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Abstract 

 

Activated pyrolytic tire char was applied as adsorbents to remove dyes from contaminated water. The method of surface treatment 

with ethanol solution, HCl solution and then activation with NaOH solution was proposed. After activation at 750oC, the specific 

surface area (SSA) of activated char (AC) increased from 154.7 m2/g to 228.9 m2/g. The pore size increased slightly from 323.4 
oA to 349.3 oA and iodine number increased from 95 mg/g to 137 mg/g. AC was then utilized in the adsorption of three dyes which 

were acid dye (AR131), basic dye (BR18) and disperse dye (DR167) in a shaker with a speed of 75 rpm at 26oC. The initial 

concentration was varied to be 10 – 50 mg/L. The kinetic results were more consistent with pseudo-second-order model. 

Considering the adsorption rate constant, k2, it was found that kinetics for acid dye (AR131) was slower than basic dye (BR18) 

while kinetics for disperse dye (DR167) did not follow specific pattern since it cannot be dispersed well in water without any 

dispersing agent. Regarding adsorption equilibrium when the initial concentration was between 10-50 mg/L, the adsorption 

percentages for acid dye (AR131), basic dye (BR18) and disperse dye (DR167) were 88.2 - 100%, 100%, and 26.9 – 50.7%, 

respectively. In addition, the adsorption isotherms for acid dye (AR131) and basic dye (BR18) followed the Langmuir equation, 

whereas, that for disperse dye (DR167) was better fit with the Freundlich equation. 
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1. Introduction  

 

 At present, a very large amount of waste water is generated 

from textile industry so the large volume of non-biodegradable 

color could cause serious environmental problems. There are 

several methods to solve these problems including adsorption. 

Many adsorbents such as chitosan [1], montmorillonite clay 

[2], activated carbon [3-4] have been investigated for their 

efficiencies. The latter choice could be produced from biomass 

wastes and waste tire rubber [5-7]. One of these work 

investigated the use of activated carbon derived from waste 

bamboo culms in the adsorption of azo disperse dye [7]. 

Pyrolysis is another popular solution to eliminate waste tire 

rubbers by breaking down rubber molecules at a high 

temperature without using oxygen.  Pyrolytic tire char is 

composed of about 70-80% fixed carbon and about 13% ash 

which could be ZnO, silica, sulfur and others. Pyrolytic char 

has been used as conductive filler in rubber for sensor 

application [8] and as an effective adsorbent after oxygenated 

reaction [9-10]. Only a few work reported the use of pyrolytic 

tire char in removing dyes in water. Mui et al. [11] studied 

pyrolysis of waste tire at 473-973oC and found that the 

temperature should not be greater than 573oC since the surface 

area of the char would be reduced. The surface treatment was 

then introduced by treating the char with nitric acid to make the 

surface more hydrophilic before being used to remove Acid 

Yellow 117. In another work by the same group [6], the char 

was further activated with CO2 to increase its surface area at a 

very high temperature ranging between 823-1123oC and was 

used to remove the same dye and methylene blue.   

In this work, the pyrolytic char was obtained at 

temperatures similar to the literature but a different method of 

surface treatment and activation were proposed here. Some 

char properties were reported and its application in dye 

adsorption was investigated for both adsorption kinetics and 

equilibrium. The three types of red dye were chosen for this 

study. 

 

2. Research methodology 

 

2.1 Material  

 

The material used in this study was pyrolytic char obtained 

from pyrolysis of waste tire rubber in a horizontal reactor at 

380-420oC and under nitrogen atmosphere at 30-100 Pa (The 

diameter of 90% char particles was 201.84±0.88 µm). Acid Red 



293                                                                                                                                                        KKU ENGINEERING JOURNAL October – December 2015;42(4) 

 

131 (C32H20Na2O8S2, Mw=502.43), Basic Red 18 

(C19H25Cl2N5O2, Mw=426.34) and Disperse Red 167 

(C23H26ClN5O7, Mw=519.93) were used as model dyes. They 

were obtained from Hanson Chemical Co., Ltd. HCl and NaOH 

were supplied by Merck, Ltd., Thailand. 

  

2.2 Composition analysis 

 

The samples of as-received char were analyzed by 

thermogravimetric analysis (TGA) and X-ray fluorescence 

(XRF).  In TGA analysis, a sample was placed in a platinum 

crucible and heated at the rate of 10oC/min under the ambient 

temperature to 500oC with continuous N2 flow of 50 ml/min. 

After that, the heating process was continued under the air 

atmosphere until the system reached the final temperature of 

1025oC.  

  

 2.3 Morphology of char-particle surface  

 

The sample was suspended in acetone. The colloidal 

system was sampled and placed on an aluminum foil before 

heating at 100oC until it was completely dried. After that, it was 

coated with gold before being observed with a scanning 

electron microscope (SEM) (Hitachi, S-3400N) 

 

2.4 Adsorbent preparation 

 

Firstly, 44 g pyrolytic tire char was soaked for 1 hr with 

60%wt ethanol solution to increase its hydrophilicity by using 

mass ratio of char to ethanol solution of 1:5. It was then filtered, 

washed with distilled water and subsequently treated with 1 M 

HCl solution for 1 hr to remove some contaminants by using 

mass ratio of char to HCl solution of 1:5. The treated char was 

filtered and washed again with distilled water until the pH of 

water was constant. Then it was dried at 100oC. Finally, 40 

gram of the obtained char was mixed with 50 ml of 60%wt 

ethanol solution and 40 g-NaOH dissolved in 40 ml-distilled 

water. After that, it was activated in a furnace at 750oC for 3 

hrs. After activation, the char was washed with distilled water 

and hot water until the pH of the washing water was constant. 

The sample prepared through these step is called “Activated 

char” or “AC”. 

 

2.5 Pyrolytic tire char and activated char characterization 

 

Surface area, total pore volume and pore diameter of as-

received char and AC was determined by a surface area and 

porosity analyzer (Quantachrome, Autosorb-1). Iodine Number 

was carried out according to ASTM D 4607-94 (Reapproved 

2011): Activated carbon, 2013, volume 15.01. The pH at the 

point of zero charge (pHpzc) of AC was carried out as follows: 

50 ml of 0.01 M NaCl solution was placed in a closed reagent 

bottle. The pH was initially adjusted to a value between 2 and 

12 by adding 0.1 M HCl or 0.1 M NaOH solution. Then, 0.15 

gram of each sample was added and the final pH was measured 

after 48 hrs. The pHpzc is the point that the curve of the pHfinal 

vs. pHinitial intersects with the curve of pHinitial = pHfinal. 

  

2.6 Adsorption experiment  

 

Three types of dye, Acid Red 131, Basic Red 18 and 

Disperse Red 167, were used to evaluate the adsorption 

capacity. First, dye solutions with the concentration between 

10-50 ppm were prepared for adsorption kinetics and 

equilibrium studies. 0.029 g AC was added into 30 ml dye 

solution and the mixture was shaken in a shaker at 75 rpm and 

at 26oC. After that AC was removed from the remaining dye 

solution by centrifugation at 5000 rpm for 2 min. The dye 

concentrations at many time intervals were measured using a 

spectrophotometer (UNICO, UV-1200) to obtain the kinetic 

data. The absorbance was read at the wavelength of 560, 490 

and 465 nm for Acid Red 131, Basic Red 18 and Disperse Red 

167, respectively. Equilibrium adsorption was achieved by 

leaving the solution shaken up to 50 hrs, 54 hrs and 1 hr for 

Acid Red 131, Basic Red 18 and Disperse Red 167, 

respectively and then the final concentrations of the solutions 

were measured. Adsorption capacity is defined as 
                    

                                                                   
                       

                   
 

Where 𝑞𝑡 and  𝑞𝑒  are the adsorption capacity (mg/g) at any time 

and at equilibrium, respectively, 𝐶0 is the initial dye 

concentration (mg/l),  𝐶𝑡 and  𝐶𝑒 are dye concentrations at any 

time and at equilibrium (mg/l), 𝑉 is the volume of solution (ml) 

and  𝑤 is the mass of activated char (g).  

 

3. Results and discussion 

 

3.1 Composition analysis 

 

The composition of as-received char obtained from TGA 

and XRF is shown in Table 1. The results showed that the char 

contained mostly carbon as high as 81.81% since rubber 

molecule is hydrocarbon and the rubber composite is filled with 

carbon black. Sulfur was found to be 2.3% in the char since it 

is used to vulcanize the rubber composite. Total ash contributes 

13.62% of the char including 1.17% silica which is used as 

filler and 3.11% zinc which is from the activator for 

vulcanization. 

 

3.2 Morphology and functional groups 

 

 SEM micrograph of as-received char was shown in Figure 

1. It was observed that pyrolytic tire char particles are fine and 

spherical. The particle size from an image analyzer program 

expressed that the diameter of pyrolytic tire char was 96+26 

nm. FTIR spectra of char and AC were shown in Figure 2. The 

peaks at 3455.81 and 1631.48 cm-1 of the char were observed 

corresponding to –OH (hydroxyl) and COO- (caboxylates), 

respectively. After activation, the peaks of AC were slightly 

shitfed to 3443.59 and 1632.00 cm-1, respectively. 

 

3.3 Pyrolytic tire char and activated char characterization  

 

 Surface area, total pore volume and pore diameter of as-

received char and AC obtained from a surface area and porosity 

analyzer, iodine number and pHpzc are shown in Table 2.

(1) 

(2) 
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Table 1 The composition of as-received char 

 

Composition 

from TGA 

Element 

from XRF 

%  

Volatile matter  4.57  

Carbon  81.81  

 O 6.01  

 Zn 3.11  

 S 2.3  

 Si 1.17  

 Ca 0.48  

 Fe 0.13  

 K 0.11  

Ash 
Al 0.1 

13.62 
Br 0.05 

 Mg 0.04  

 P 0.04  

 Cl 0.03  

 Ti 0.02  

 Co 0.01  

 Cu 0.01  

 Pb 0.01  

 

 

 
 

Figure 1 SEM micrograph of as-received char 

 
 

Figure 2 FT-IR spectra of char and AC 

Table 2 Surface area, total pore volume and pore diameter of 

Char and AC 

 

Sample 

Surface 

Area 

(m2/g) 

Total Pore 

Volume 

(ml/g) 

Pore 

Diameter 

(°A) 

Iodine 

number 

(mg/g) 

pHpzc 

Char 154.7 1.251 323.4 95 n/a 

Ac 228.9 1.999 349.3 137 7.4 

n/a = not available 

 

The results expressed that the specific surface area (SSA) 

and total pore volume of activated char (AC) increased from 

154.7 to 228.9 m2/g and from 1.251 to 1.999 ml/g, respectively, 

whereas the pore size increased slightly from 323.4 to 349.3 oA 

after activation. According to Mui et al. [6, 11], as-received 

pyrolytic tire char had SSA of 122 m2/g which was increased 

to 168 m2/g after CO2 activation at 923oC higher than 

temperature applied in this work. Besides, total pore volume of 

their activated char was 0.123 ml/g which was lower than ours. 

Therefore, it seems that even at a higher temperature, physical 

activation by CO2 could increase SSA by 37% while chemical 

activation by NaOH solution in our case could increase SSA by 

48%. 

In addition, it was observed that iodine number of char 

activated with NaOH in a furnace at 750oC was increased from 

95 to 137 mg/g due to an increase of its surface area. However, 

both SSA and iodine number were still lower than the standard 

of activated carbon (1000 m2/g) probably attributable to highly 

hydrophobic surfaces of very fine char powder (as small as 100 

nm). For the determination of pHpzc, it was found that pHpzc of 

AC was about 7.4 while pHpzc of as-received char could not be 

determined due to its inability to be well mixed with water. 

  

3.4 Adsorption kinetics 

 

Adsorption capacities at many intervals of acid dye 

(AR131), basic dye (BR18), disperse dye (DR167) with 

average initial pH of dye solution of 5.85, 6.74 and 6.87, 

respectively were shown in Figure 3. When the initial 

concentration was lower, 𝑞𝑡 of acid dye (AR131) and basic dye 

(BR18) can reach their equilibrium faster.  In addition, 𝑞𝑒  of all 

dyes were increased with increasing initial dye concentration 

as can be seen in Table 3. 

The pseudo-first-order Lagergren model and the pseudo-

second-order model are expressed as Eq. (3) and (4), 

respectively. The former implies that kinetics is governed by 

the available adsorption sites while the latter depends both on 

the amount of adsorbates and the availability of adsorption sites 

on the adsorbents. 

 

   
                     

          
 

Where 𝑞𝑡 and 𝑞𝑒were already defined. 𝑘1 and 𝑘2 are the 

rate constants of the pseudo-first-order adsorption (min-1) and 

the pseudo-second-order adsorption (gmg-1min-1), respectively. 

 

(3) 

(4) 
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 The values of 𝑘1, 𝑘2 and 𝑅2 of both models for acid dye 

(AR131), basic dye (BR18) and disperse dye (DR167) are 

presented in Table 4.  As can be seen, considering higher value 

of 𝑅2, adsorption of all dyes by using the activated char could 

be better explained by the pseudo-second-order model. Similar 

findings were reported before for the adsorption of methylene 

blue on activated carbons [12]. The results revealed that 𝑞𝑒  

obtained from pseudo-second-order of all three dyes was 

increased with increasing the initial concentration of dyes, 

implying the availability of adsorptive sites. 

 

 
 

 
 

 

 
Figure 3 Adsorption kinetics for (a) acid dye (AR131), (b) 

basic dye (BR18) and (c) disperse dye (DR167) 

 In addition, when the initial concentration of dye increased 

from 10 to 50 ppm, the rate constants, 𝑘2 , decreased from 

0.0028 to 0.0001 g mg-1min-1 and 0.0073 to 0.0003 g                

mg-1min-1 for adsorption of acid dye and basic dye, respectively 

implying that adsorption rates of basic dye was faster than those 

of acid dye. Regarding adsorption for disperse dye, 𝑘2 did not 

show definite trend because disperse dye (DR167) cannot be 

dispersed well in water without any dispersing agent. 

 

3.5 Adsorption equilibrium 

 

Adsorption percentage at equilibrium of acid dye (AR131), 

basic dye (BR18) and disperse dye (DR167) can be calculated 

according Eq. (5) 
 

      
 

 In Figure 4, at the initial dye concentrations of 10, 20, 30, 

40 and 50 ppm, It was found that basic dye (BR18) can be 

totally adsorbed by AC, acid dye (AR131) was highly adsorbed 

with percentage of 88.2 – 100, and disperse dye (DR167) was 

adsorbed with percentage of 26.9 – 50.7. When the initial 

concentration of dye was increased, the adsorption percentage 

of acid dye decreased due to the limited number of absorbent 

pores. On the other hand, when the initial concentration of 

disperse dye (DR167) was increased, the adsorption percentage 

increased. Probably, at a low initial concentration, dye 

molecules could not be totally dispersed and they formed 

aggregates so they cannot be well adsorbed in absorbent pores. 

Whereas, a higher initial concentration could promote the 

probability of dye molecules to be in contact with adsorbent 

pores so the adsorption percentage could be increased. 

Since the adsorption percentage of basic dye (BR18) was 

100% when the initial dye concentration was 10 – 50 ppm, its 

isotherm could not be obtained. Therefore, another experiment 

was performed at higher concentrations which were 86, 108, 

137, 156, 168 and 213 ppm. The remaining concentration was 

measured with spectrophotometer after shaking at a speed of 

75 rpm at 26oC for 54 hrs.   

In order to study equilibrium adsorption, Freundlich 

isotherm and Langmuir isotherm were applied to the results. 

Normally, the empirical Freundlich isotherm is applied for the 

results that have not reached the saturation so it shows a still 

increasing trend of the isotherm. Whereas, Langmuir implies a 

monolayer adsorption with limited localized adsorption sites so 

finally the adsorption will reach a saturation point.  

 

 

Table 3 Adsorption capacities at equilibrium of acid dye 

(AR131), basic dye (BR18) and disperse dye (DR167) 

 

Dye 

𝒒𝒆 mg/g 

10 

(ppm) 

20 

(ppm) 

30 

(ppm) 

40 

(ppm) 

50 

(ppm) 

Acid 10.6 19.3 28.6 36.6 43.7 

Basic 10.7 20.2 32.1 41.7 50.7 

Disperse 2.9 7.1 13.2 21.0 26.5 

 

(5) 
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Table 4 Parameters obtained from pseudo-first-order and pseudo-second-order kinetic models 

 

Dye 

Initial 

concentration 

(ppm) 

Pseudo-first-order Pseudo-second-order 

𝒒𝒆 (mg/g) 𝒌𝟏   

(min-1) 

R2 𝒒𝒆 (mg/g) 𝒌𝟐  

(g mg-1 min-1) 

R2 

 10 4.07 0.0017 0.6729 10.7 0.0028 0.9997 

 20 10.77 0.0011 0.9387 19.4 0.0006 0.9961 

Acid dye 30 17.72 0.0015 0.8873 28.5 0.0003 0.9901 

 40 30.38 0.0021 0.8818 37.7 0.0002 0.9894 

 50 35.07 0.0017 0.8604 45.5 0.0001 0.9831 

 10 5.33 0.0080 0.7026 10.7 0.0073 0.9999 

 20 7.41 0.0017 0.7700 20.2 0.0021 0.9997 

Basic dye 30 15.37 0.0018 0.9073 32.36 0.0007 0.9989 

 40 22.32 0.0015 0.9301 42.02 0.0004 0.9985 

 50 24.39 0.0044 0.8772 51.28 0.0003 0.9979 

 10 2.46 0.0657 0.9983 3.19 0.0602 0.9925 

 20 5.18 0.4663 0.9217 7.19 0.3252 0.9999 

Disperse dye 30 3.56 0.0564 0.4202 13.33 0.0792 0.9994 

 40 5.20 0.0377 0.4169 21.28 0.0706 0.9997 

 50 5.65 0.3411 0.3304 26.53 0.2538 1.0000 

 

 
Figure 4 Adsorption percentage at equilibrium of acid dye 

(AR131), basic dye (BR18) and disperse dye (DR167) 

 

 

Freundlich isotherm is expressed as Eq (6) 

 

         

or in the linear form as 

    

Here, 𝐾𝐹((mg/gAC)(l/mg)1/n) and  𝑛 are Freundlich parameters.  

Higher value of 𝐾𝐹 implies higher adsorption capacity.  

Langmuir isotherm is written as 

    

Here, 𝑞𝑚 and 𝐾𝐿 are a maximum monolayer adsorption 

capacity (mg/g) and Langmuir constant (l/mg).   

The parameters obtained from Freundlich isotherm and 

Langmuir isotherm are collected in Table 5. It can be seen that 

adsorption of acid dye (AR131) and basic dye (BR18) using 

AC was consistent with Langmuir equation. The results of acid 

dye (Eriony Navy R) and basic dye (Astrazon Brilliant Red 4G) 

adsorption by using commercial activated carbon (Norit GAC 

1240 PLUS) without any treatment at initial concentration 

between 50-1000 ppm was also reported to follow Langmuir 

isotherm [13].  

In general, adsorption of molecules or ions on the adsorbent 

surfaces is governed by the attractive forces among them, 

which could be dispersive forces or Van der Waals forces and 

electrostatic interaction. If the electrostatic interactions were 

the main adsorption mechanism, the adsorption ability depends 

on relative values of pHpzc and pH of the solution. At pH>pHpzc, 

the carbon surface becomes negatively charged so it prefers to 

adsorb cationic species. In contrast, at pH<pHpzc, the carbon 

surface becomes positively charged so it prefers to adsorb 

anionic species [14]. One of the examples is the work of 

Jindarom et al. [15]. They reported that char obtained from 

pyrolysis of sewage sludge at 350-750oC with pHpzc 9.31-9.74  

  

 

Table 5 Freundlich and Langmuir parameters for adsorption 

 

Isotherm Parameters 
Dye 

Acid Basic Disperse 

 

n 3.3 6.0 0.1 

𝐾𝐹 ((mg/gAC)(l/mg)1/n) 25.94 68.09 0.53 

R2 0.9796 0.8816 0.9845 

𝑞𝑚 (mg/gAC) 49.8 138.9 -10.6 

𝐾𝐿 (l/mg) 1.14 0.28 0-0.03 

R2 0.9854 0.9948 0.8387 

(6) 

(7) 

(8) 
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could adsorb basic dye (Astrazon blue FGGL), which is a 

cation, and acid dye (Telon light yellow), which is an anion, 

with   of 212.77-416.67 and 12.71-71.43 mg/g, respectively 

[15]. 

In our work, the activated char had pHpzc of 7.4 which was 

higher than pH of dye solutions so its surface should be 

positively charged and it should prefer the adsorption of acid 

dye which is an anion to the adsorption of basic dye which is a 

cation. The opposite was observed since for basic dye was 

greater. The mechanism of adsorption should then be from 

dispersive forces or Van der Waals forces between dye 

molecules and char surfaces [16]. Considering molecular 

weight of the dyes, Basic Red molecules are smaller which may 

be accommodated in the pore of AC more easily. The 

negligible effect of electrostatic forces was also seen from the 

work of Faria et al. [15]. When the initial pH of dye solution 

was 6-7, a commercial activated carbon with pHpzc of 9.7 could 

adsorb basic dye (Astrazon Brilliant Red 4G) with  𝑞𝑚 higher 

than acid dye (Eriony Navy R).  

 For disperse dye (DR167), it was found that  R2 of fitting 

with Freundlich equation was higher than Langmuir equation. 

Some Langmuir parameters were found negative which was not 

possible implying that Freundlich isotherm is more suitable to 

describe this system. Our results did not follow Langmuir 

equation may be because disperse dye (DR167) cannot be 

dispersed well in water without any dispersing agent as 

discussed before and so the adsorptive sites were not almost 

used up so the behavior of monolayer adsorption was not 

observed. Therefore, it can be concluded that for disperse dye, 

the data were better fit with Freundlich equation. 

 

4. Conclusion 

 

In this research, pyrolytic tire char was treated with ethanol 

to increase its hydrophilicity, treated with HCl solution to 

remove some contaminants, and then activated with NaOH in 

a furnace at 750oC to increase its specific surface area (SSA). 

After treatment, SSA and iodine number were increased while 

the pore size slightly increased. It seems that surface 

hydrophobility of the fine pyrolytic char particles is a major 

obstacle to an increase in SSA. 

For adsorption kinetics, when the solution concentration 

was varied to be 10 – 50 mg/L, the results were more consistent 

with the pseudo-second-order model than pseudo-first-order 

model. The adsorption rate constant, 𝑘2, showed that kinetics 

for acid dye (AR131) was slower than basic dye (BR18) 

whereas kinetics for disperse dye (DR167) was much slower 

and did not show a definite trend. For adsorption equilibrium, 

the adsorption isotherms for acid dye (AR131) and basic dye 

(BR18) followed Langmuir equation but that for disperse dye 

(DR167) was better fit with Freundlich equation. The activated 

char could remove basic dye with higher efficiency than acid 

dye. 
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