tetrathionate hydrolase activity. Tetrathionate hydrolase is known as 

periplasmatic enzyme that preferred acidic conditions [10, 14]. The finding 

showed that pH 4 gave the highest activity of tetrathionate hydrolase which is 

similar to several previous findings [14, 15]. Tetrathionate is a reduced sulphur 

compound which is stable in water acidified with sulphuric acid [11]. However, at 

very low pH, the precipitate is formed at the bottom of the flask. The precipitate 

formation was explained by de Jong et al. [10] where at low pH and high salt 

concentration, it caused denaturation of protein as the supernatant produced after 

centrifugation contain only a low amount of protein and this leads to lower 

enzyme activity was obtained. This was also proven by Shrihari et al. [16] whom 

stated that thiosulfate would become supersaturated with respect to sulphur and 

tend to precipitated out when it is released into very acidic condition. 

Stirring rate is important as it influenced the mass transfer limitation. It also 

prevents oxygen depletion during bacterial growth [17]. Stirring can help 

continuous mixing of components in the medium but increasing speed of agitation 

may enhance shearing of cells which then affect the enzyme synthesis. The effect 

of the agitation speed on the growth of Thiobacillus ferrooxidans has been 

investigated by previous study where the doubling time, td was estimated 1.53 

days for static condition and 1.32 days for incubation in shaker [18]. It shows that 

Thiobacillus ferrooxidans incubated in shaker duplicates it mass quicker 

compared to the ones incubated in static condition. 

 Temperature of incubation is a one of the important factor which needs to be 

controlled and the range usually varies from organism to another. The optimum 

temperature has been recognised to be pH dependent in that a decrease in pH 

lowers the optimum temperature of growth and iron oxidation. Thiobacillus 

ferrooxidans can grow well at mesophilic temperatures (28-35 °C) [19-21]. 

However, the optimum temperature for purified tetrathionate hydrolase was 

higher [22]. From the PBD result, highest tetrathionate hydrolase activity was 

observed at 25 °C.  

Inoculum size has an important role in the cultivation process as the sufficient 

size of inoculum and nutrient in the media will influence the production and 

growth of bacteria. Different sizes of inoculums have been reported for growth of 

Thiobacillus ferrooxidans range from 2.3×10
4
 to 1.0×10

9
 cells/mL [19, 20, 22-24]. 

At higher inoculum size, the production of the enzyme might increase as the 

concentration of cells that contributed to the production is high. This also might 

be due to increasing of inoculum size to certain size helps to reduce the lag phase 

of the bacteria [25]. 

Chloride ion is known by its role as an osmolyte in osmo-adaptation. It is 

important for growth as it is responsible to modulate gene expression and enzyme 

activity involved in osmo-adaptation. The sensitivity to high osmotic pressure 

was higher for sulphur oxidation process than iron oxidation, which made the 

need of chloride ion in the media. However, there in not many studies that 

explained on other biological functions of chloride in bacteria [26]. At the same 

time, chloride ion is a known inhibitor of cell growth and ferrous iron oxidation 

but the sensitivity to chloride is much higher for iron oxidation than sulphur 

oxidation [27]. Increased in chloride concentration decrease specific activity of 
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the enzyme and thus decreases the enzyme activity. Therefore, the chloride 

concentration should be high enough to control the cell volume and fluid balance, 

but low enough to avoid inhibition of cell growth. 

 

5.  Conclusions 

The above study seems promising for an efficient production of tetrathionate 

hydrolase from Thiobacillus ferrooxidans. From the PBD screening, the five factors 

that showed highly significant effect toward the tetrathionate hydrolase activity are 

the initial pH, agitation, inoculum size, temperature of incubation and CaCl2. These 

factors can be further optimised to improve the activity of tetrathionate hydrolase 

and finally, the enzyme produced can be employed for optimum enzymatic 

devulcanisation of rubber tire. 
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