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  Abstract 

Pyrolysis is a sufficient method for recycling waste tire into useful energy by-
products Pyrolytic oil and char. In this study, a waste tire sample was used to 

study the effect of the temperature and residence time as well as the combined 

effects on the Pyrolytic oil and char yields during the pyrolysis process. Waste tire 

sample was pyrolyzed at three distinct temperatures 400, 450, and 500°C, with 30, 

45, and 60 minutes’ residence time. Each batch weighed 50 g of sample, the heat-

ing rate for each experiment kept constant at 5°C/min. After the pyrolysis product 

yields were determined for all of samples, a regression model that predicts product 

yield as functions of temperatures with residence time analysis using factorial ex-

periment design (ANOVA) research was performed to test the significance of 

temperature and residence time influence on products yield. The findings of this 

study reveal that the sample was completely decomposed at 450°C, the Pyrolytic 
oil yield is obtained maximum that is 24wt% at temperatures of 450°C with a py-

rolysis residence time of 60 minutes, and char was achieved maximum that is 

41.94wt.% at temperature of 450°C with a residence time of 30 minutes. The yield 

of Pyrolytic oil increases with temperature range increasing from 400°C to 450°C, 

but decreasing when temperature increase from 450°C to 500°C. Char yield de-

creases with temperature range increase from 400°C to 500°C. Temperature and 

residence time interacts to affect the Pyrolytic oil. At 500°C, char yield remains 

nearly constant from 30min to 60min. Temperature and residence time interac-

tions does not affect char yield. The regression model analysis shows that the 

temperature is highly significant factor on products yields. 
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1. Introduction 

Concerns about waste tires are gaining more attention due to their worldwide yearly rapid rise. The primary source of 

waste tires is the worldwide increase in the number of automobiles, which is resulting in massive accumulations of 

waste tires [1]. On the other hand, it's getting increasingly difficult to properly dispose of old waste tire, which indicates 

a serious environmental problem. According to some recent estimation by researchers, approximately 17 million tons of 

waste tires are discarded each year in the world. By the end of the 2030s, waste tire accumulation might reach as much 

as 1.2 billion tons per year [2]. Rubber's nature is extremely resistance to physical, chemical, and biological waste 
treatments, which are not biodegradable and can survive for decades due to this reason it’s becoming a serious envi-

ronmental issue [2, 3]. Tires Rubber are manufactured to last in harsh environments, such as those with microbes, rough 

mechanical and weather conditions while still performing as intended [3] Rubber's high resilience to wear and tear is a 

major hindrance to its reuse and processing [4]. However, they possess a high content of volatile and fixed carbon, 

which makes them an interesting solid waste as a fuel for energy production and hydrogenation processes [5].  
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The fire hazard problems. The smog from the burning tires can cause a number of environmental problems. These in-

clude: air pollution similar to the burning of any hydrocarbon substance, the entire combustion of a tire generates 

mostly carbon dioxide, water vapor, and inert leftovers that may contain sulfur dioxide. Carbon dioxide contributes to 

global warming. In addition, the following substances are released into the atmosphere: volatile organic compounds 

(VOCs) and dangerous air pollutants such as polynuclear aromatic hydrocarbons (PAHs), dioxins, furans, hydrogen 
chloride, benzene, polychlorinated biphenyls (PCBs), arsenic, cadmium, nickel, mercury, zinc, chromium, and vana-

dium. The sulfur concentration of tires (about 1%) is equivalent to that of low-sulfur coal and very low-sulfur fuel oil; 

hence, the sulfur dioxide level is comparable to that of these fuels[6]. Rubber is pyrolyzed during the burning of tires, 

resulting in an oily breakdown byproduct. The oily discharge may enter surrounding streams, ditches, and waterways, 

as well as the groundwater. The issue has the potential to contaminate local streams or leak into the groundwater. [7]  

After a fire, the residues that remain on the soil can damage the ecosystem in two ways: Immediate soil contamination 

caused by liquid products degrading in the soil. Gradual contamination results from the leaching of ash and unburned 

leftovers. Gradual leaching of oily effluent is possible, and the hazardous leftovers of the burned tire, such as zinc salts, 

might affect wildlife and vegetation. 

A waste tire usually has a variety of materials in varying proportions. It is mostly composed of rubber, carbon, steel, 

zinc oxide, sulphur, softener (oil), fiber (Nylon, polyester), curing agents, and other substances. Elements found in scrap 
tire rubber are listed in figure 1. Rubber accounts for around (50-60%) of the raw materials required in the production of 

tires, carbon black for approximately 30%, sulphur (1-2.5%), and the rest are tiny amounts of steel, organic and inor-

ganic and all other components. Modern pneumatic tires are made from a variety of materials, including synthetic and 

natural rubber, carbon black, cloth and wire, and a number of other chemical compounds as tires are mostly formed of 

oily materials, they are rich in carbon black, and they also have relatively high amount of net calorific value which 

ranges between 32 and 35 MJ/kg [1]. Therefore, numerous alternative fuel research sought to use their energy and raw 

material potential. 

 

Figure 1. Elemental analysis of waste tire rubber [8, 9]. 

Waste tire was formerly disposed of through classic methods which include landfilling, incineration and gasification. 

Land filling for disposal of waste car tires is connected with some problems: it needs a considerable amount of space 

because the volume of tires cannot be compacted. Also, land filling is a potential danger because of the possibility of 

accidental fires with high emissions of hazardous gases. Because tires are improperly discarded into the environment, 

they release toxic compounds like cadmium, lead, and chrome into the air. Because it includes around 1.5 percent haz-

ardous compounds by weight, according to the Basel Convention (UNEP, 1999). EU has outlawed landfilling of waste 
tire [10, 11]. Environmental health concerns about dioxins and furans has persist in using incineration method. An in-

cinerator emits harmful (VOCs, CO, CO2, dioxins compounds and particles during incineration process, making it un-

suitable for waste tire treatment, which may be found in incineration residues and dust. More exhaust gas, CO2 produc-
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tion, dust emergence, and dust collection are needed [12]. Pyrolysis recovers pyrolytic oil, and solid carbon char from 

waste tire which they may be used as fuel, is one of the optimal methods to treat waste tire. Waste tire treatment using 

pyrolysis is ecologically beneficial. Pyrolysis of waste tire decomposes solid tire waste chemically into oil, solid carbon 

black, and gas at 300°C-700°C in an oxygen-free atmosphere, releasing less nitrogen oxide and sulfur oxide than other 

methods [13]. 

Several studies have showed that temperature and residence time are two important parameters that effects the ulti-

mate pyrolysis yield products [14-18]. Temperature and residence time impacts pyrolysis process reactions, and thus 
eventually products composition. According to previous studies (400-500°C) is the optimum temperature range for the 

maximum production of pyrolytic oil and solid carbon char [5, 15]. According to researchers’ analysis, the found that 

waste tire sample heat degradation occurs in three phases. The first phase involve devolatilizes additives such stearic 

acid and extender oils which occurs at temperature range of 200-350°C. The second phase involves rubber decomposi-

tion at temperature range of 350-420°C. In the third phase at temperature range of 420-500°C rubber and solid carbon 

decomposes. At temperature range of 500-750°C, solid sample residue did not change. [10, 19] studying the tempera-

ture and residence time influence and their interaction influence at this range would be helpful in understanding the sig-

nificance influence of temperature and residence time since the outcomes are quite different which may lead to im-

provements in the products yield by increasing pyrolytic oil and char yield. Many researchers have examined how tem-

perature affects pyrolysis product yield, but few have examined the combined effect of temperature and residence time 

on pyrolysis products at this range [20-22, 18, 23].  

Slow pyrolysis with a low heating rate and long residence time increases product yield by secondary reaction. Rami-
rez-Canon A et al. [24] evaluated the degradation of waste at 450 to 600°C and 90 min residence time using hydrogen 

as the carrier gas at 100 mL/min. The maximum oil yield was 37.25% at 550°C and the lowest 14.8% at 450°C. The 

researchers also found that oil sulphur content decreased to 0.7% at 550°C and rose at higher temperatures. Rofiqul Is-

lam M et al. pyrolyzed waste tire at 10 °C/min, 100 mL/min N2 flow, 375-500°C, and 35°C product yield. At 500°C, oil 

yield dropped to 54.1 wt% from 60.02 wt% at 425°C. At 425°C, the char yield was 50.67 wt%; at 450°C, it dropped to 

26.41 wt% and then remained constant. Kar Y. found a similar effect at 375-500°C and 10°C/min. At 425°C, the yield 

was 60.0 wt%; at 500°C, it was 54.12. Secondary reactions caused the yield reduction. Temperature decreased char 

from 50.67 to 26.41 wt% [25]. Compared to diesel fuel, crude tire pyrolytic oil produced at 450-650°C, 5°C/min, and 2 

h showed greater viscosity and sulphur concentration [26].  

The main objective of this study is to examined the distinct temperatures rang (400-500) with distinct residence time 

range (30, 45.and 60mins) influence on the pyrolytic oil and solid carbon char yield during the pyrolysis process of 
waste tires. As well as the combined influence of temperature and the residence time on resulted pyrolytic oil and solid 

carbon char yield. Furthermore, a statistical analysis is done to build a regression model that predicts the significance 

influence of temperature and residence time. The results from this research will help to understand the potential role of 

temperature with residence time on the energy production thus be a reference for optimization the useful energy product 

yield of Pyrolytic oil and solid char and minimizing pollution at the same time.  

2. Experimental Materials and Methods 

2.1 Experimental Materials and Equipments  

The waste tire, nitrogen gas, water, and detergent are the major raw materials that were used in this experimental 

study. Stainless steel tubular reactor, water bath, condenser, aluminium paper, test tube, and plastic bag were used for 

the pyrolysis process experiment. Muffle furnace, platinum crucible, crucible, balance, oven and rotary viscometer were 

used for the proximate analysis. For cutting and preparing raw waste tire, a knife and scissors were employed. 

2.2 Experiment Analysis   

The waste tire physical properties are essential criteria that influence how a tire degrades to the ultimate composition 

of the pyrolysis volatile products. As a result, for the proximate analysis, the sample was measured using the following 
measurement techniques, the sample was tested three times and the average was taken to enhance the accuracy. 

To obtain products yield pyrolytic oil and char calculate values, the mass of pyrolytic oil and the solid carbon char 

were determined, using the formula below 

            
where: 

    : the mass of oil,    : the mass of oil with test tube,    : the mass of the test tube 

             
where: 

      : the mass of the solid,   : the mass of with packaging,   : the mass of packaging  
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After obtaining simply the mass of the products, then the following formula was used in order to determine the yield 

of oil and solid carbon char (expressed as a percentage of the sample tire) 

        
         
       

 

where: 

         : the mass of products,        : the mass of the sample  

Statistical Analysis on factors influencing conversation of pyrolytic oil and Solid Carbon char is done. The regression 

analysis of variance (ANOVA) was performed to construct the model regression equation, the independent variable 
interaction effects, and the surface plots using the fitted equation derived from the regression analysis while maintaining 

one of the independent variables constant. General factorial designs (GFD) were used as the experimental design for 

this investigation. To fit the equation model, the general factorial design typically used experimental design models 

with several components and a varying levels for each factor. 

2.3 The Experiment Procedures 

The tread and the sidewall of waste tire are the primary areas to investigate in this experiment. The samples of the 
tread and the sidewall were shredded to remove undesired elements such as fabric fibres, to make it easier to cut the 
samples into small pieces, and because the conversion of oil and carbon black is most efficient when the particles in-
volved are small. After that, 0.5 kg worth of particle sample from each of the two samples was divided into pieces 
measuring 2 cm across in order to achieve continuous heat transmission through the particles and to finish the conver-
sion while the pyrolysis process was in progress. Finally, the sample particles were dried in an oven at a temperature of 
50°C for 60 minutes after being cleaned with detergent and tap water to get rid of dust and other impurities. 

The slow pyrolysis process type was used for the pyrolysis of the waste tire in this experiment, resulting in a slow 
thermal degradation at low temperatures. Low heating rates, relatively long solid and pyrolysis time, and occasionally 
low temperature define it. The pyrolysis experiment setup included the reactor, separator, condenser, product collector, 
and nitrogen gas. After the sample had been prepared and weighed on the balance with 50gm, it had been covered with 
aluminium paper to prevent any contact with the reactor tube, after that it fed into the electric tubular reactor, next the 
reactor was closed, and then nitrogen gas was supplied to maintain the oxygen-free atmosphere inside the reactor. After 
that, the power was turned on to the reactor so that the process could begin. After a few minutes, volatile matter began 
to occur, and it was passed through a water-bath condenser. The condensed oil was then collected using test tubes until 
the process was complete for the amount of time that had been planned for each experiment. After finishing one proce-
dure, the reactor was allowed to cool down, and then it was opened to acquire the carbon black that was left over from 
the reactor. This carbon black was collected for each experiment, and the data from each experiment were recorded. 

The pyrolysis process of waste tires was carried out at three distinct temperatures, which were 400, 450, and 500°C, 
along with the three different residence times of the feedstock in the reactor, which were 30, 45, and 60 minutes, for a 
total of 18 separate trials. The rate of heating was kept constant at 5°C /min, and the amount of sample that was taken 
for each batch procedure was 50 gm. The total amount of sample that was taken was 900 gm. Every one of the trial was 
carried out in exactly the same manner. 

3. Results and Discussion 

3.1 Proximate Analysis of Raw Samples  

The particles sample was collected from the two portions of samples, and certain physical parameters of the sample 

were determined, including moisture content, volatile matter, ash content, and fixed carbon content, as presented in Ta-

ble 1 below. 

Table 1. The proximate Analysis results of particles waste tire samples 

The physical property (wt%) Tread sample Sidewall sample 

Moisture content (Mo%) 1.24 2.24 

Volatile matter (V%) 63.43 61.58 

Ash content (A%) 7.40 7.40 

Fixed carbon (F%) 27.94 29.78 

 
As shown in Table 1, the volatile matter content of both samples was in the high range, indicating that the sample 

with the highest volatile matter content would produce condensable vapor during pyrolysis. This is because a waste tire 
composed of polymeric compounds derived from natural rubber would produce a substantial yield of tire Pyrolytic oil 
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upon thermal decomposition. Significant amount of fixed carbon suggests that tires have a high heating value potential. 
The low ash content level of tires shows that they contain minimal inorganic material. This proximate analysis results 
were consistent with earlier investigations, indicating that the sample particle can be utilized for oil and solid char pro-
duction via the pyrolysis process. 

The pyrolysis products obtained under the maximum yield conditions were done physical properties of pyrolysis 
products: such as viscosity, density and gross calorific value, the result is reported in Table 2. 

Table 2. Viscosity, Density, ash content, and gross calorific value (GCV) of the pyrolytic oil obtained in waste tire pyrolysis 

The physical property Value 

Viscosity (cSt) 4.80 

Density (kg/m3) 857.14 

Ash content (A%) 0.287 

Gross Calorific value (MJ/kg) 42.9 

 
The properties of the Pyrolytic oil produced in this study are virtually identical to those reported in previous literature 

[5, 18]. As presented in Table 3, the density of oil is 857.14 kg/m3, and the gross caloric value is 42.9 MJ/kg, which is 
within the same range, although the viscosity of the oil is slightly greater. According to this study, the viscosity, the 
gross caloric value, and the density of oil are approximately similar to previously published values [5, 18]. This implies 
that pyrolytic oil has heavier molecules than commercial diesel and light fuel oil, as well as low viscosity of the pyro-
lytic oil is a favourable feature in the handling, transporting, and the usage of the pyrolytic oil as a fuel [18].  

The quantity of oil extracted from a given feedstock sample is from 6.8% to 24%. The oil was dark brown, viscous, 
and had an unpleasant odor at varied temperatures and residence time for the two sample portions. Due to its extremely 
complex chemical organic component composition and aromatic compound concentration. Consequently, this Pyrolytic 
oil has the potential to be utilized as an alternative fuel; such as fuel in furnaces, steam boilers, gas turbines, IC engines, 
etc. Some essential compounds, including benzene, xylene, toluene, and D-limonene, may be extracted from the oil by 
processing. 

Table 3. Ash content, and gross calorific value (GCV) of the solid carbon char obtained in waste tire pyrolysis 

The physical property Value 

The ash content wt. (A%) 15.95 

Gross Calorific value (MJ/kg) 28.25 

 
In physical properties of solid carbon char analysis as displayed in Table 3. The gross caloric value of solid carbon 

char in this study is 28.25 MJ/kg, which is significantly less than that reported in previous literature [5, 18], although 
the ash content of solid carbon char that is 15.95% is slightly higher [5, 18]. As a result, this solid carbon char can be 
utilized as a solid fuel or as a precursor for the production of activated carbon. Solid carbon char is commonly used as 
an adsorbent because it is particularly efficient in removing contaminants such as chromium, lead, copper, dyes, and 
phenol from industrial liquid effluents. It is also used to absorb industrial gaseous effluents such as SO2. Furthermore, 
carbon black is utilized as a filler and pigment in the manufacture of printing inks, tires, and other products. 

3.2 Product Yields Value  

The equation (1) mentioned above is used to calculate the pyrolytic oil and solid carbon black yield (as a percentage 
of the sample tire). Table 5 shows the products distributions obtained from the pyrolysis process at temperatures of 
400°C, 450°C, and 500°C, with pyrolysis residence times of 30, 45, and 60min.  

From table 4 we can see that at 400°C, the yield of Pyrolytic oil slightly increases with increasing pyrolysis residence 
time from 30min to 60min, while solid carbon char yield decreases; however, at this temperature, the maximum yield of 
solid carbon char is 42.628wt% was obtained, despite the sample not being decomposed. 

When the sample was completely decomposed at 450°C, the solid carbon char yield decreased, while the Pyrolytic oil 
yield increased as the pyrolysis residence time increased from 30min to 60min, and the maximum Pyrolytic oil yield 
which is (24wt%) and the maximum solid carbon char yield which is 41.94wt% were achieved. 

While the yield of solid carbon char was almost equivalent to those of values obtained at 450°C when the temperature 
was increased to 500°C, the yield of oil decreased. This is probably caused by the decomposition of some oil vapor into 
permanent gas, and increases in gas at higher temperatures are provided by the loss of solid carbon char as the tempera-
ture is raised. Therefore, as temperature increases, gas yields gradually become more dominant, and prolonged contact 
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time between volatiles and solid carbon char results in secondary pyrolysis reaction and, therefore, lower solid carbon 
char and Pyrolytic oil yields. However, in this investigation, the sample was completely decomposed at 450°C, the Py-
rolytic oil yield was maximum at temperatures of 450°C with a pyrolysis residence time of 60 minutes, and solid carbon 
char was also achieved maximum at 450°C with a residence time of 30 minutes. 

Therefore, the pyrolysis product yields and distributions depend not only on the feedstock composition, operating 
temperature, and pyrolysis residence time, but also on the system's specific characteristics, such as reactor size and type, 
heat transfer efficiency from the hot reactor surface and within the tire mass, feed particle size, and vapor. 

3.3 Statistical Analysis of Factors influencing Products Yield 

The regression analysis of variance (ANOVA) was performed to construct a model regression equation, independent 
variable interaction effects, and the surface plots using the fitted equation derived from the regression analysis while 
maintaining one of the independent variables constant. General factorial designs (GFD) were used as the experimental 
design for this investigation. To fit the equation model, the general factorial design typically used experimental design 
models with several components and a varying levels for each factor. 

Table 4. The products yield value of pyrolytic oil and solid carbon char 

No 
Experiment conditions Pyrolytic oil 

(wt.%) 
Solid carbon char (wt.%) 

Temperature (℃) Residence time (min) 

1 400 30 8.94 42.62 

2 400 30 6.80 41.71 

3 400 45 9.44 42.20 

4 400 45 7.50 40.64 

5 400 60 10.60 42.06 

6 400 60 8.76 40.00 

7 450 30 15.80 41.94 

8 450 30 10.60 39.68 

9 450 45 18.71 39.79 

10 450 45 12.74 39.00 

11 450 60 24.00 38.75 

12 450 60 17.30 36.62 

13 500 30 8.42 38.32 

14 500 30 7.98 35.74 

15 500 45 7.64 36.64 

16 500 45 7.28 34.00 

17 500 60 7.12 36.09 

18 500 60 6.80 33.97 

Table 5. Pyrolytic oil yield value of tread 

No 
Experiment conditions 

Pyrolytic oil yield for tread (%) Residual 
Temperature (℃) Residence time (min) 

1 400 30 8.94 0.98462 

2 450 30 15.80 0.18748 

3 500 30 8.42 0.58267 

4 400 45 9.44 0.48874 

5 450 45 18.71 1.09195 

6 500 45 7.64 0.15017 

7 400 60 10.60 -0.17261 

8 450 60 24.00 2.47870 

9 500 60 7.12 -0.53353 
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Table 6. Pyrolytic oil yield value of sidewall  

No 
Experiment conditions 

Pyrolytic oil for sidewall (%) Residual 
Temperature (℃) Residence time (min) 

10 400 30 6.80 0.00899 

11 450 30 10.60 -1.96831 

12 500 30 7.98 0.38207 

13 400 45 7.50 -0.31554 

14 450 45 12.74 -1.49086 

15 500 45 7.28 0.07554 

16 400 60 8.76 -1.01147 

17 450 60 17.30 -0.29896 

18 500 60 6.80 -0.67942 

Table 7. Solid carbon char yield value of tread  

No 
Experiment conditions 

Solid carbon char for tread (%) Residuals 
Temperature (℃) Residence time (min) 

1 400 30 42.62 0.17350 

4 450 30 41.94 1.37865 

7 500 30 38.32 1.18774 

2 400 45 42.20 0.75264 

5 450 45 39.79 0.59917 

8 500 45 36.64 0.92282 

3 400 60 42.06 1.26962 

6 450 60 38.75 0.37429 

9 500 60 36.09 1.47180 

Table 8. Solid carbon char yield value of sidewall 

No 
Experiment conditions 

Solid carbon char for sidewall (%) Residuals 
Temperature (℃) Residence time (min) 

10 400 30 41.72 -0.73882 

11 450 30 39.69 -0.67261 

12 500 30 35.74 -1.39884 

13 400 45 40.64 -0.66957 

14 450 45 39.00 -0.12105 

15 500 45 34.00 -1.48400 

16 400 60 40.00 -0.79564 

17 450 60 36.63 -1.55845 

18 500 60 33.98 -0.64358 

 

3.3.1 The Regression Model Equation for Pyrolysis Products  

After eliminating the unimportant factors, the model equation that links the reaction conversion of the waste tire to 

the Pyrolytic oil and solid carbon chare process variables in terms of actual value is presented below. The equation 

gives the projected model for the percentage of the degree of conversion in terms of the coded components. The regres-
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sion equation for the Pyrolytic oil is as follows 

 
Where: 

: the temperature (℃), : Residence time (min) 

The regression equation for solid carbon char is as follow 

 
Where: 

: the temperature (℃), : Residence time (min) 

3.3.2 The Analysis of Variance (ANOVA) of pyrolysis products 

Analysis of variance (ANOVA) was used to assess the model's adequacy. The regression model was found to be very 

significant, with correlation coefficients of determination of R-Squared (R-sq), adjusted R-Squared (R-sq adj), and pre-

dicted R-Squared (R-sq pred) of 76.40%, 66.57%, and 51.37% respectively for pyrolytic oil. And 85.12%, 78.92%, and 

65.72%, respectively for solid carbon char. The analysis of variance and results for pyrolytic oil and solid carbon char 

are shown in the tables below. 

The adequacy of the model was checked with analysis of variance (ANOVA) as shown in Tables mentioned above. 

The Model F-value for pyrolytic oil and solid char 7.77 and 13.73 implies the model are significant. There are only  

0.02% and 0.01% chance that a Model F-Value this large could due to personal error disturbance. As indicated in table 

9 and 11, the adequacy of the model was further evaluated using analysis of variance (ANOVA). Here, the Model 
F-values of Pyrolytic oil and solid carbon char indicate that the model is significant. There is just a small probability 

that a Model F-value of this magnitude was probably caused by human error disturbance. Values of P less indicate 

model terms are significant. In this case A, B and AB are significant model terms. The Lack of Fit F-value for pyrolytic 

oil and solid char is 1.72 and 0.35, respectively, implying that the Lack of Fit is not significant in relative to the pure 

error. This big Lack of Fit F-value might be caused by human error disruption. We want the model to fit, thus a 

non-significant lack of fit is optimal. This indicates that the proportion of waste tires converted into pyrolytic oil and 

solid carbon char is greatly influenced by pyrolysis temperature and pyrolysis residence time. 

Table 9. The analysis of variance (ANOVA) of the regression model equation and coefficients of pyrolytic oil 

Source DF Adj SS Adj MS F-Value P-Value 

Regression 5 313.025 62.605 7.77 0.002 

Temperature (℃) 1 283.510 283.51 35.19 0.020 

Residence time (min) 1 1.049 1.049 0.13 0.072 

Temperature (℃)*Temperature (℃) 1 281.345 281.345 34.92 <0.001 

Residence time (min)*Residence time (min) 1 1.529 1.529 0.19 0.671 

Temperature (℃)*Residence time (min) 1 4.651 4.651 0.58 0.046 

Error 12 96.672 8.056   

Lack-of-Fit 3 35.272 11.757 1.72 0.231 

Pure Error 9 61.400 6.822   

Total 17 409.698    

Table 10. The model Summary of Pyrolytic oil 

S R-sq R-sq (adj) R-sq (pred) 

2.83832 76.40% 66.57% 51.37% 
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(a)                                                     (b) 

 
(c) 

Figure 2 a. Residual Versus Fits. b. Pareto Chart of the Standardized Effects, α = 0.05). c. Normal Probability Plot (response 

is pyrolytic oil value %). 

Table 11. The analysis of variance (ANOVA) of the regression model equation and coefficients of solid carbon char 

Source DF Adj SS Adj MS F-Value P-Value 

Regression 5 114.365 22.873 13.73 <0.001 

Temperatures (°C) 1 1.015 1.014 0.61 <0.001 

Residence time (min) 1 0.021 0.021 0.01 <0.001 

Temperatures (°C)*Temperatures (°C) 1 1.596 1.596 0.96 0.347 

Residence time (min)*Residence time (min) 1 0.252 0.251 0.15 0.017 

Temperatures (°C)*Residence time (min) 1 0.361 0.361 0.22 0.050 

Error 12 19.991 1.665   

Lack-of-Fit 3 2.109 0.702 0.35 0.788 

Pure Error 9 17.882 1.986   

Total 17 134.356    

Table 12. The model Summary of solid carbon char 

S R-sq R-sq (adj) R-sq (pred) 

1.29070 85.12% 78.92% 65.72% 
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(a)                                                          (b) 

 
(c) 

Figure 3 a. Residual Versus Fits (response is Solid Carbon Char Value %). b. Pareto Chart of the Standardized Effects (re-

sponse is Solid Carbon Char Value %, α = 0.05). c. Normal Probability Plot (response is solid carbon char value (%)). 

4. Temperature and Residence Time Influence on Yield Products 

4.1 The influence of temperature on pyrolysis products yield 

 

Figure 4. The main effects plot for yield of pyrolytic oil value versus temperature. 
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It’s obvious from figure 4 that the yield of Pyrolytic oil increases as the operating temperature raises from 400°C to 

450°C, but as the operating temperature increases from 450°C to 500°C, the yield of Pyrolytic oil decreases a lot, as the 

line declines to the lowest point at 500°C. 

 

Figure 5. The main effects plot for yield of solid carbon char versus temperature at residence time of 60min. 

As illustrated in Figure 5, the yield of solid carbon char decreases as the operating temperatures raises from 400°C to 
500°C.  

The temperature is the most influential factor which has the greatest effect on the yield of pyrolysis products. Figures 

4 and 5 depict the yield of the product for pyrolytic oil and solid carbon char respectively at various operation tempera-

tures. Low temperatures of 400°C results in the lowest yields of pyrolytic oil and solid carbon char because the waste 

tire does not completely decompose throughout the residence time. However, at a medium operating temperature of 

450°C, the maximum yield was achieved within 60 minutes, whereas at a high operating temperature of 500°C, pyro-

lytic oil yield decreases while the solid carbon char yield decreases slightly due to the decomposition of some oil vapor 

into permanent gases. Consequently, the operating temperature has a highly significant impact on the production of py-

rolytic oil products and a substantial influence on the yield of solid char. 

4.2 The influence of the residence time on the products yield 

As demonstrated in Figures 6 and 7, the yield of pyrolytic oil increases significantly with the increasing residence 

time of vapor, but the yield of solid carbon char decreases with the increasing residence time of vapor. Long contact 

time between solid carbon char and volatiles lowers the solid carbon char yield due to the decomposition of some vola-

tiles and vapor into oil. The experiment results revealed that increasing the vapor residence time increases the yield of 

pyrolytic oil, while reduces the yield of solid carbon char. 

 

Figure 6. The yield of Pyrolytic oil versus the residence time at temperature of 450°C.  
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Figure 7. The yield of solid carbon char versus the residence time at temperature of 450°C. 

4.3 The interaction influence on pyrolytic oil and solid carbon char yield 

As presented in figure 8 below, at 400°C operating temperature and pyrolysis time rising from 30min to 60min, py-

rolytic oil yield increases from 8.94 to 10w%. However, the operating temperature at 450°C raises from 30 to 60min, 

and pyrolytic oil yield increases from 18.5 to 24wt%. However, the operating temperature at 500°C decreases pyrolytic 

oil yield within the extended pyrolysis time from 30 to 60min, as can be seen form in the figure 8, the line declines to 

the lowest point of 8.94wt%. The experiment results revealed that the pyrolysis temperature and residence time interac-

tions have a significant impact on the pyrolytic oil yield.  

 

 

Figure 8. Temperature and residence time verves pyrolytic oil yield. 

Figure 9 demonstrates that when the temperature is 400°C and the residence time increases from 30min to 60min, the 

yield of solid carbon char decreases slightly from 42.62 to 42.02wt%. However, the operating temperature at 450°C as 

the residence duration increases from 30min to 60min the yield of solid char decreases from 38.32 to 36.09wt%. But at 

500°C, the yield of solid carbon char remains nearly constant as the residence time increasing from 30min to 60min. 

The experiment results show that temperature and residence time interactions do not have a significant difference im-

pact on solid carbon char yield. 
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Figure 9. Temperature and residence time verves solid carbon char yield. 

5. Conclusions 

Pyrolysis is an optimal method for producing valuable energy resource products (Pyrolytic oil and solid carbon char) 
of waste tire. Temperature and residence time are two major parameters that effects the ultimate yield products during 

the pyrolysis process. This study's main objective is to identify the impact of temperature and residence time as well as 

the interactions on the pyrolysis products yield. The results of this study are concluded below:  

 The waste tire sample physical analysis shows that volatile matter content is relatively high, indicating that pyro-

lysis will yield condensable vapor. The significant amount of fixed carbon offers tires a high heating value poten-

tial. Low tire ash content levels suggest fewer inorganic materials. Analytical results suggest the sample particle 

can be used to generate Pyrolytic oil and solid carbon char. The products obtained at maximum yield circum-

stances were tested for viscosity, density, and gross caloric value, the viscosity of Pyrolytic oil is 4.8 cSt, the den-

sity is 857.14 kg/m3, and the gross caloric value is 42.9 MJ/kg. Solid carbon char's physical characteristics shows 

that ash content is 15.95% and the gross caloric value is 28.25 MJ/kg. 

 The sample was completely decomposed at 450°C, the Pyrolytic oil yield is obtained maximum 24wt% at tem-
perature of 450°C with a pyrolysis residence time of 60 minutes, and solid carbon char was achieved maximum 

41.94wt.% at 450°C with 30 minutes. 

 Analysis of variance (ANOVA) is built, and the regression model was found to be very significant. This indicates 

that the proportion of waste tires converted into Pyrolytic oil and solid carbon char is greatly influenced by tem-

perature and residence time. Temperature is the most influential factor which has the greatest effect on the yield of 

pyrolysis products. The yield of Pyrolytic oil increases from 400°C to 450°C, but decreases from 450°C to 500°C. 

Solid carbon char yield decreases from 400°C to 500°C. Low temperatures of 400°C produce less pyrolytic oil and 

solid carbon char because the waste tire doesn't decompose entirely. At 450°C, the maximum yield was obtained 

after 60 minutes. At 500°C, the Pyrolytic oil yield decreases, and the solid carbon char yield slightly decreases due 

to oil vapor decomposing into permanent gases.  

 The operating temperature has a major impact on pyrolytic oil and solid char yield. Pyrolytic oil yield rises with 

increases of vapor residence time, but solid carbon char yield decreases. Long contact time between solid carbon 
char and volatiles reduces yield due to decomposition of volatiles and vapor into oil. Increasing vapor residence 

time enhances pyrolytic oil yield while reducing solid carbon char yield. At 400°C and 30-60min pyrolysis, oil 

yield rises from 8.94% to 10%. Pyrolytic oil yield increases from 18.5wt% to 24wt% when the operating tempera-

ture at 450°C and residence time increases from 30min to 60min. At 500°C and residence time from 30min to 

60min Pyrolytic oil yield reduces to 8.94wt%. The pyrolysis temperature and residence time interacts to affect the 

Pyrolytic oil. 

 The yield of solid carbon char reduces slightly from 42.62wt% to 42.02wt% at 400°C and 60min of residence time. 

At 450°C, as residence time rises from 30min to 60min, solid carbon char yield reduces from 38.32wt% to 

36.09wt%. At 500°C, solid carbon char yield is remains nearly constant from 30min to 60min. The pyrolysis tem-

perature and residence time interactions did not affect solid carbon char yield. 

 Pyrolysis is an optimal choice for recycling waste tires with a great potential as energy resource and less environ-
mental and health impacts The pyrolytic oil produced from the waste tire has the potential to be used as an alterna-

tive fuel in furnaces, gas turbines steam boilers, IC engines, etc. Processing it could be useful in extracting essen-
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tial commands such as benzene, D-limonene, and xylene etc. Solid carbon char produced can be used as a fuel or 

to make activated carbon. Solid carbon char is an effective adsorbent to remove chromium, lead, copper, dyes, and 

phenol from industrial liquid effluents. It absorbs gaseous industrial effluents like SO2. Carbon black can be used 

in several products manufacturing and as a filler and pigment.   
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