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CHAPTER I 

 

INTRODUCTION 
 

 

1.1 The Statement of Problem 

 

 Nowadays, the world annually generates waste tires as 5 x 106 tons, 

representing 2% of total solid waste (Dall’Orso et al., 1999; Galvagno et al., 2002; 

Snyder, 1998). Since the waste tire is not biodegradable material and it also contains 

large amount of sulfur used as vulcanizing agents, it should be appropriately disposed 

instead of direct combustion. However, the waste tire has higher heating value (39.1 

MJ/kg) (Qing et al., 2009) when compared to biomass such as palm (18-20 MJ/kg) 

(Vijaya, Chow, and Ma, 2004) or rice husk (13-15 MJ/kg) (Jenkins, 1989; Natarajan 

et al., 1998). Thus, it has been expected to replace the conventional fuels. To produce 

alternative fuels from solid waste, pyrolysis is the thermal degradation process to 

convert solid materials as solid carbon residue, a condensable oil and gases. 

 Tire pyrolysis is currently receiving renewed attention. Recycling of tires 

by pyrolysis offers an environmentally attractive method. The products of the tire 

pyrolysis process are solid char (30-40 wt%), condensable liquid (40-60 wt%), and 

gases (5-20 wt%). The solid residue contains carbon black and the mineral matter 

initially present in the tire. This solid char may be used as reinforcing filler in the 

rubber industry, activated carbon or smokeless solid fuel. The liquid product consists 

of various complex mixtures of organic components. Thus, the derived oils may be 

used directly as fuels, petroleum refinery feedstock or a source of chemicals. The gas 

fraction can be used as fuel in the pyrolysis process. According to the fact that the 

pyrolysis liquid product contains various organic compounds having 5–20 carbons 

with aromatics proportion (McNeill, 1989), the derived pyrolysis oils may be directly 

used as fuels or petroleum refinery feedstock. Unfortunately, a large amount of sulfur 

compounds found in the pyrolysis waste tire oil can cause environmental problems. 

 In petroleum products, sulfur-containing compounds in oil are converted 

to SOx by combustion, which is one of the main sources of acid rain and air pollution. 

Legislation in Europe in 2005 limited the sulfur content in light oil as maximum as  
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50 ppm maximum. The United States has also set a limit of sulfur content in fuels 

used for highway to 15 ppm by the middle of 2006 (Zhao et al., 2007). 

 Some basic properties of tire pyrolysis oil were measured and compared to 

those of conventional petroleum fuel, as given in Table 1.1. The viscosity of tire 

pyrolysis oil is higher than that of diesel by about 1.5 times. The flash point and the fire 

point of the tire pyrolysis oil are closer to those of diesel. However, the sulfur content in 

tire pyrolysis oil is higher than that in the diesel fuel (Murugan, Ramaswamy, and 

Nagarajan, 2006). Hydrodesulfurization (HDS) is commonly applied to reduce the 

amount of sulfurous compounds in petroleum refinery. However, this process generally 

conducts under severe reaction conditions (> 50 kg/cm3 and > 250◦C) and consumes 

hydrogen gas to react with sulfur compounds in the presence of catalysts (Grassie, 

1971). In addition, the sulfur-containing compounds in the light oil are difficult to be 

removed via HDS method (Madorsky, 1964).  

 To decrease energy and hydrogen consumption during desulfurization, 

photocatalytic desulfurization has been a new technique to decompose sulfurous 

compounds in oil using titanium dioxide (TiO2) as a catalyst in recent years.  

 

Table 1.1 Comparison of tire pyrolysis oil with diesel, gasoline and crude oil  

                 (petroleum product) (Murugan et al., 2006) 
 

Property Diesel Gasoline 
Crude oila 

(petroleum product) 

Tire 

pyrolysis oil 

Density at 15 oC, kg/m3 0.83 0.74 0.99 0.92 

Kinematic Viscosity, cst at 40 oC 2.58 - 180 3.77 

Net calorific value,MJ/kg 43.8 45.0 - 38.0 

Flash point, oC 50.0 -42.8 Max.66 43.0 

Fire point, oC 56.0 -48.9 - 50.0 

Sulfur content,% 0.29 - 1.40 0.72 

Ash content, % 0.01 - 0.10 0.31 

Aromatic content, % 26.0 - - 66.6b 

Non-aromatic content, % 74.0 - - 33.4 b 
 

   aData obtained for crude oil specifications (Available from: http://www.Platts.com) 
   bLaresgoiti et al, (2004) 
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The previous research works revealed that the photocatalytic oxidation has 

potential to decrease the amount of sulfur derivatives (Laresgoiti et al., 2004; 

Mutsuzawa et al., 2002). Typically, this process involves two principle steps. In the 

first step, the sulfur-containing compounds are oxidized by photocatalysis. The 

oxidized sulfurous compounds could be classified as sulfoxides or sulfones resulting 

from oxygen donation to sulfurous compounds. The mechanism for photocatalytic 

desulfurization of 3-methyl benzothiophene is shown in Figure 1.1. In the second step, 

the oxidized sulfurous products with higher polarity can be readily extracted from the 

hydrocarbon fuel by dissolving in a polar solvent (Ali, Al-Malki, and Ahmed, 2009).  

 

1.2 Objectives of the Research Work 

 

 The objectives of this research were stated as followed: 

1. To study the photocatalytic desulfurization of the pyrolysis oil derived from 

waste tire. 

 2. To investigate the effect of reaction parameter: TiO2 dosage, calcination              

temperature, type and content of extracting solvent, air flow rate, hydrogen 

peroxide (H2O2) content and stage of reaction on the %sulfur removal. 

 
 

 

 

 

 

 

 

 

 

 

Figure 1.1 Reaction pathway for 3-methyl benzothiophene in acetonitrile by  

                      photoirradiation (Shiraishi et al., 1999). 
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1.3 Scope of the Research Work 

 

 The details of experimental procedure for this research were presented as 

followed: 

1. Survey previous research literatures related to this work. 

2. Prepare materials, design and construct the reactor for photocatalytic 

desulfurization. 

3. Characterize the waste tire powder (φ = 355-425 µm): proximate analysis, 

ultimate analysis, gross calorific value and sulfur content. 

4. Prepare the pyrolysis oil from pyrolysis of waste tire powder in a fixed bed 

reactor at 400oC under nitrogen atmosphere with 0.1 L/min of flow rate for 

15 min and then analyze its gross calorific value and total sulfur content. 

 5. Investigate the effect of reaction parameters used in photocatalytic  

                 desulfurization of pyrolysis oil on the %sulfur removal as following: 

• TiO2 dosage: 1-10 g/L of pyrolysis oil  

• Calcination temperature of TiO2: 400-800oC 

• Reaction temperature: 30-70oC 

• Pyrolysis oil/extracting solvent (v/v): 1/1-1/5 

• Type of extracting solvent: distilled water, methanol and acetonitrile 

• Air flow rate: 0-150 ml/min 

• H2O2 concentration: 0-30 wt% 

• Stage of the reaction: 1-3 stages 

7. Characterize the oxidized sulfurous compounds in the extracting solvents by 

using high performance liquid chromatography (HPLC)  

8. Investigate type and content of remaining sulfurous compounds in the 

oxidized pyrolysis oil by using gas chromatography equipped with flame 

photometric detector (GC-FPD). 

9. Summarize the results 

 

 

 

 



CHAPTER II 

 

THEORY AND LITERATURE REVIEWS 
 

 

2.1 Tire (Dodds et al., 1983) 

 

 Tire is produced from vulcanization of rubbers such as styrene-butadiene 

rubber (SBR) and butadiene rubber (BR). Moreover, tire also consists of reinforcing 

textile cards, steel of fabric belts and steel-wine bead. Another important component 

in tire manufacturing is carbon black, which is used to strengthen the rubber and aid 

abrasion resistance. In addition, extender oil, a mixture of aromatic hydrocarbons, is 

added to soften the rubber and to improve workability. In the rubber vulcanization 

process, sulfur is used to crosslink the polymer chains within the rubber, and it also 

hardens and prevents excessive deformation at elevated temperature. The accelerator is 

typically an organosulfur compound which acts as a catalyst for the vulcanization 

process. The zinc oxide and stearic acid also control the vulcanization process and 

enhance the physical properties of the rubber vulcanizates. A typical composition for 

tire is shown in Table 2.1.  

  

Table 2.1 The composition of a typical passenger tire by weight (Dodds et al., 1983) 

 

Composition of tire wt% 

Stirene butadiene rubber (SBR) 62.1 

Carbon black 31.0 

Extender oil 1.9 

Zinc oxide 1.9 

Stearic acid 1.2 

Sulfur 1.1 

Accelerator 0.7 

Total 99.9 
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2.2 Valcanization Process  

 2.2.1 Vulcanizing Agents (Dick, 2001) 

  Sulfur is the most widely used vulcanizing agent in conjunction with 

activators (metal oxides and fatty acids) and organic accelerators. These are primarily 

used for general purpose rubbers such as natural rubber (NR), SBR and BR. They contain 

unsaturation (double bonds) as opposed to basically saturated rubbers (e.g., butyl, EPDM, 

etc.). Sulfur donors are used to replace parts or all of the elemental sulfur to improve 

thermal and oxidative aging resistance. They may also be used to reduce the possibility of 

sulfur bloom and to modify curing and processing characteristics. Two chemicals, which 

have been developed over the years to function as sulfur donors alone or in combination 

with sulfur, are tetramethylthiuram disulfide (TMTD) and dithiodimorpholine (DTDM). 

They provide significantly improved heat and aging resistance plus reduced heat build-up.  
  

  2.2.2 Sulfur Vulcanization (Mark, Erman, and Eirich, 2005) 
 

  Vulcanization of rubber is generally irreversible which is similar to other 

thermosets. This is contrast to thermoplastic processes (the melt-freeze process) 

which are the characteristic behavior of most modern polymers. The cross-linking in 

vulcanization is usually done by sulfur. The main polymers subjected to vulcanization 

are polyisoprene or NR and SBR, which are used for most passenger tires. The cure 

package is specifically adjusted for the substrate and the application. The reactive 

sites are allylic hydrogen atoms. These C-H bonds are adjacent to carbon-carbon 

double bonds. During vulcanization, some of these C-H bonds are replaced by chains 

of sulfur atoms linking with a cure site of another polymer chain. These bridges 

contain between one and eight sulfur atoms. The number of sulfur atoms in the 

crosslink strongly influences the physical properties of the final rubber vulcanizates. 

Short crosslinks give the rubber to have better heat resistance. The rubber 

vulcanizates containing crosslinks with higher number of sulfur atoms exhibit the 

good dynamic properties with lesser heat resistance. Dynamic properties are 

important for flexing movements of the rubber vulcanizates, e.g., the movement of a 

side-wall of a running tire. Without good flexing properties, these movements rapidly 

form cracks and, ultimately make the failure of rubber vulcanizates. The crosslink 

obtained from sulfur vulcanization process shown in Figure 2.1. 
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Figure 2.1 The process of sulfur vulcanization (Mark et al., 2005). 

 

2.3 Waste Tire 

 

 Large quantities of waste tires are annually generated in the world. Their 

disposal represents an environmental and economic problem. Approximately, 5 106 

tons/year of waste tires produced in the world were divided to be produced in Europe 

as 2 106 tons, in North America as 2.5 106 tons and in Japan 0.5 106 tons 

(Galvagno et al, 2002). Different alternatives for tire recycling such as retreading, 

reclaiming, incineration, grinding, etc., have been used. However all have significant 

drawbacks and limitations (Schnecko, 1994). Thus, it leads the environmental 

problem as well as economic problem of the disposal of an increasingly large mass of 

waste tires. The largest application of waste tires is; however, as a supplemental 

energy resource because tires mainly consist of natural rubber and synthetic rubbers 

with long hydrocarbon chains resulting in a high heating value. Pyrolysis can be 

considered as a non-conventional method for tire recycling and complex materials 

cannot be remolded. In the pyrolysis process, the organic volatile matter of tires 

(mainly the rubber polymers) is decomposed to low molecular weight products, 

liquids or gases, which can be used as fuels or a source of chemicals. The remaining 

inorganic components (mainly steel) and the non-volatile carbon black found in a 

solid residue can be recycled in worthwhile applications (Laresgoiti, 2000). 

The composition of a typical scrap tire feedstock is shown in Table 2.2. 

According to high volatiles and fixed carbon contents, the scrap tires show high gross 

calorific value as 40 MJ/kg (Williams and Bottrill, 1995).  
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Table 2.2 Typical composition of the scrap tire feedstock (Williams and Bottrill, 1995) 

 

Elemental composition 

(wt%) 

Proximate analysis 

(wt%) 

Gross calorific value 

(MJ/kg) 

C    85.9 

H    8.0 

N    0.4 

S    1.0 

O    2.3 

Volatiles              66.5 

Fixed carbon       30.3 

Ash                       2.4 

Moisture               0.8 

40.0 

 

 Thus, the scrap or waste tires are interesting materials for using as an 

alternative energy resource. For this reason, both pyrolysis and combustion are 

currently receiving renewed attention. Pyrolysis offers an environmentally attractive 

method to decompose a wide range of wastes, including waste tires. In the pyrolysis 

process, the organic volatile matter of tires (ca. 60 wt%) is decomposed to obtain low 

molecular weight products, liquids or gases, which can be used as fuels or chemicals 

feedstock. The remaining non-volatile carbon black and the inorganic components (ca. 40 

wt%) after pyrolysis can be also recycled for using in other applications. For combustion 

of tires to generate the electrical energy, the conditions applied in this process must be 

optimized to minimize the emissions (Juma et al., 2006). 

 

2.4 Pyrolysis (Ashok, 2008) 

 

 Pyrolysis or thermal cracking can be generally defined as the decomposition 

of organic matters in the absence of oxygen or in an oxygen-starved atmosphere. The 

pyrolysis process may be endothermic, or exothermic, depending on the temperature 

of the reacting system. The steps of process include with drying and grinding the feed 

to sufficiently small particles for rapid reaction, pyrolysis reaction and the separation 

of products. The type of pyrolysis processes are listed as followed: 

 

• Slow Pyrolysis 

   This is a conventional process whereby the heating rate keeps slow 

(approximately 5-7oC/min). This slow heating rate leads to higher char yields than the 
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liquid and gaseous products. Different kinds of biomass, such as wood samples, 

safflower seeds, sugarcane bagasse, sunflower seeds, municipal wastes, etc., are 

generally subjected to slow pyrolysis to produce the solid fuels. 

 

• Fast Pyrolysis 

   Fast pyrolysis is considered as a better process than the slow pyrolysis. 

The heating rate for fast pyrolysis is high as 300-500oC/min to get the higher liquid 

yield. Fluidized-bed reactors are suitable for this process since they can provide the 

high heating rates and rapid devolatilization. They are also easy to operate. The 

reactor types such as entrained flow reactors, circulating fluidized-bed reactors, 

rotating reactors, etc. are used for this purpose. 

 

• Flash Pyrolysis 

   This is an improved version of fast pyrolysis to obtain the desired high 

reaction temperature within a few seconds. The heating rates are very high               

(ca.1000oC/min). The flash pyrolysis process is carried out at atmospheric pressure. 

The entrained flow and fluidized-bed reactors are appropriate reactors for this process. 

 

2.5 Pyrolysis of Waste Tire (Juma et al., 2006) 

 

 Tire pyrolysis (thermal decomposition in an oxygen-free environment) is 

currently receiving renewed attention. Recycling of tires by pyrolysis offers an 

environmentally attractive method. The products of the tire pyrolysis process are: 

solid char (30-40 wt%), liquid residue (40-60 wt%) and gases (5-20 wt%). The solid 

residue contains carbon black and the mineral matters initially presented in the tire. 

This solid char may be used as reinforcing filler in the rubber industry, as activated 

carbon or as smokeless fuel. The liquid product consists of a very complex mixture of 

organic components. Thus, the derived oils may be directly used as fuels, petroleum 

refinery feedstock or a source of chemicals. The gas fraction can be used as fuel in the 

pyrolysis process. 
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Pyrolysis is one of recycle methods for waste tire to supply the market for 

pyrolysis products. For this reason, characterization of pyrolysis products and 

possibilities of their application in other processes are very important. The details of 

pyrolysis products from waste tire pyrolysis are given below: 

 

•  Solid Residue 

      The solid residue contains carbon black and some mineral matters 

for vulcanization process. Several studies have reported the production of chars and 

activated carbon from waste tires via pyrolysis process (Edward et al., 2004; 

Zabaniotou et al., 2004). These activated carbons have been used to adsorb organic 

substances such as phenol, basis dyes, butane and natural gas. It is also adsorbed 

heavy metals for waste water treatment. The activated carbon obtained from solid 

product of pyrolysis is produced by activation with an activating gas at 800-1000oC. 

Carbon characteristics (especially specific area) are greatly influenced by the degree 

of the activation, nature of activating agent (steam or CO2) and process temperature. 

Based on the current technology and literature results, the activated carbon from 

waste tire which is activated below 700oC looks impractical. The particle size of the 

tire rubber also affects the porosity of the resultant activated carbon generated from 

steam activation (Edward et al., 2004).  

 

• Liquid Product 

       The liquid phase is the most important product of tire pyrolysis. 

There are several literatures that studied the characteristics of the pyrolysis liquid 

products derived from waste tire (Laresgoiti et al., 2004; Williams and Brindle, 2003). 

Gas chromatography/Mass spectroscopy (GC/MS) is the most often method to 

analyze chemical species in both liquid and gas yields from pyrolysis and products of 

char combustion. Laresgoiti et al. (2004) characterized the liquid products obtained 

from waste tire pyrolysis at 300, 400, 500, 600, and 700oC and reported in terms of 

GC/MS analysis, elemental analysis, gross calorific values and distillation data. It was 

found that the liquids derived form waste tire pyrolysis were complex mixtures of C6-

C24 organic compounds, containing a lot of aromatics (53.4–74.8%), some 

nitrogenated (2.47–3.5%) and oxygenated compounds (2.29–4.85%). Their gross 

calorific value (42 MJ/kg) was higher than that specified for commercial heating oils. 
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However, the sulfur content (1–1.4%) was close to or slightly over the limit value. 

Significant quantities of valuable light hydrocarbons such as benzene, toluene, xylene, 

limonene, etc. were obtained. The concentration of these compounds increased when 

reaction temperature was reached to 500°C and then decreased. The concentration of 

the important portion of polycyclic aromatics such as naphthalenes, phenanthrenes, 

fluorenes, diphenyls, etc. also significantly increased with increasing the reaction 

temperature. Pakdel et. al. (2001) reported that the vacuum pyrolysis of used tires 

produced approximately 55 wt% of pyrolysis oil. This oil typically contained 20-25 

wt% of naphtha fraction with a boiling point lower than 200oC. It was observed that dl-

limonene (20-25 wt%) was found in the naphtha fraction. Williams and Taylor (1993) 

also found that the pyrolysis oil obtained from waste tire had molecular weight in the 

range from a nominal 50 to 1200. 

 

• Gaseous Product 

           The yield of the gas fraction produced from waste tire pyrolysis via 

different systems showed important variations. For example: Laresgoiti et al. (2000) 

studied the pyrolysis of waste tire under nitrogen atmosphere at 400-700oC. They found 

that the pyrolyzed gases consisted of carbon monoxide (CO), carbon dioxide (CO2), 

hydrogen sulfide (H2S) and hydrocarbons such as methane (CH4), ethene (C2H4), 

propene (C3H6), butene (C4H8), and their unsaturated derivatives. Berrueco et. al. 

(2005) analysed the temperature influence on the global yields and the gas composition. 

They observed that the liquid yield increased with increasing the temperature to 400-

500oC. However, this liquid yield remained almost constant when the pyrolysis was 

operated at higher temperature. The gas yield showed a growth from 2.4 wt% to 4.4 

wt% and the main gases produced by this system were hydrogen (H2), CO, CO2 and 

hydrocarbons: CH4, C2H4, C3H6 and C4H8. Roy et al. (1990) studied the vacuum 

pyrolysis of waste tire. The gaseous product also mainly composed of H2, CO, CO2 and 

a few hydrocarbon gases. Thus, it was concluded from previous literatures that the 

pyrolysis gases from waste tire were consisted of H2, H2S, CO, CO2, CH4, C2H4, C3H6 

and other light hydrocarbons (Juma et al., 2006). 
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2.6 Sulfur Compounds in Petroleum Products and Waste Tire Pyrolysis Oil 

(Wauquier, 1995) 

  

 Sulfur compounds are the most influential heteroatomic components that are 

found in crude oils (Table 2.3). Total sulfur in crude oils can vary from 0.04 wt% for 

light crude oils to about 8.0 wt% for heavy crude oils. In addition, the total amount of 

sulfur compounds depends on the sources of crude oils. In general, the higher density 

of crude oil with the lower API gravity has the higher sulfur content. There are many 

varieties of sulfur compounds in crude oils in both inorganic and organic forms such as 

elemental (S), H2S and carbonyl sulfide (COS) including thiophene derivatives as 

shown in Table 2.4. However, the prevailing conditions during formation, maturation, 

and even in situ alternation may dictate only preferred typed exist in any particular 

crude oils. Moreover, the types of sulfur in crude oils depend on geological environment 

of sources, depth of the individual well, time and substrates to form crude oil. 

 

Table 2.3 Some characteristics of crude oils (Wauquier, 1995) 

 

Crude oil Origin Visc. 

mm2/s 

Asph. 

wt% 

O 

wt% 

N 

wt% 

S 

wt% 

Ni 

ppm 

Batiraman Turkey 1180 22.1 0.53 0.49 7.04 99 

Boscan Venezuela 595 14.1 0.79 0.74 5.46 125 

Lacq.sup. France 81.7 13.2 0.57 0.42 4.94 19 

Chauvin Source Canada 28 6.0 0.48 0.66 2.80 35 

Bellshill Lake Canada 7.9 2.2 0.34 <0.3 1.97 11 

Emeraude Congo 113 1.7 1.10 0.65 0.57 64 

Anguille Gabon 14.1 1.2 0.92 0.26 0.82 115 

Duri Sumatra 51 0.7 0.65 0.47 <0.1 39 

Pematang Sumatra 10.2 0.1 0.51 0.26 <0.1 15 

Edjeleh Algeria 5.3 0.1 0.73 0.34 <0.1 1.5 

Hassi Messaoud Algeria 2.32 0.1 1.93 0.38 <0.1 <0.2 
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Table 2.4 Types of organic sulfur (Wauquier, 1995) 

 

Sulfur compound Structure 

Thiols (mercaptan)                                R-S-H 

Sulfides R-S-R’ 

Disulfides R-S-S-R’ 

Thiophene 
 

Benzothiophene 
 

Dibenzothiophene 
 

4,6-Dimethyldibenzothiophene 

 
 

 Nevertheless, the compositions of sulfur compounds in different fractions of 

petroleum are not same because each type of sulfur compounds has different boiling 

range. Ma et al. (2002) reported that the major sulfur compounds that exist in 

commercial gasoline were thiophene, 2-methylthiophene, 3-methylthiophene, 2,4-

dimethylthiophene and benzothiophene. Major sulfur compounds existing in JP-8 were 

2,3-dimethylbenzothiophene, 2,3,7-trimethylbenzothiophene, 2,3,5-trimethylbenzo- 

thiophene and/or 2,3,6-trimethylbenzothiophene. The sulfur compounds commonly 

found in commercial diesel fuel were alkyl benzothiophenes and alkyl 

dibenzothiophene. The major compounds were dibenzothiophene derivatives with 

alkyl groups at 4 and/or 6-position including 4-methyldibenzothiophene (4-MDBT), 

4,6-dimethyl dibenzothiophene (4,6-DMDBT), 3,6-dimethyl dibenzothiophene (3,6-

DMDBT) and 2,4,6-trimethyl dibenzothiophene (2,4,6-TMDBT). In addition, Yin et 

al. (2002) studied the distribution of sulfur compounds in naphthas of china fuels 

which were obtained from fluid catalytic cracking (FCC) and residue fluidized 

catalytic cracking (RFCC). They found that the amount of mercaptan and disulfide 

were comparatively low. The sulfide content was ca. 25 wt% of total sulfur and the 

largest component of sulfur compounds was thiophenic derivatives. 
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 Ma et al. (2001) showed chromatograms obtained from gas chromatography 

equipped with flame photometric detector (GC-FPD) of gasoline, diesel and jet fuel as 

shown in Figure 2.2. The FPD detects only sulfur compounds. It was reported that the 

major sulfur compounds in commercial gasoline were 3-methyl thiophene (3-MT), 

benzothiophene (BT), thiophene (T), 2-methyl thiophene (2-MT) and 2,4-dimethyl 

thiophene. The major sulfur compounds existing in jet fuel were 2,3,7-trimethyl 

benzothiophene (2,3,7-TMBT) and 2,3-dimethyl benzothiophene (2,3,-DMBT) with 

the minor species of 2,3,5-trimethyl benzothiophene (2,3,5-TMBT) and 2,3,6-

trimethyl benzothiophene (2,3,6-TMBT). The sulfur compounds commonly found in 

the diesel fuel were 4-methyl dibenzothiophene (4-MDBT), 4,6-

dimethyldibenzothiophene (4,6-DMDBT), 2,4,6-trimethyldibenzothiophene (2,4,6-

TMDBT), 3,6-dimethyldibenzo thiophene (3,6-DMDBT), dibenzothiophene (DBT), 

2,3,7-trimethylbenzothiophene (2,3,7-TMDBT), 2,3,5-trimethylbenzothiophene 

(2,3,5-TMBT), 2,3-dimethylbenzo thiophene (2,3-DMBT) and others. Among them, 

the 4,6-DMDBT and the dibenzothiophenes with two alkyl substituents at 4- and 6- 

positions still remained even after deep hydrodesulfurization (Kim et al., 2006). 

            

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 GC-FPD chromatograms for three transportation fuels (Ma et al., 2001). 
  



 15

 For the pyrolysis oil derived from waste tire, Williams and Bottrill (1995) 

showed GC-FPD chromatograms of pyrolysis waste tire oil (Figure 2.3). It indicated 

that the major sulfur compounds in the waste tire pyrolysis oil were benzothiophene, 

dibenzothiophene and its derivatives: methyl, dimethyl, trimethyl and tetramethyl 

dibenzothiophene. It also contained naphthothiophenes, benzonapthothiophene and 

their methyl derivatives. Moreover, the waste tire-derived pyrolysis oil had the 

complex nitrogen and sulfur containing species (Mirmiran et al., 1992). 

 

2.7 Classification of Desulfurization Technologies (Babich and Moulijn, 2003) 

 

 Desulfurization processes can be classified as two groups: 

hydrodesulfurization (HDS) based and non-HDS based, depending on the role of 

hydrogen in removing sulfur. In HDS based processes, hydrogen is used to 

decompose organosulfur compounds and eliminate sulfur from refinery streams, while 

non-HDS based processes do not require hydrogen. Different combinations of 

refinery streams: pre- or post-distilling treatments with hydrotreating to maintain 

desired fuel specifications can also be assigned as HDS based processes since HDS 

treatment is one of the key steps. The two above-mentioned classifications overlap to 

some extent. Most sulfur elimination processes with the exception of selective 

oxidation are HDS based. The separation processes of organosulfur compounds are 

usually used in non-HDS based treatment since they do not require hydrogen if 

concentrated sulfur-rich streams are not subsequently hydrotreated.  

 

 

 

 

 

 

 

 

 

 

Figure 2.3 GC-FPD chromatogram of waste tire pyrolysis oil (Williams and Bottrill,  

                   1995). 
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 The desulfurization processes can also be classified based on the nature of the 

key physico-chemical process used for sulfur removal (Figure 2.4). The most 

developed and commercialized technologies are those which catalytically convert 

organosulfur compounds. Such catalytic conversion technologies include 

conventional hydrotreating, hydrotreating with advanced catalysts and/or reactor 

design, and a combination of hydrotreating with some additional chemical processes 

to maintain fuel specifications. The main feature of the technologies of the second 

type is the application of physico-chemical processes which are different in nature 

from catalytic HDS to separate and/or to transform organosulfur compounds from 

refinery streams. Such technologies include as a key step distillation, alkylation, 

oxidation, extraction, adsorption or combination of these processes.  

Currently, there are several available processes and technologies to reduce 

sulfur compounds in refinery. Each process has different advantages, disadvantages, 

and limitations to remove sulfur compounds. The following approaches are 

considered to be attractive for attaining high levels of sulfur removal separation by 

catalytic HDS and non-HDS based desulfurization technologies: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 Desulfurization technologies classified by nature of a key process to  

                     remove sulfur (Babich and Moulijn, 2003). 
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 2.7.1 Catalysis Based HDS Technologies 

 

  Catalytic HDS of crude oil and refinery streams is carried out at 

elevated temperature and hydrogen partial pressure to convert organosulfur 

compounds as H2S and hydrocarbons. The conventional HDS process is usually 

conducted over sulfided CoMo/Al2O3 and NiMo/Al2O3 catalysts (Topsoe, Clausen, 

and Massoth, 1996). Their performance in terms of desulfurization level, activity and 

selectivity depends on the properties of the specific catalyst used (active species 

concentration, support properties, synthesis route), the reaction conditions (sulfiding 

protocol, temperature, partial pressure of hydrogen and H2S), nature and 

concentration of the sulfur compounds in the feed stream, and reactor and process 

design. The reactivity of organosulfur compounds is widely varied depending on their 

structure and local sulfur atom environment. The low-boiling crude oil fraction 

mainly contains the aliphatic organosulfur compounds: mercaptans, sulfides, and 

disulfides. They are very reactive in conventional hydrotreating processes and easily 

be completely removed from the fuel. For higher boiling crude oil fractions such as 

heavy straight run naphtha, straight run diesel and light fluid catalytic cracking 

naphtha, the organosulfur compounds pre-dominantly contain thiophenic rings. These 

compounds include thiophenes and benzothiophenes with their alkylated derivatives. 

These thiophenes are more difficult than mercaptans and sulfides to convert via 

hydrotreating. The heaviest fractions blended to the gasoline and diesel pools bottom 

FCC naphtha, coker naphtha, FCC and coker diesel mainly contain alkylated 

benzothiophenes, dibenzothiophenes and alkyldibenzothiophenes, as well as 

polynuclear organic sulfur compounds, i.e. the least reactive sulfur compounds in the 

HDS reaction. 

 

 2.7.2 Non-HDS Based Desulfurization Technologies 

 

 Technologies without the use of hydrogen for catalytic decomposition of 

organosulfur compounds are discussed here as non-HDS based desulfurization. The 

following approaches are considered to be attractive for attaining high levels of sulfur 

removal by decomposition via oxidative desulfurization, adsorption and precipitation. 
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• Oxidative Desulfurization (Huang et al., 2008) 

 

  Oxidative desulfurization (ODS) has received much attention as an 

alternative new method for deep desulfurization of light oils because of its attractive 

features such as lower reaction temperature, milder pressure conditions and lower cost 

of operation. Oxidation of organosulfur compounds leads to the formation of their 

sulfoxides/sulfones, which are highly polar, and thus can be easily removed by 

extraction into polar solvents or by adsorption. Several researchers have reported the 

catalytic oxidation of organic sulfur compounds using molecular sieves as catalyst 

under mild conditions. Vanadosilicates were used as the catalyst for the 

desulfurization of light oil. Three types of vanadosilicates having different structures 

and pore size distributions, such as VS-1, VS-2, and VHMS, were used for 

investigations. In the presence of W-containing layered double hydroxide as catalyst, 

the organic sulfides and thiophene derivatives could be effectively oxidized using 

hydrogen peroxide (H2O2) as oxidizing agent. The nano WOx/ZrO2 catalyst was also 

an effective catalyst for oxidation of dibenzothiophene (DBT). Moreover, the 

supported Pd, Cr2O3, unsupported manganese oxides and a commercial Co–Mo/Al2O3 

were used as catalysts for oxidation of a mixture of thiophene, benzothiophene and 

DBT in the presence of H2O2. 

 

• Adsorptive Desulfurization (Zhou, 2007) 

 

  Desulfurization by adsorption is based on the ability of a sorbent to 

selectively adsorb sulfur compounds from fossil fuels. Based on the mechanism of the 

sulfur compound interaction with the sorbent, it can be divided into two groups: 

adsorptive desulfurization and reactive adsorption desulfurization. Adsorptive 

desulfurization employs physical adsorption of sulfur compounds on the sorbent 

surface. Regeneration of the sorbent is usually performed by flushing the spent 

sorbent with a desorbent resulting in a high concentration of sulfur compounds in the 

exit flow. Reactive adsorption desulfurization is based on chemical interaction of the 

sulfur compounds and the sorbent. Sulfur is fixed in the sorbent, usually as sulfide. 

The S-free hydrocarbon is released into the purified fuel stream. Regeneration of the 

spent sorbent results in sulfur elimination as H2S, S, SOx, or sulfur-compounds 
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depending on the process applied (Babich and Moulijn, 2003). The efficiency of the 

desulfurization is mainly depended on the sorbent properties: its adsorption capacity, 

selectivity for the sulfur compounds, durability and regenerability (Babich and 

Moulijn, 2003). There has been an ongoing effort to develop new sorbents to remove 

the sulfur compounds from liquid fuels as summarized in Table 2.5. 

  During the past decade, several results have been published on the use of 

adsorption for liquid fuel desulfurization. Commercially available sorbents (i.e., 

zeolites, activated carbon and activated alumina) were used in this purpose (Salem 

and Hamid, 1997, Weitkamp et al., 1991, King et al., 2000 and Jayne et al., 2005). 

However, it is reported that currently available commercial sorbents were not suitable 

for the adsorptive desulfurization (Takahashi et al., 2002). 
  

Table 2.5 Studies on the adsorptive desulfurization (Babich and Moulijn, 2003) 
 

Reference Sorbents Treated fuels Remarkable results 

Salem and Hamid 

(1997) 

Activated carbon  

Zeolite 5A  

Zeolite 13X 

Naphtha 

(550 ppmw S) 
Zeolite 13X as well as 

activated carbon showed much 

higher sorption capacities for S 

compounds. 

Takahashi et al. (2002) Zeolites, 

Activated carbon 

Modified 

activated 

Alumina 

Thiophene, 

Benzene 
The sorbent capacities for 

thiophene at  low pressure:  

Cu-Y, Ag-Y >> Na-ZAM-

5>activated carbon> Na-Y> 

modified alumina, H-USY. 

Hernandez-Maldonado 

and Yang (2003) 

Zeolites Thiophene, 

Benzene,  

n-Octane 

The sorbent capacities for 

thiophene: Cu-Y>H-Y>Na-

Y>Ag-Y. 

Ma et al. (2005) Cu(I)-Y, 

Ni-based sorbent 

Commercial 

gasoline 

(305 ppmw S) 

Cu(I)-Y and Ni-based 

adsorbent showed the sorbent 

capacities of 0.22 and 0.37 mg 

S/g of sorbent at room 

temperature, respectively. 

Hernandez-Maldonado 

and Yang (2005) 

Cu(I)-Y Diesel, Gasoline, 

Jet fuel 
The sorbent capacities of 0.395 

And 0.278 mmol S/g of sorbent 

for jet fuel and diesel, 

respectively. 
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  Initial results on sorbents based on π-complexation for desulfurization 

were reported by Yang et al. (2003). It showed that Cu(I)-Y, γ-Al2O3/Cu(I)-Y, Ag-Y, 

and Ni-based sorbent were superior to all previously reported sorbents in this 

application. For desulfurization, they used transition-metal ion exchanced zeolites to 

selectively remove organo-sulfur molecules from commercial diesel and gasoline. 

  Ma et al. (2005) recently synthesized various adsorbents including metal, 

metal halides, metal oxides, metal sulfides and modified zeolites and evaluated their 

desulfurization efficiency for gasoline and jet fuels. It was found that the selectivity of 

sulfur removal was occurred via a direct sulfur-adsorbent interaction rather than                

π-complexation. 

 

• Desulfurization by Precipitation (Babich and Moulijn, 2003)  

 

 Desulfurization by precipitation is based on the formation and subsequent 

removal of insoluble charge-transfer complexes. Preliminary experiments were 

reported for a model organosulfur compound (4,6-DMDBT, referred as DBT) in 

hexane and gas oil using 2,4,5,7-tetranitro-9-fluorene (TNF) as the most efficient p-

acceptor (Meille et al., 1998; Milenkovic et al., 1999). A suspension of the p-acceptor 

and sulfur containing gas oil was stirred in a batch reactor where insoluble charge 

transfer complexes between p-acceptor and DBT derivatives were formed. The 

consecutive steps include filtration to remove the formed complex from gas oil and 

the recovery of the excess p-acceptor by using a solid adsorbent. However, the 

efficiency of the process was very low. The results indicate that the sulfurous 

compounds were removed in the removal of only 20%. Moreover, there was a 

competition for complex formation between DBT compounds and other non-sulfur 

aromatics resulting to low selectivity for DBT removal. Moreover, a large 

overstoichiometric amount of TNF was used to provide good complexing and its 

excess should be removed from the oil stream afterwards. This was interesting to 

introduce a complexing agent into a solid organic or inorganic matrix. This would 

simplify the process since the filtration and p-acceptor recovery steps should be 

avoided. 
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2.8 Photocatalytic Desulfurization  

 

 Catalytic hydrodesulfurization (HDS) is commonly used for sulfur removal 

from fuels. This process involves high temperatures above 300oC with elevated 

hydrogen pressures of over 2 MPa (Yang, Hernandez-Maldonado, and Yang, 2003; 

Kim et al., 2006). This process also requires precious metal catalysts and large reactor 

size. DBT derivatives; especially, 4 and/or 6 alkyl-substituted DBT, are difficult to be 

remove by using the HDS process unless an energy-intensive process is applied. To 

reduce the energy needed for desulfurization, a large number of non-HDS processes, 

such as adsorption and oxidation have been investigated (Babich and Moulijn, 2003; 

Ito and Rob van Veen, 2006; Song and Ma, 2003; Song, 2003). Adsorption 

desulfurization has some problems to be solved. When the selectivity is low, the 

adsorbents are often to be regenerated. However, the use of adsorbent with high 

selectivity is possibly difficult to be regenerated (Hernandez-Maldonado and Yang, 

2004; Salem and Hamid, 1997; Hernandez-Maldonado, Stamatis, and Yang, 2004). 

 To save energy and reduce operating costs, an alternative desulfurization 

process needs to be developed. Photocatalytic desulfurization is a new technology to 

degrade sulfur-containing compounds in oil, and has received much attention as a new 

technology for the deep desulfurization of light oil. In these reactions, the process 

comprises two stages. The first stage consists of the transfer of sulfur-containing 

compounds in light oil to a polar extraction solvent (Zhao et al., 2007). Then, it is 

followed by the photooxidation to decompose the sulfur-containing compounds by 

photons from the light source and a catalyst (Hermann, 1999). In most of these 

experiments, light at wavelengths longer than 280 nm, emitted from a high-pressure 

mercury lamp or a Xe–Hg lamp with a relatively high output power, e.g., 300 W, is 

used under oxidizing atmosphere. However, at the present stage, the extractive 

photocatalytic desulfurization process is far from being widely applied in industry, 

and there are a number of problems that need to be solved to make the process 

technically and economically feasible (Babich and Moulijn, 2003). 
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2.8.1 Titanium Dioxide or Titania (TiO2) (Carp et al., 2004) 
   

  The example of catalyst for photocatalytic process is TiO2, zinc oxide 

(ZnO), cadmium sulfide (CdS) and ferrous oxide (Fe2O3). The selection of catalyst is 

depended on the reaction. For TiO2/UV systems, they have been successfully 

developed for decomposition of various chemical species (Legrini et al., 1993).  

  The configuration of TiO2 is divided as 3 types: anatase, rutile and 

brookite (EPA, 1998). The rate of hydroxyl radical formation depends on the 

crystalline forms of TiO2 (EPA, 1998). Figure 2.5 shows the crystal structures of TiO2. 

Many research works reported that the anatase form had the highest level of 

photoconductivity with a band gap of 3.2 electron volts (EPA., 1998; Munter et al., 

2007). Rutile is considered much less photoreactive than anatase (Bahnemann, 1999; 

Munter et al., 2001). However, it has higher efficiency for recombination of the 

electron-hole pair and a smaller surface area (Munter et al., 2001).  

  Some research revealed that the optimum ratio of rutile and anatase form 

exhibited high photocatalytic efficiency (Oillis and Turchi, 1990). Degussa P25 is 

commercially TiO2 which is accepted as a standard photocatalytic form of TiO2 

(Bahnemann, 1999; Hoffiman et al., 1995; Legrini et al., 1993). Some important 

properties corresponding to their structures were showed in Table 2.6. 

  

 

 

 

 

 

 

 

 

 
       

Figure 2.5 Crystal structures of (a) anatase, (b) rutile, and (c)brookite 
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Table 2.6 The properties of the anatase and rutile phase (Fujishima, Hashimoto, and  

                 Watanabe, 1999) 
 

Properties Anatase Rutile 

Crystalline form 

Band gab energy (eV) 

Band gab wavelength (nm) 

Hardness (Mohs) 

Density (g/cm3) 

Gibbs free energy, ∆Gf
0 (kcal/mole) 

Littice constant, a(A0) 

Littice constant, c((A0) 

Melting point 

Orthorhombic 

3.20 

384 

5.5 – 6.0 

3.894 

-211.4 

3.784 

9.515 

Changes to rutile at high 

temperature   

Orthorhombic 

3.03 

411 

6.0 – 7.0 

4.250 

-212.6 

4.593 

2.959 

1858 

  

  Both crystal structures, anatase and rutile, are commonly used as 

photocatalyst, with anatase showing a greater photocatalytic activity for most 

reactions. It has been suggested that higher photoreactivity of anatase form is related 

to the slightly higher Fermi level with lower capacity to adsorb oxygen and higher 

degree of hydroxylation (i.e., the number of hydroxy groups on the surface). 

Furthermore, there are also reported that TiO2 containing a mixture of anatase (70–

75%) and rutile (30–25%) is more active than TiO2 with only anatase form. The 

disagreement of the results may lie in the intervening effect of various coexisting 

factors, such as specific surface area, pore size distribution, crystal size, and 

preparation methods, or in the way the activity is expressed. The behaviour of 

Degussa P25, commercial TiO2 photocatalyst, consisting of an amorphous state 

together with a mixture of anatase and rutile in an approximate proportion of 80/20, 

exhibits higher active than the pure crystalline phases. The enhanced activity arises 

from the increased efficiency of the electron–hole separation due to the multiphase 

nature of the particles. 
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 2.8.2 Photocatalytic Process (Litter, 1999) 

 

  The basic principles of heterogeneous photocatalysis can be summarized 

shortly as followed. The semiconductor (SC) is the unique material which is consisted 

of an electronic band with the highest occupied energy band called as a valence band 

(vb) and the lowest empty band called as a conduction band (cb). These are separated 

by a bandgap, i.e. a region of forbidden energies in a perfect crystal. When a photon 

with higher or equal energy compared to the bandgap energy is absorbed by a 

semiconductor particle, an electron from the vb is promoted to the cb (ecb
−) with 

simultaneous generation of a hole in the vb (hvb
+) (Eq. 2.1). The ecb

− and hvb
+ can 

recombine on the surface or in the bulk of the particle in a few nanoseconds to 

generate heat (Eq. 2.2) or can be trapped in surface states where they can react with 

donor (D) (Eq. 2.3) or acceptor (A) species (Eq. 2.4) adsorbed or close to the surface 

of the particle (Robertson, 1996). The schematic photocatalytic reaction mechanism is 

proposed as shown in Figure 2.6 (Mills and Le Hunte, 1997). The efficiency of a 

photocatalyst depends on the competition of different interface transfer processes 

involving electrons, holes and their deactivation by recombination.  

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2.6  Main process occurring on a semiconductor particle: (a) electron-hole  

                      generation; (b) oxidation of donor (D); (c) reduction of acceptor (A); (d)  

                      and (e) electron-hole recombination at surface and in bulk, respectively. 

                      (Mills and Le Hunte, 1997) 
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 Light Absorption SC  +  hν  e-  +  h+            (2.1) 

 Recombination h+   +  e-  heat             (2.2) 

 Oxidation  h+   +  D  D+             (2.3) 

 Reduction  e-   +  A  A-             (2.4) 
 

The detailed mechanism of the photocatalytic process on the TiO2 surface is still not 

completely clear, particularly the initial steps involving the reaction of reactive 

oxygen species and organic molecules. The separately monitoring of oxidation and 

reduction reactions is employed for a simple macroscopic model that can be used to 

simulate individual particles (Carp et al., 2004). The following mechanism is widely 

accepted as the mechanism of photodegradation of organics by a ultraviolet 

(UV)/TiO2 system (Konstantinou and Albanis, 2004). Photogenerated ecb
- and hvb

+ are 

produced when TiO2 particles are irradiated by UV light (Eq. 2.5). Hydroxyl radicals 

are mainly formed by the oxidation of OH− or H2O via these photogenerated holes 

(Eq. 2.6 and 2.7), and hydroxyl radicals are principally responsible for destruction of 

organic species. Oxygen primarily acts as an efficient electron trap (Eq. 2.8), 

preventing recombination of electrons and photogenerated holes. The hydroperoxyl 

radical (HO2
.) are generated from the free radical activity of the superoxide radical 

anion reacts with hydrogen ion in reaction (Eq. 2.9). Hydroperoxide ion (OH2-) are 

formed by electrons and superoxide radical anion react with H+ ions in solution            

(Eq. 2.10). The hydroperoxide ion reacts with H+ ions to form the hydrogen peroxide 

(Eq. 2.11). If oxygen is limited, rapid recombination of photoproduced electrons and 

holes in TiO2 significantly reduces the efficiency of photocatalytic reactions; 

consequently, such a system has limited practical application. 
 

 TiO2  + hν  TiO2 (ecb
- +  hvb

+)                                   (2.5) 
 

 TiO2 (hvb
+)  +  OH-  TiO2  +  HO.                                      (2.6) 

 

 TiO2 (hvb
+)  +  H2O              TiO2  +  H+  +  HO.                                  (2.7) 

 

 TiO2 (ecb
-)  +  O2             TiO2 + O2

.-             (2.8) 
 

 O2
.-  +  H+                 HO2

.                (2.9) 
 

 TiO2 (ecb
-)  +  H+ + O2

.-               HO2
-                    (2.10) 

 

 HO2
- +  H+                H2O2                (2.11) 
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 2.8.3 Mechanisms of Photocatalytic Desulfurization 

   

 Abdel-Wahab and Gaber (1998) studied the TiO2-photocatalytic 

oxidation of selected heterocyclic sulfur compounds in the presence of light. The 

polynuclear-heterocyclic sulfides such as benzothiophene or dibenzothiophene were 

dominantly oxidized to the corresponding sulfoxides and sulfones via TiO2-mediated 

photocatalytic oxidation in aerated acetonitrile (Fox and Abdel-Wahab, 1990 and 

Davison and Bratt, 1983). The mechanism of photocatalytic desulfurization of 

heterocyclic sulfur compounds is shown in Eq. 2.12 - 2.18. The adsorption of light 

with energy equal to or greater than the band gap energy of TiO2 (i.e., 3.23 eV) will 

result in the electron ejection from the valence band to the conduction band 

generating a reactive electron (e-) and a positive hole (h+) (Eq. 2.12) (Fox, Serpone, 

and Pelizzetti, 1990; Fox, 1987). The photogenerated holes can oxidize the 

heterocyclic sulfur compounds to form sulfur redical cation (Eq. 2.13). The 

photogenerated electrons react with electron acceptor such as O2 adsorbed on the 

TiO2-surface, reducing it to superoxide radical anion (O2
.-) (Eq. 2.14). The 

heterocyclic sulfur cationic radical readily reacts with superoxide redical anion             

(Eq. 2.15) or oxygen molecule to form oxidation products (Eq. 2.16). Sulfones could 

be directly accomplished via a secondary conversion to sulfoxide (Fox and Abdel-

Wahab, 1990). Thus, co-adsorbed oxygen acts as an electron trap, preventing 

recombination of electrons reacts with heterocyclic sulfur cationic radical (Eq. 2.17) 

and photogenerated holes reacts with superoxide redical anion (Eq. 2.18).  

 

   (2.12) 

 
 
             h+   +                                                             (radical cation)                   (2.13) 

 
 e-    +    O2 ads.                        O2

.-     (superoxide radical anion)                (2.14) 

 
                                +   O2

.- oxidation products   (2.15) 

 

 

TiO2 exiton (h-e) h+   +   e-hν 

S  +.+

S  + .+ S +OO-

S 
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                                +   O2                                                      oxidation products   (2.16) 

 

 

                                +   e-                                                                                        (2.17) 

 
 O2

.-    +    h+                         O2                                                                  (2.18) 

 

2.9 Literature Reviews  

 

  Hirai, Ogawa, and Komasawa (1996) investigated the desulfurization 

process for DBT and its derivatives such as 4-MDBT and 4,6-DMDBT by 

combination of photochemical reaction and liquid-liquid extraction. In this process, 

the DBTs dissolved in tetradecane were quantitatively photodecomposed by the use of 

a high-pressure mercury lamp and were removed to the water phase as SO4
2- at room 

temperature and atmospheric pressure. The order of reactivity for the DBTs was DBT 

< 4-MDBT < 4,6-DMDBT indicating a different tendency from that reported for the 

hydrodesulfurization method. However, the desulfurization yield of commercial light 

oil proposed method was only 22% at 30 h of irradiation possibly due to the large 

amount of aromatic compounds in the commercial light oil. 

 

  Shiraishi, Harai, and Komasawa (1998) investigated deep desulfurization 

process of light oil via combination of photochemical reaction and liquid-liquid 

extraction. The first stage related to the photo-oxidation to decompose sulfur-

containing compounds from the light oil under UV irradiation generated by a high-

pressure mercury lamp. The operations were carried out under room temperature and 

atmospheric pressure. The oxidized sulfur-containing compounds were then 

transferred into the aqueous soluble polar solvent. It was found that acetonitrile was 

the most suitable polar solvent for the extraction stage. In acetonitrile, 

dibenzothiophene (DBT) was converted to DBT 5-monoxide and then to DBT 5,5-

dioxide, dibenzoxathiin 6-oxide and aromatic sulfonate or sulfinate anion under UV 

irradiation. These products were highly polarized resulting in the difficulty to 

distribute into the nonpolar light oil phase. The desulfurization yield for commercial 

S  + .+

S  + .+

.+

S

+SO2
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light oil (CLO) and for straight-run light gas oil (LGO) was drastically improved by 

the present process. The sulfur contents of CLO and LGO were reduced from 0.2 to 

0.05 wt% within 2 h and 1.4 to 0.05 wt% within 10 h under irradiation; respectively. 

The separation of the coextracted aromatics from the acetonitrile was successfully 

carried out by using light paraffinic hydrocarbon stripping agents. 

 

  Shiraishi et al. (1999) studied the desulfurization of benzothiophenes 

(BTs) and dibenzothiophenes (DBTs) via new photochemical desulfurization process, 

in the presence of organic liquid-liquid extraction. The acidic products were converted 

to their corresponding methyl esters by reaction with diazomethane. In acetonitrile, 

BT was firstly converted to benzothiophene-2,3-dione followed by hydrolysis to 

release carbon monoxide. The oxidized sulfur atom was finally converted to 2-

sulfobenzoic acid. 3-Methyl BT and 2,3-dimethyl BT produced 2-sulfobenzoic acid 

and two other products: benzenesulfonic acid and 2-acetylbenzenesulfonic acid. DBT 

was firstly photooxidized to DBT sulfoxide, which was then further oxidized to form 

DBT sulfone or dibenz[c,e][1,2] -oxathiin-6-oxide. The latter was then oxidized and 

finally converted to 2-sulfobenzoic acid via dibenz[c,e][1,2]oxathiin-6,6-dioxide. 

Benzothiophene-2,3-dicarboxylic acid was directly formed by the oxidation of DBT 

using a singlet oxygen generated by photosensitization with DBT sulfone. 4-Methyl 

DBT and 4,6-dimethyl DBT finally produced the corresponding sulfobenzoic acid, 

dicarboxylic acid, and sulfone. The yields of these products were seriously affected by 

the presence of methyl substituents. 

 

  Ibrahim, Xian, and Wei (2003) studied a deep desulfurization process for 

FCC light gasoline. The process was comprised of liquid-liquid extraction using 

acetonitrile, and photooxidation under ultraviolet light generated from a high-pressure 

mercury lamp. After the extraction, the sulfurcontaining compounds were transfered 

from the oil into the extracting solvent. Then, the solvent containing these sulfur 

compounds was photoirradiated under ultraviolet light obtained from a high pressure 

mercury lamp at 300 W with 200–300 nm of wavelength. The system was also under 

extremely stirring during the irradiation. The resulting oil in the solvent was then 

recovered by using water. An azeotropic mixture (containing 86% acetonitrile and 

14% water) was successfully recovered with one distillation column and could be 

reused. The total sulfur content in this gasoline decreased from 309 to 68 ppm within 
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8 h of photo-irradiation period.The total yield of the oil was varied between 90–96%. 

The main sulfur compounds of this gasoline were alkyl substituted thiophenes. 

 

  Robertson and Bandosz (2006) prepared a new titanium(IV)oxide–

hectorite nanofilm photocatalyst deposited on quartz slides. Its reactivity was 

evaluated by photo-oxidation of dibenzothiophene (DBT) in nonpolar organic 

solution (tetradecane) which was used as a model for diesel fuel. The sulfur removal 

system was consisting of catalytic photo-oxidation followed by adsorption of products 

on silica gel. Photo-oxidation of DBT was performed with and without catalyst, at 

254 and 300 nm of UV wavelength. Comparison was made with a commercially 

available TiO2 catalyst, Degussa P25. The catalyst was analyzed by nitrogen 

adsorption, XRD, SEM, and TGA-DTA. The DBT concentrations remaining in the 

system were measured by HPLC and UV spectrophotometry. Preliminary qualititative 

analysis of products was performed by UV and HPLC. The results indicated that this 

process was effective to reduce the sulfurous content to below 10 ppm. 

   

  Yu and Wang (2010) developed TiO2 nanotube arrays (TNs) by 

electrochemical anodization of titanium foil in a mixed electrolyte solution of glycerol 

and ammonium fluoride (NH4F) and then calcined at various temperatures. The 

prepared samples were characterized by using X-ray diffraction, scanning electron 

microscopy and transmission electron microscopy. The photocatalytic activity was 

also evaluated by photocatalytic degradation of methyl orange (MO) in aqueous 

solution under UV light irradiation. The production of hydroxyl radicals (OH.) on the 

surface of UV-irradiated samples was detected by a photoluminescence (PL) 

technique using terephthalic acid (TA) as a probe molecule. The transient 

photocurrent response was measured by several on–off cycles of intermittent 

irradiation. The results showed that the reaction temperatures below 600oC had no 

great influence on surface morphology and architecture of the TNs sample. Thus, the 

prepared TNs could be stable in the temperature up to ca. 600oC. At 800oC, the 

nanotube arrays were completely destroyed and only dense rutile crystallites were 

observed. For the photocatalytic activity, the formation rate of hydroxyl radicals and 

photocurrent of the TNs increased with increasing temperatures from 300 to 600oC 

due to the enhancement of crystallization. At 600oC, the sample showed the highest 

photocatalytic activity due to its bi-phase composition, good crystallization and 
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remaining tubular structures. With further increase in the calcination temperature to 

800oC, the photocatalytic activity rapidly decreased due to the vanishing of anatase 

phase, collapse of nanotube structures and decrease of surface areas. 

 

  



CHAPTER III 

 

EXPERIMENT AND CHARACTERIZATION 
 

 The present research work focused on the photocatalytic desulfurization of 

waste tire pyrolysis oil using commercial titanium dioxide (TiO2 or Degussa-P-25) at 

mild reaction condition. The experiment was divided into four steps: 

 1. Preparation and characterization of waste tire powder 

 2. Pyrolysis of waste tire powder and characterization of its products 

 3. Investigation of the effect of reaction conditions used in the 

photocatalytic desulfurization of pyrolysis oil derived from waste tire on the level of 

sulfur removal. 

 4. Characterization of oxidized pyrolysis oil properties and sulfurous 

compounds after the photocatalytic desulfurization process. 

 

3.1 Materials 

 The waste tire powder (φ = 355-425 µm) was received from Union Commercial 

Development Co., Ltd. (Samutprakarn, Thailand). TiO2 was commercial grade Degussa 

P-25 with BET surface area of ca. 65 m2/g from J.J. Degussa Hüls Co., Ltd. (Bangkok, 

Thailand). Analytical grade methanol (CH3OH) was obtained from QRëC (New 

Zealand), acetonitrile (CH3CN) was purchased from Fisher Scientific (Leicestershire, 

UK). 30 wt% of hydrogen peroxide (H2O2) was received from Merck (Germany). 

Tetradecane (C14H30), thiophene (C4H4S), thianaphthene (C8H6S) and 

dibenzothiophene (C12H8S) were purchased from Sigma-Aldrich, Co., Ltd. (USA). 

Air with 99.98% purity was received from Praxair Co.,Ltd. (Samutprakarn, Thailand). 

  

3.2 Experimental Procedures  

  

  3.2.1 Pyrolysis Process 

 

        The 100 g of dried waste tire powder contained in a stainless steel tubular 

fixed bed reactor was pyrolyzed in a tubular furnace at 400°C with 10°C/min of 
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heating rate under nitrogen atmosphere with a flow rate of 0.1 L/min for 15 min or 

until no further significant release of oil was observed (Bunthid, Prasassarakich, and 

Hinchiranan, 2010). The pyrolysis oil was collected via vapor condensation during 

pyrolysis process in a series of erlenmeyer flasks which were immersed in an ice bath. 

The pyrolysis process was shown in Figure 3.1. 

 

  3.2.2 Photocatalytic Desulfurization 

 

   Figure 3.2 shows a diagram of experimental apparatus for photocatalytic 

desulfurization. The pyrex glass photoreactor (max. volume = 100 mL) was placed in 

the water bath which standed on a magnetic stirrer in an aluminium box. A 400 W 

high-pressure mercury lamp was used as the light source for photo-oxidation. The 

reaction temperature was controlled at target by using a water-cooling system. Air 

was introduced into the reaction solution from a gas cylinder at a desired flow rate.  

   The waste tire pyrolysis oil (10 ml) obtained from condensable fraction 

during pyrolysis was mixed with the extracting solvent at various volume ratio and 

then transfered into the photoreactor. The desired amount of TiO2 (1-10 g/L of 

pyrolysis oil) used as the photocatalyst was added into the reaction mixture under 0-

150 mL/min of air flow rate. The reaction temperature was varied in the range of 30-

70oC for 1-7 h. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Schematic diagram of the fixed bed reactor for pyrolysis process. 

 

 



 33

 

 

 
 

 

 

 

 

 

 

 

 
 
 

Figure 3.2 Diagram of experimental apparatus for photocatalytic desulfurization of  

                  pyrolysis oil. 
 

    When the reaction was terminated, TiO2 particles and solvent-extraction 

phase were completely removed from the oxidized pyrolysis oil by centrifugation. 

The detail and range of reaction parameters are presented in Table 3.1. For the type of 

extracting solvent, the pyrolysis oil after photocatalytic desulfurization in the presence 

of methanol or acetonitrile used as extracting solvents was then transfered into the 

distilled water to separate the oxidized oil and extracting solvents. 

Table 3.1 Parameters and range of study for photocatalytic desulfurization of  

                    the waste tire pyrolysis oil using TiO2 
 

Parameters Range of  study 

TiO2 dosage (g/L of pyrolysis oil) 

Calcinations temperature of TiO2 (oC) 

Temperature reaction (oC) 

Pyrolysis oil/extracting solvent  (v/v) 

Type of extracting solvent 

Air flow rate (mL/min) 

H2O2  concentration (wt%) 

Stage of reaction 

1-10 

400-800 

30-70 

1/1-1/5 

Distilled water, methanol, acetonitrile 

0-150 

0-30 

1-3 

air 

gas inlet

stirrer bar 

water inlet 

water outlet 

UV lamp 

water bath 
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 3.3 Analytical Method 

 

  3.3.1 Characterization of Waste Tire Powder 

 

     The proximate analysis of waste tire powder was evaluated following 

ASTM D3173-D3175 to detect moisture, volatile matter, ash and fixed carbon. The 

total carbon, hydrogen and nitrogen contents of waste tire were determined by dry 

combustion using a LECO CHN-2000 analyzer. No more than 0.2 g of sample was 

placed in a tin foil capsule and combusted in a resistance furnace at 950oC using 

oxygen (O2) as a carrier gas. The resulting gases were equilibrated in a ballast 

chamber followed by infra-red detection for carbondioxide (CO2) and water (H2O). 

Nitrogen (N2) was determined by a thermal conductivity detector after reduction of 

nitrogen oxides and removal of CO2 and H2O. Calibration curves were validated on a 

daily basis by using a LECO standard (EDTA-C10H16N2O8-LECO Corp.) and quality 

control assured by running an EDTA standard for every ten samples (Graves et al., 

2006). The total sulfur content was analyzed following ASTM D3172 Method B: 

Bomb washing method. The oxygen content was then calculated by the percentage 

difference. The gross calorific values of waste tire were also investigated following 

ASTM D2015. 

 

  3.3.2 Characterization of TiO2 

 

   3.3.2.1 X-Ray Diffractometry (XRD) 

 

    The TiO2 samples before and after calcinations were analyzed for 

XRD diffractometry using a Bruker AXS model D8 Discover with CuKα radiation at 

a scan rate (2θ) of 5o/min to identify their phase type and crystallite size. The 

accelerating voltage and applied current were 40 kV and 30 mA; respectively. The 

average size of anatase and rutile crystallite was determined based on XRD peak 

broadening using the Scherrer equation (t = 0.9λ/(B cos θ)), where t is the average 

crystallite size, B is the broadening of the diffraction line measured at half maximum 

internsity ([1 0 1] and [1 1 0] reflections for anatase and rutile respectively), λ is the 
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wavelength of the X-ray radiation (0.15418 nm) and θ is the Bragg angle (Klug and 

Alexander, 1954).  

 

   3.3.2.2 Scanning Electron Microscopy (SEM) 
 

    The dried TiO2 powder before and after calcinations was sputter-

coated with gold and observed under the SEM (JEOL JSM-5800 LV) at an accelerating 

voltage of 15 kV. 

 

  3.3.3 Type and Content of Sulfurous Compounds in the Pyrolysis Oil 

 

   3.3.3.1 Total Sulfur Content 

 

    Total sulfur content of pyrolysis oil before and after photocatalytic 

desulfurization were determined by using the LECO SC-132 Sulfur Determinator 

(LECO Corporation, St Joseph, Michigan). The range of this instrument was 0.001 to 

5% S for organic and inorganic materials. The weight of each sample analyzed was in 

the range 0.09-0.3O g and it was mixed with combustion accelerators in a ceramic 

boat and combusted in a resistance furnace at 1370oC in an O2 atmosphere. The LECO 

SC-132 was calibrated using the 1% S content dibenzothiophene standard.  

 

 3.3.3.2 Gas Chromatography–Flame Photometric Detector (GC-FPD) 

 

  The type and content of sulfurous compounds in the pyrolysis oil  

before and after photodesulfurization were diluted in acetonitrile (1 wt%) and 

performed on an Agilent 6890N gas chromatography equipped with a flame 

photometric detector. The samples were injected at 250oC using the split/splitless 

mode. A HP-5 capillary column (30 m x 0.32 mm inner diameter (ID), 0.25 µm film 

thickness) was used for sulfur compound saparation. The gas chromatograph oven 

temperature was programmed to rise from 35oC (hold 10 min) to 130oC at a heating 

rate of 15oC/min, and thereafter to 220oC at a heating rate of 10oC/min. The carrier 

gas was nitrogen (45.7 mL/min). The detector operated at 250oC with an air/hydrogen 

flame, for which the air and hydrogen gas pressures were 0.75 and 1 kg/cm; 

respectively. 
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   3.3.3.3 High Performance Liquid Chromatography (HPLC) 

 

    The standard sulfur compounds and pyrolysis oil before and after 

photocatalytic desulfurization using acetonitrile as an extracting solvent were 

analyzed by HPLC to detect the products from their polarity compared to the raw 

materials. The standard sulfur compounds were thiophene, benzothiophene and 

dibenzothiophene. These samples were analyzed on a Agilent 1100, high performance 

liquid chromatograph equipped with Lichrospher C-18 bonded packing. The mobile 

phase was the mixture of acetonitrile and distilled water (90/10 v/v) at flow rate of 0.8 

mL/min and detected by UV detector at 245 nm. This solution was injected using an 

injection loop with injection volume of 20 µl. 

 

 3.3.4 Quality of Pyrolysis Oil  

 

  The analysis of  kinematic viscosity and the copper strip corrosion in pyrolysis 

oil after photocatalytic desulfurization followed ASTM D 445 and ASTM D 130; 

respectively. The gross calorific values of the oxidized pyrolysis oil were also 

investigated following ASTM D2015. 

 

 

 

 

 

 

 

 

 

 



CHAPTER IV 
 
 

RESULTS AND DISCUSSION 
 
 

4.1 Characterization of Waste Tire 

  

       Table 4.1 showed the proximate analysis data of waste tire powder. This 

indicated that the waste tire powder had high volatile content as 62.4 wt% with 27.6 

wt% of fixed carbon, 8.73 wt% of ash and 1.22 wt% of moisture contents. From the 

ultimate analysis (Table 4.2), it showed that the waste tire powder had a large amount 

of carbon as 80.1 wt% with high hydrogen content (7.48 wt%). Thus, the waste tire 

powder had higher calorific value (35.7 MJ/kg) than the biomass which had lower 

hydrogen/carbon ratio (Cao et al., 2009). However, the waste tire powder contained 

1.54 wt% of sulfur content obtained from vulcanizing agents in the vulcanization 

process of tire production. 

 

Table 4.1 Composition of waste tire feedstock 

 

 

 

   

Analytical wt% 

Proximate Analysis  

Volatiles 

Fixed carbon 

Ash 

Moisture 

62.4 

27.6 

8.73 

1.22 

Ultimate Analysis  

C 

H 

N 

S 

O 

80.1 

7.48 

0.42 

1.54 

10.5 
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Table 4.2 Gross calorific values of various materials 
 

Material 
Gross calorific value 

(MJ/kg) 
Reference 

 

Waste tire 
 

35.7 - 

Rice husk 13-15 Jenkins, B.M. (1989) 

Cocoa 13.2 Anno et al. (2006) 

Palm 18-20 Vijaya et al. (2004) 

Corn-shells 19.7 John, W.B. (2004) 

 

4.2 Products Derived from Waste Tire Pyrolysis 

 

 The 100 g of waste tire powder was pyrolyzed in a stainless steel fixed bed 

reactor under nitrogen atmosphere which was fed at a flow rate of 0.1 L/min. The 

pyrolysis temperature was kept constant at 400oC with 20-25oC/min of heating rate 

for 15 min. The pyrolysis light oil was obtained from the condensable pyrolysis 

vapor; whilst, the heavy fraction trapped in the pyrolysis char and the reactor was 

collected using THF. The gas fraction was then calculated by the percentage 

difference. This pyrolysis condition gave pyrolysis light oil, pyrolysis heavy oil, char 

and gas fractions at a composition of 39.6, 14.0, 38.2 and 8.12 wt%; respectively 

(Table 4.3). Due to the highest content of pyrolysis light oil with high gross calorific 

values (43 MJ/kg) as much as commercial diesel (45 MJ/kg) and gasoline (47 MJ/kg) 

(Rose and Cooper, 1977), this fraction was used as a raw material for further experiment. 

The total sulfur content in the pyrolysis light oil was evaluated as ca. 0.84 wt%. 
 

Table 4.3 Yield of waste tire pyrolysis products 

 

Pyrolysis products Yield (wt%) 

Light oil fraction 39.6 ± 3.29 

Heavy oil fraction 14.0 ± 2.52 

Char 38.2 ± 1.97 

Gas  8.12 ± 1.78 
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4.3 Photocatalytic Desulfurization of Pyrolysis Oil Derived from Waste Tire 
 

 4.3.1 Influence of TiO2 Dosage on Degree of Sulfur Removal 
 

  The effect of TiO2 content on the sulfur reduction in the pyrolysis oil was 

presented in Figure 4.1. The dosage of TiO2 was varied from 1-10 g of TiO2/L of 

pyrolysis oil at 30oC. The extracting solvent was distilled water at 1/1 (v/v) of 

pyrolysis oil/distilled water. It was found that the increase in the TiO2 dosage from 1 

to 7 g/L of pyrolysis oil enhanced the level of sulfur removal throughout the period of 

reaction time. The highest %sulfur removal was 27.9% when 7 g of TiO2/L of 

pyrolysis oil was loaded into the system at 7 h of reaction time. Above TiO2 content, 

the agglomeration of TiO2 could be occurred to reduce its catalytic efficiency (Ku and 

Hsieh, 1992). It was also observed the formation of gas bubble with increasing the 

TiO2 content. It was possibly due to the enhancement of surface tension at pyrolysis 

oil-water interface. The effect of bubble produced during photo-oxidation was also 

reported in the previous literature that the air bubbles in the TiO2-suspension system 

inhibited the absorption of UV light resulting to the reduction of the sulfur removal 

efficiency of TiO2 (Nam, Kim, and Han, 2002). 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.1 Effect of TiO2 dosage on sulfur removal of pyrolysis oil derived from 

waste tire: 1 g/L (      ); 3 g/L (     ); 5 g/L (      ); 7 g/L (     ) and 10 g/L 

(      ) (pyrolysis oil/distilled water = 1/1 (v/v); air flow rate =150 mL/min 

and T = 30oC). 
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4.3.2 Influence of Calcination Temperature on Degree of Desulfurization 

 

  The morphology of TiO2 was also an important factor which affected the 

photocatalytic efficiency of TiO2 for sulfur removal. The calcination temperature was 

the key parameter to change the crystallite phase of TiO2. In this research work, the 

calcination temperature was varied in the range of 400-800oC. The effect of 

calcination temperature on the photocatalytic efficiency of TiO2 for sulfur removal 

was shown in Figure 4.2. When 7 g of TiO2/L of pyrolysis oil was applied to the 

system in the presence of distilled water (pyrolysis oil/distilled water =1/1 (v/v)), the 

higher calcination at high temperature decreased the photocatalytic efficiency of TiO2 

for desulfurization by reduction of surface area resulting from the growth of TiO2 

particle (Figure 4.3) (Youji et al., 2007).  

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.2 Effect of calcination temperature on sulfur removal of waste tire pyrolysis oil:                  

no calcined (        ); 400oC (        ); 600oC (        ) and 800oC (        ) (TiO2/ 

pyrolysis oil = 7 g/L; pyrolysis oil/distilled water = 1/4 (v/v); air flow rate 

= 150 mL/min and T = 30oC). 
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Figure 4.3 SEM morphology of TiO2 (a) before and after calcination at (b) 400oC;  

                  (c) 600oC and (d) 800oC. 

 

  Moreover, the XRD pattern (Figure 4.4) also indicated the formation of 

rutile phase during calcination which had lower catalytic efficiency for desulfurization. 

Before calcination, TiO2 had ratio of anatase to rutile phase (A/R) as 80/20. The 

anatase phase was shifted to rutile phase when calcination temperature increased (Yu, 

Su, and Cheng, 2007). At 800oC, the crystallite phase of TiO2 was only rutile. Some 

previous research works revealed that the anatase was suitable form for 

desulfurization than rutile (Yu et al., 2007). For this research, the commercial TiO2 

(Degussa P-25) without calcination containing 70-75% of anatase and 25-30% of 

rutile had highest potential to decrease the sulfur content in the waste tire pyrolysis oil 

when it was compared to pure anatase (Basca and Kiwi, 1998; Muggli and Ding, 2001; 

Ohno et al., 2001) 
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Figure 4.4 XRD patterns of TiO2 (a) before and after calcination at (b) 400oC;  

                  (c) 600oC and (d) 800oC (A = anatase form and R = rutile form)  

 

 4.3.3 Influence of Reaction Temperature on Degree of Sulfur Removal 

 

  The effect of reaction temperature (30-70oC) on the sulfur reduction of 

pyrolysis oil in the presence of distilled water at 1/1 (v/v) catalyzed by 7 g of TiO2/L 

of pyrolysis oil was shown in Figure 4.5. At 7 h of reaction time, the increase in the 

reaction temperature from 30 to 70oC slightly increased the %sulfur removal from                  

27.9 to 31.0%, respectively. It has been well known that the changes of reaction 

temperature in the range of 21-75oC do not affect the rate of photocatalytic oxidation 

due to the low activation energy as 0.8 kJ/mol (Fox and Dulay, 1993). At this range of 

reaction temperature, the thermal energy (kT=0.026 eV) is not enough to activate the 

electron transfer in the wide band gap of TiO2 (Matthews, 1987). 
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Figure 4.5 Effect of reaction temperature on sulfur reduction of waste tire pyrolysis oil:  

                  30oC (       ); 40oC (        ); 50oC (        ) and 70oC (       ) (TiO2/pyrolysis oil 

                  = 7 g/L; pyrolysis oil/distilled water = 1/4 (v/v); air flow rate = 150 

mL/min). 
 

 

 4.3.4 Influence of Air Flow Rate on Degree of Sulfur Removal 

 

  The effect of air flow on the sulfur reduction of pyrolysis oil via 

photocatalytic desulfurization at 50oC was shown in Figure 4.6. At 1/4 (v/v) of 

pyrolysis oil/ distilled water catalyzed by 7 g of TiO2/L of pyrolysis oil, the air flow 

rate was varied from 0-150 mL/min. Without the introduction of air into the reaction, 

the degree of desulfurization was only 3.2%. This indicated that the sulfur compounds 

in pyrolysis oil could not be oxidized itself by irradiation. The level of photocatalytic 

desulfurization of pyrolysis oil could be increased when air was supplied into the 

system. The increase in the air flow rate to 150 mL/min enhanced the %sulfur 

removal to reach the maximum value as 34.5% However, the use of air flow rate 

higher than this point yielded the reduction of sulfur removal efficiency due to the 

extra volatilization of pyrolysis oil (Zhao et al., 2007). Furthermore, the effect of bubble 

produced during photocatalytic desulfurization also inhibited TiO2 to absorb UV light 

resulting to the reduction of the sulfur removal efficiency (Nam et al., 2002). 
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Figure 4.6 Effects of air flow rate on sulfur reduction of waste tire pyrolysis oil:         

0 mL/min (       ); 50 mL/min (       ); 100 mL/min (       ) and 150 mL/min 

(       ) (TiO2 /pyrolysis oil = 7 g/L; pyrolysis oil/distilled water = 1/4 (v/v) 

and T = 50oC). 

 

 4.3.5 Influence of H2O2 Concentration on Degree of Sulfur Removal 
 

  The effect of the H2O2 concentration on the sulfur reduction of pyrolysis 

oil at 1/4 (v/v) of pyrolysis oil/ distilled water catalyzed by 7 g of TiO2/L of pyrolysis 

oil for 7 h was presented in Figure 4.7. The concentration of H2O2 in the distilled 

water used as the extracting solvent for photocatalytic desulfurization was varied in 

the range of 0-30 wt%. Without the introduction of air into the system, H2O2 could 

strongly enhance the photocatalytic efficiency of TiO2 to remove sulfur compounds in 

the pyrolysis oil. It was found that the %sulfur removal increased from 3.22 % to 

32.7% when the H2O2 concentration increased from 0 to 30 wt%, respectively. It 

could be explained that H2O2 was the source of hydroxyl free radicals (·OH), which 

had strong oxidizing property. Thus, the increase in the H2O2 concentration increased 

the number of ·OH via H2O2 photo-dissociation (Eq. 4.1) (Legrini, Oliveros, and 

Braun,1993) and the reaction between H2O2 and photogenerated electrons on TiO2 

surface (e-
cb) (Eq. 4.2) (Legrini et al., 1993) to enhance the %sulfur removal.  
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Figure 4.7 Effect of adding H2O2 on sulfur reduction of waste tire pyrolysis oil:                 

with air flow rate 150 mL/min (       ) and no air (      ) (TiO2/pyrolysis oil 

              = 7 g/L; pyrolysis oil/distilled water = 1/4 (v/v); T = 50oC and reaction  

              time = 7h). 

 

     H2O2 + hν                        2·OH                (4.1) 
 

        TiO2(e-
cb) + H2O2       TiO2 + OH- + ·OH                        (4.2) 

 

 To compare the system having introduction of air (150 mL/min), the formation 

of air bubbles was observed. The amount of air bubbles increased with increasing 

H2O2 concentration. These air bubbles inhibited TiO2 to absorb UV light and be 

difficult to transfer oxidized sulfur compounds from pyrolysis oil to distilled water 

phase resulting to the higher amount of remaining sulfur compounds in the oxidized 

pyrolysis oil. 
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 4.3.6 Influence of Extracting Solvent on Degree of Desulfurization 

 

  In this experimental section, the amount and type of extracting solvent 

affected the ability to remove the sulfone of sulfoxide compounds produced during 

photocatalytic desulfurization. The extracting solvent used in this section was distilled 

water, methanol and acetonitrile. To investigate the appropriate content of extracting 

solvent for this system, distilled water was selected due to its low cost and practicability. 

Figure 4.8 shows the effect of distilled water content on the degree of photocatalytic 

desulfurization. The volume ratio of pyrolysis oil to distilled water (Vpyrolysis oil/Vdistilled 

water) was varied in the range of 1/1 to 1/5. The reaction was catalyzed by 7 g of TiO2/L 

of pyrolysis oil at 50oC. It was observed that the increase in the distilled water content 

enhanced the %sulfur removal and reached to the maximum point at 34.5% when 

Vpyrolysis oil/Vdistilled water was 1/4 or 1/5 at 7 h of reaction time. The use of lower content of 

distilled water had lower efficiency to remove oxidized sulfur compounds from the 

pyrolysis oil after photocatalytic desulfurization possibly due to the saturation of 

sulfurous compounds in the extracting phase.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8 Effects of the pyrolysis oil/distilled water (v/v)on sulfur reduction of waste  

tire pyrolysis oil:  1/1 (        ); 1/2 (        ); 1/3 (        ); 1/4 (        ) and 1/5 

(        ) (TiO2/pyrolysis oil = 7 g/L; air flow rate = 150 mL/min and T = 

50oC ). 
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  The effect of extracting solvent type was shown in Figure 4.9. At  

Vpyrolysis oil/Vdistilled water = 1/4 with the similar reaction condition as described before, 

the results indicated that the photocatalytic desulfurization of the pyrolysis oil in the 

presence of acetonitrile gave the maximum %sulfur removal at 43.6%, whilst, 

methanol and distilled water could extract the oxidized sulfurous compounds from the 

pyrolysis oil 36.7% and 34.5%; respectively when reaction time was 7 h. It could be 

explained by using polarity of these extracting solvents. The polarity of these 

extracting solvents was put in the order as followed: distilled water (10.2) > 

acetonitrile (5.8) > methanol (5.1) (Sivasankar, 2005). Before photocatalytic 

desulfurization, the appearance of the pyrolysis oils in the presence of each extracting 

solvent was shown in Figure 4.10. It was observed that the level of homogeneity of 

the pyrolysis oil in the extracting solvents was highest for acetonitrile. This implied 

that the polarity of the pyrolysis oil was similar to that of acetonitrile resulting to the 

higher solubility of pyrolysis oil in acetonitrile than in methanol or distilled water. 

The color of the pyrolysis oil in acetonitrile was also paler resulting to be easier for 

UV light penetration. This was advantage for photocatalytic desulfurization to convert 

sulfurous compounds in the pyrolysis oil to sulfones or sulfoxides which were easier 

to be removed by distilled water in the next step. Furthermore, the use of acetonitrile 

also promoted the higher solubility of oxygen in the reaction mixture to enhance the 

efficiency of sulfur removal (Moeini-Nombel and Matsuzawa, 1998). 
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Figure 4.9 Effects of type used as extracting solvent on sulfur reduction of waste tire  

             pyrolysis oil: distilled water  (       ); methanol (        ) and  acetonitrile 

(        ) (TiO2/  pyrolysis oil = 7 g/L; pyrolysis oil/extracting solvent = 1/4 

(v/v); air flow rate = 150 mL/min and T = 50oC). 

 

 

 

 

 

 

 

 

 

 

       (a)                      (b)             (c) 

 

Figure 4.10 Appearance of pyrolysis oil in various extracting solvents: (a) distilled  

                      water; (b) methanol and (c) acetonitrile. 
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 4.3.7 Influence of the Stage on Degree of Desulfurization 

 

  Table 4.4 shows the effect of photocatalytic desulfurization stages on the 

level of sulfur removal for waste tire pyrolysis oil. Under the optimum condition: 

using 7 g of TiO2/L of pyrolysis oil in the presence of 1/4 (v/v) of pyrolysis 

oil/acetonitrile at 50oC with 150 mL/min of air flow rate for 7 h, The increase in the 

number of reaction stages enhanced the %sulfur removal from 40.3% to 42.8% and 

47.5% as the number of stages increased from 1 to 2 or to 3; respectively. The first 

stage exhibited the highest reduction of sulfur compounds possibly due to a large 

amount of sulfur compounds such as thiophene and its derivatives, including 

benzothiophenes and its derivatives (Bunthid, Prasassarakich, and Hinchiranan, 2010) 

in the raw pyrolysis oil derived from waste tire. Thus, it was easier to decompose 

sulfur compounds in the earlier stage. The reactivity of sulfur compounds for 

oxidation also increased with increasing the electron density of a sulfur atom in a 

sulfur-containing compound. For example, the oxidation rate of sulfide was higher 

than thiophenic compounds (Ford and Young, 1965) because the electron density of 

sulfur atom in sulfide was higher than that of thiophenic compounds. The other sulfur 

compounds with higher electron densities could be easier to be oxidized to sulfones.  

 

Table 4.4 Effect of stage of reaction on sulfur reduction of waste tire pyrolysis oil 

 

Stage %sulfur removal 

1 40.3 

2 42.8 

3 47.5 

 
4.4 Characterization of Sulfurous Compounds Containing in Pyrolysis Oil 
 

Figure 4.11 shows GC-FPD chromatograms of pyrolysis oil derived from 

waste tire before and after photocatalytic desulfurization. From Figure 4.11(a), it was 

observed a large amount of sulfurous compounds in the pyrolysis oil. It could be 

classified type of sulfurous compounds in the pyrolysis oil from the elution time 

obtained from GC-FPD as 3.57 min for thiophenes, 19.32 min for benzothiophenes, 
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and 25.01 min for dibenzothiophenes. Thus, this means that the most sulfurous 

compounds in the pyrolysis oil from waste tire were benzothiophenes, 

dibenzothiophenes and larger sulfurous molecules. 

After photocatalytic desulfurization in the presence of acetonitrile following 

the extraction by using distilled water, Figure 4.11 (b) shows the reduction of peak 

intensity of sulfurous compounds in the oxidized pyrolysis oil. It was observed that 

the peak intensity of sulfides, benzothiophenes, dibenzothiophenes and larger 

sulfurous molecules were decreased.   However, the peak intensity of thiophenes was 

more difficult to be reduced by this method possibly due to the lower electron density 

of thiophenes resulting to the lower reactivity for photooxidation (Matsuzawa et al., 

2002). The electron density of a sulfur atom in a sulfur-containing compounds 

decreased in the order: sulfides (5.915) > dibenzothiophene (5.758)> benzothiophene 

(5.739)> thiophene (5.696) (Otsuki et al., 2000).  

To monitor the conversion of sulfurous compounds after photoirradiation, the 

oxidized pyrolysis oil obtained from photocatalytic desulfurization in the presence of 

acetonitrile for 7 h before extraction step by using distilled water was subjected to the 

high performance chromatographer (HPLC) at 245 nm of wavelength. The results were 

also compared with the standard sulfurous compounds: thiophene, benzothiophene, and 

dibenzothiophene which were photo-oxidized by the similar process as shown in Figure 

4.12. Before photocatalytic desulfurization (Figure 4.12 a), the HPLC signals of 

standard sulfurous compounds were eluted at 1.99, 2.47 and 4.26 min for thiophene, BT 

and DBT; respectively; while the pyrolysis oil indicated the broader signal. This means 

that the sulfurous compounds in the pyrolysis oil had various sizes of sulfur molecules. 

This result was similar to that obtained from GC-FPD. 

After photocatalytic desulfurization (Figure 4.12 b), the new signals of 

oxidized standard sulfurous compounds were appeared at earlier elution time (1.2-1.9 

min) indicating the higher polarity. The products of standard sulfurous compounds 

after photoirradiation might be sulfone, sulfoxide, and sultine (Vignier et al., 1983). 
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Figure 4.11 GC-FPD Chromatograms of (a) pyrolysis oil and (b) photo-oxidized  

    pyrolysis oil. 
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 For the oxidized pyrolysis oil, the HPLC signal was narrower and also 

appeared at the earlier stage of elution time same as the oxidized standard sulfurous 

compounds. This implied that the most of sulfurous compounds in the pyrolysis oil 

was converted as sulfurous species with higher polarity after photocatalytic 

desulfurization. 

 After extraction of the oxidized pyrolysis oil by using distilled water, the 

results obtained from GC-FPD as presented in Figure 4.11 (b) showed the new signals 

at 18.85, 26.23, and 28.61 min which were in the region of benzothiophenes and 

dibenzothiophenes. It was possible that the new sulfurous compounds were generated 

during photocatalytic desulfurization as shown in Figure 4.13 and 4.14 which 

proposed the conversion of 3-methyl BT and DBT via photoirradiation; respectively 

(Shiraishi et al., 1999). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 4.12 HPLC Chromatograms of standard sulfur compounds and pyrolysis oil         

                    (a) before and (b) after photocatalytic desulfurization. 
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Figure 4.13 Reaction pathway for 3-methyl BT in acetonitrile by photoirradiation 

                        (Shiraishi et al., 1999). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.14 Reaction pathway for DBT in acetonitrile by photoirradiation 

(Shiraishi et al., 1999). 
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4.5 Quality of Oxidized Pyrolysis Oil 

 

Gross calorific heating value of pyrolysis oil after photocatalytic desulfurization 

by using 7g/L of TiO2 for 1-7 h was determined following ASTM D 2015 and shown in 

Table 4.5. It was found that the increase in the TiO2 dosage enhanced the level of 

sulfur removal throughout the period of reaction time. The highest %sulfur removal at 

27.9% was achieved when 7 g of TiO2/L of pyrolysis oil was loaded into the system 

and allowed for 7 h of reaction time. The gross calorific heating value of all samples 

obtained from the photocatalytic desulfurization of pyrolysis oil at various reaction time 

was ca. 43 MJ/kg. This means that this process did not affect the gross calorific heating 

value of product.  

The other oil properties such as viscosity (ASTM D 445) and corrosive property 

(ASTM D 130) were determined and compared to commercial diesel and gasoline as 

shown in Table 4.6. The viscosity of pyrolysis oil was 2.66 Sct. which was in the 

range of viscosity of the commercial diesel (1.8 to 4.1 Sct.), but it was higher than that 

of gasoline fuel (0.53 Sct.). After photocatalytic desulfurization, the viscosity of the 

oxidized pyrolysis oil was higher than that of pyrolysis oil possibly due to the 

polymerization of organic matters during desulfurization process. From the test of the 

copper strip corrosion, it was found that the oxidized pyrolysis oil had no effect on the 

corrosion and the color of copper strip. This result indicated that the oxidized 

pyrolysis oil could be applied for equipments made from copper. The gross calorific 

heating value of the oxidized pyrolysis oil (43 MJ/kg) was also close to that of diesel. 

Thus, it is possible to apply this oil as an alternative fuel for replacing the 

conventional one after treating with the higher effective desulfurization process. 
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Table 4.5 Gross calorific heating value of photocatalytic oxidation of sulfur in 

pyrolysis oil using TiO2 dosage 7 g/L 
 

Irradiation time 

(h) 

Sulfur removal 

(%) 

Remaining sulfur 

contents (wt%) 

Gross calorific heating 

value(MJ/kg) 

0 0 0.7850 43.2 

1  13.1 0.6823 43.2 

3   25.2 0.5872 42.8 

5  25.8 0.5827 43.1 

7  27.9 0.5655 43.2 

 
Table 4.6 Viscosity, copper strip corrosion and gross calorific heating value of oils 
 

Products Viscosity 

(Sct) 

Copper strip corrosion Gross calorific heating 

value(MJ/kg) 

Diesel 2.0-5.0a Not worse than No.1a 45 

Gasoline 0.53 Not more than No.1a 47 

Pyrolysis oil   2.66* Not change 42-43 

Oxidized pyrolysis oil 2.85 Not change 43 
 

 a Standard for diesel and gasoline quality  (USEPA, 1996) 

 * Obtained from pyrolysis at 400oC for 15 min. 

 

 

 
 

 

 



CHAPTER V 

 

CONCLUSIONS 

 
5.1 Conclusions 
   

 5.1.1 Characterization of Waste Tire and Its Pyrolysis Products 

  

  The waste tire powder had high content of volatile matter with low 

amount of moisture. However, it also contained a large amount of sulfurous 

compounds (1.54 wt%). Due to the high carbon content, the calorific value of waste 

tire powder was also high (35.7 MJ/kg). After pyrolysis process, the pyrolysis yields 

derived from waste tire was consisted of pyrolysis light oil, pyrolysis heavy oil, char 

and gas fractions at a composition of 39.6, 14.0, 38.2 and 8.12 wt%, respectively. 

According to the large amount of light oil fraction, the pyrolysis light oil was used as 

the raw material for further experiment. The pyrolysis light oil had gross calorific 

value as 42 MJ/kg with 0.84 wt% of sulfur content. 

 

  5.1.2 Photocatalytic Desulfurization of Pyrolysis Oil Derived from                       

Waste Tire 

 

  From the results of photocatalytic desulfurization of the light oil fraction 

obtained from waste tire pyrolysis, it was found that the increase in the TiO2 content, 

air flow rate and reaction temperature enhanced the sulfur reduction of pyrolysis oil. 

Whereas, the increase in the calcination temperature decreased the catalytic activity of 

TiO2 by promoting the formation of rutile structure. The increase in the H2O2 

concentrate without the introduction of air into the system also gave higher the sulfur 

removal efficiency. It could be explained that H2O2 was the source of hydroxyl 

radicals (·OH), which had strong oxidizing property. The use of acetonitrile as an 

extracting solvent for photocatalytic desulfurization showed the maximum %sulfur 

removal efficiency as 43.6% due to the polarity of the pyrolysis oil was similar to that 

of acetonitrile resulting to the higher solubility of pyrolysis oil in acetonitrile. The 
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color of the pyrolysis oil in acetonitrile was also paler resulting to be easier for UV 

light penetration. It could be concluded that the maximum %sulfur removal at 47.5% 

was achieved when 7 g/L of uncalcined TiO2 was loaded in the presence of 1/4 (v/v) 

of pyrolysis oil/acetonitrile at 50oC for 7 h after 3 stages of reaction.   

  The oxidation of sulfurous compounds in the pyrolysis oil before and after 

photocatalytic desulfurization was determined by using GC-FPD and HPLC. It results 

indicated that the most sulfurous compounds in the pyrolysis oil from waste tire were 

benzothiophenes, dibenzothiophene and the larger molecules of sulfurous compounds 

molecules. After photocatalytic desulfurization, the sulfurous compounds in pyrolysis 

oil were reduced; especially, benzothiophenes by converting as sulfones or sulfoxides 

with higher polarity which was easier to be dissolved into the extracting phase. 

 

 5.1.3 Quality of the Photo-Oxidized Pyrolysis Oil 

   

  The viscosity of the pyrolysis oil was close to the commercial diesel and 

higher than that of gasoline. The photocatalytic desulfurization produced the lower 

sulfurous content in the pyrolysis oil without the effect on the heating value and 

corrosive property. 

 

5.2 Recommendations 

 

 5.2.1 Enhancement of Titanium Dioxide Efficiency 

 

  Due to the limitation for oxidizing sulfurous compounds of TiO2 

(Degussa P-25) via photocatalytic desulfurization, TiO2 properties should be 

improved by increasing the adsorption efficiency to increase the surface area. The 

doping with some metal such as manganese (Mn) on the surface of TiO2 is also 

recommended. The electrons from TiO2 can be transferred to change Mn4+ as Mn3+ 

(Mn4+/Mn3+). The electrons trapped on the Mn4+/Mn3+ sites are subsequently 

transferred to O2 adsorbed on the surface to generate superoxide radical anions, which 

can oxidize sulfur compounds. Thus, Mn serves as an electron acceptor to effectively 

inhibit the charge recombination of TiO2. 
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 5.2.2 Preparation of TiO2 Photocatalyst on Various Rigid Supports 
 

 

  The use of TiO2 powder as photocatalyst normally requires the separation 

step to isolate from products. The impregnation or coating of TiO2 on rigid supports 

with transparency property such as poly(methyl methacrylate) or glass beads is easier 

to separate and reuse TiO2 for several times.  The transparency of supports is expected 

to enhance the efficiency of TiO2 to catalyze the reaction. 
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APPENDIX A 
 

 
CALCULATION OF PRODUCT YIELDS 

 

 

The total conversion and product yields were calculated by the following 

expressions: 

 
 

 %Liquid yield   
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
×=

Daf

Liq

W

W
100  

 
 

 %Solid yield   ⎥
⎦

⎤
⎢
⎣

⎡
×=

Daf

R
W
W

100  

 
 
 
 %Gas yield    = 100 - %Liquid yield - %Solid yield 
 
   
 
 
where:  
 

WDaf =  weight of dry-ash free waste tire 

WR = weight of dry-ash free residue remained after THF solvent  

                            washing and drying 

  WLiq =  weight of liquid 
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Example: 

  

Pyrolysis condition: 

• Reaction temperature: 400oC 

• Reaction time: 10 min 

• N2 flow rate: 0.1 L/min 

    Calculation: 

 Weight of initial waste tire  = 100 g 

Weight of dry-ash free waste tire  = 92.46 g 

 Weight of pyrolysis light oil     = 36.61 g  

 Weight of pyrolysis heavy oil   = 12.94 g 

 Weight of liquid   = 49.55 g 

 Weight of dry-residue solid   = 39.47 g 

 Weight of dry-ash free residue solid  = 35.31 g 

 
 
 

 %Liquid yield   5953
4692
5549100 .

.

.
=⎥⎦

⎤
⎢⎣
⎡×=  

 
 
 

 %Solid yield   1938
4692
3135100 .

.

.
=⎥⎦

⎤
⎢⎣
⎡×=  

 
 
 
 %Gas yield    = 100 – 53.59 – 38.19 = 8.22 
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APPENDIX B 
 

 
CALCULATION OF GROSS CALORIFIC HEATING VALUE 

 

 

  Gross calorific heating value of solid was determined following Standard Test 

Method for Gross Calorific Value of Coal and Coke by Adiabatic Bomb Calorimeter 

(ASTM D2015) 

 

Summary of Test Method 

 The heat capacity of the calorimeter is determined by burning a specified mass 

of benzoic acid in oxygen. A comparable amount of the analysis sample is burned 

under the conditions in the calorimeter. The calorific value of the analysis sample is 

computed by multiplying the corrected temperature rise, adjusted for extraneous heat 

effects, by the heat capacity and dividing by the mass of the sample. 

 

Apparatus 

 1.  Oxygen Bomb Calorimeter 

 

Reagents 

1. Distilled Water 

2. Standard benzoic acid available from the National Institute of Standards 

and Technology (NIST) 

3. Oxygen 99.5% 

4. Methyl orange 

5. Sodium carbonate (Na2CO3) (Dissolve 3.57 g of sodium carbonate, dried 

for 24 h at 105oC in deionized water, and diluted to 1L). 

6. Water for washing of the bomb interior  (1 mL of methyl orange is diluted 

in 1L of deionized water). 

 

Determination of the heat capacity of the calorimeter 

1. Weigh 0.8-1.2 g of benzoic acid into a sample holder. Record sample 

weight to the nearest 0.0001g. 

2. Connect a measured fuse in accordance with manufacturer’s guidelines. 
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3. Rinse the bomb with water to wet internal seals and surface areas of the 

bomb or precondition the calorimeter according to the manufacturer’s 

instructions. Add 1.0 mL of water to the bomb before assembly. 

4. Assemble the bomb. Admit oxygen to the bomb to a consistent pressure of 

between 30 atm. The same pressure is used for each heat capacity run. 

Control oxygen flow to the bomb so as not to blow material from the 

sample holder. 

5. Fill the calorimeter vessel with water at a temperature not more than 2oC 

below room temperature and place the assembled bomb in the calorimeter. 

Check that no oxygen bubbles are leaking from the bomb.  

6. Allow 5 min for the temperature of the calorimeter vessel to stabilize.  

7. Fire the charge. 

8. For adiabatic calorimeters adjust the jacket temperature to match that of 

the calorimeter vessel temperature during a period of the rise. Record the 

first reading after the rate of change has stabilized the final temperature. 

9. Open the calorimeter and remove the bomb. 

 

Follow the procedures as described in 1-9 for determination of heat capacity of 

waste tire and pyrolysis oil. Calculate the gross calorific value using the following 

equation: 

 

                                                                        

 

where: 

 Qv (gross)   = gross calorific value at constant volume as determined  

                                 (J/g) 

 E = the heat capacity of the calorimeter (J/oC) 

 T = corrected temperature rise (oC)  

 e1 = volume of the titrant (sodium carbonate) (mL) 

 e2 = the length of fuse consumed during combustion (cm) x  

                                              the heat of combustion the firing fuse (J/cm) 

e3 = 25x103 (J) x wt% sulfur in the sample x mass of sample (g) 

g = mass of the sample (g) 

[ ]
g

eee(TE)
(gross)vQ 321 −−−

=
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APPENDIX C 
 
 

CALCULATION OF %SULFUR REMOVAL 
 
 
 

The influence of extracting solvent on the degree of photocatalytic desulfurization 

of the pyrolysis oil derived from waste tire can be calculated as shown below: 
 

Condition: 
 

TiO2 dosage:   7 g/L of pyrolysis oil  

Reaction temperature:   50oC 

Pyrolysis oil/extracting solvent: 1/4 v/v 

Type of extracting solvent:  acetonitrile 

Air flow rate:    150 ml/min 
 

        % Sulfur removal was calculated using the following equation: 
 

 
     
 

X =  %Sulfur removal       

C0 =  initial sulfur concentration (wt%) 

  C1 =  sulfur concentration after t hours reaction (wt%) 
 

Table C-1 The influence of extracting solvent on degree of desulfurization 

 
Extracting 

solvent 
Irradiation 

time (h) 
C0 

(wt%) 

C1 
(wt%) % Sulfur removal 

acetonitrile 0 0.7665 0.7665 0 

 
 1 0.7665 0.611 20.29 

 
 3 0.6765 0.391 42.20 

 
 5 0.7665 0.4395 42.66 

 
 7 0.6765 0.3815 43.61 

 

100
C

)C(C
X

0

10 ×
−

=

Where:  
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% Sulfur removal of pyrolysis oil after photocatalytic desulfurization for 7 h 

was calculated as followed: 
 

 

 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

100
C

)C(C
removal%Sulfur

0

10 ×
−

=

100
0.6765

0.3815)(0.6765removal%Sulfur ×
−

=

%43.61=
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APPENDIX D 
 
 

DATA OF SULFUR REMOVAL EFFICIENCY 
 
 
Table D-1 Influence of TiO2 dosage on the degree of sulfur removal 
 

TiO2 dosage 
(g/L) 

Irradiation time 
(h) 

C0
* 

(wt%) 
C1

** 
(wt%) % Sulfur removal 

     
0 0.8174 0.8174 0 

1 0.8174 0.7906 3.27 

3 0.8174 0.7491 8.35 

5 0.8174 0.7366 9.88 

1  

7 0.8174 0.7301 10.7 
     

0 0.8511 0.8511 0 

1 0.8511 0.7694 9.60 

3 0.9705 0.8021 17.4 

5 0.8511 0.6884 19.1 

3  

7 0.7772 0.6049 22.2 
     

0 0.6855 0.6855 0 

1 0.6855 0.6207 9.45 

3 0.6855 0.5547 19.1 

5 0.6855 0.5348 22.0 

5 

7 0.6855 0.5219 23.9 
     

0 0.7850 0.7850 0 

1 0.7850 0.6823 13.1 

3 0.7850 0.5872 25.2 

5 0.7850 0.5827 25.8 

7 

7 0.7850 0.5655 28.0 
     

0 0.9642 0.9642 0 

1 0.9642 0.8525 11.6 

3 0.9272 0.7415 20.0 

5 0.9642 0.7140 26.0 

10 

7 0.9642 0.7155 25.8 

 
 

* C0  =  initial sulfur concentration (wt%) 
** C1  =  sulfur concentration after t hours reaction (wt%)
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Table D-2 Influence of calcination temperature of TiO2 on degree of sulfur  
                  removal 
 
Calcination temperature 

(oC) 

Irradiation time 

(h) 

C0 

(wt%) 

C1 

(wt%) 
% Sulfur removal 

     

Degussa P-25 0 0.8479 0 0 

 1 0.8479 0.7444 12.2 

 3 0.8479 0.6623 21.9 

 5 0.8479 0.6280 25.9 

 7 0.8911 0.6275 29.6 

     

400oC 0 0.8096 0 0 

 1 0.8096 0.7195 11.1 

 3 0.8372 0.7000 16.4 

 5 0.8372 0.6479 22.6 

 7 0.8096 0.6116 24.5 

     

600oC 0 0.8339 0 0 

 1 0.8339 0.7598 8.89 

 3 0.8491 0.7120 16.1 

 5 0.8491 0.6869 19.1 

 7 0.8491 0.6702 21.1 

     

800oC 0 0.8409 0 0 

 1 0.8409 0.7803 7.20 

 3 0.8409 0.7511 10.7 

 5 0.8409 0.7382 12.2 

 7 0.8409 0.7260 13.7 
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Table D-3 Influence of reaction temperature on degree of sulfur removal 
                   
Reaction temperature 

(oC) 

Irradiation time 

(h) 

C0 

(wt%) 

C1 

(wt%) 
% Sulfur removal 

     

30oC 0 0.7850 0 0 

 1 0.7850 0.6823 13.1 

 3 0.7850 0.5872 25.2 

 5 0.7850 0.5827 25.8 

 7 0.7850 0.5655 28.0 

     

40oC 0 0.8372 0 0 

 1 0.8372 0.7354 12.2 

 3 0.8372 0.6599 21.2 

 5 0.8372 0.6242 25.4 

 7 0.8372 0.6066 27.5 

     

50oC 0 0.8479 0 0 

 1 0.8479 0.7444 12.2 

 3 0.8479 0.6623 21.9 

 5 0.8479 0.6280 25.9 

 7 0.8911 0.6275 29.6 

     

70oC 0 0.7239 0 0 

 1 0.7239 0.6084 16.0 

 3 0.7239 0.5533 23.6 

 5 0.7239 0.5298 26.8 

 7 0.7239 0.4994 31.0 
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Table D-4 Influence of air flow rate on degree of sulfur removal 
                   

Air flow rate 

(mL/min) 

Irradiation time 

(h) 

C0 

(wt%) 

C1 

(wt%) 
% Sulfur removal 

     

0 0 0.8375 0 0 

 1 0.8375 0.8095 3.34 

 3 0.8375 0.8155 2.63 

 5 0.8375 0.8175 2.39 

 7 0.8375 0.8105 3.22 

     

50 0 0.8305 0 0 

 1 0.8305 0.8045 3.13 

 3 0.8305 0.7595 8.55 

 5 0.8305 0.6900 16.9 

 7 0.8305 0.6450 22.3 

     

100 0 0.8395   

 1 0.8395 0.7620 9.23 

 3 0.8395 0.6850 18.4 

 5 0.8395 0.6385 23.9 

 7 0.8395 0.5665 32.5 

     

150 0 0.8385 0 0 

 1 0.8385 0.7435 11.3 

 3 0.8385 0.6515 22.3 

 5 0.8385 0.5970 28.8 

 7 0.8385 0.5495 34.5 
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Table D-5 Influence of H2O2 concentration on degree of sulfur removal 
 

 
H2O2 concentration 

(wt%) 

C0 

(wt%) 

C1 

(wt%) 
% Sulfur removal 

     

0 0.8385 0.5495 34.5 

3 0.7055 0.6775 3.97 

10 0.7055 0.6315 10.5 

Air 

(flow rate 150 

mL/min) 

30 0.7055 0.6060 14.1 

     

0 0.8375 0.8105 3.22 

3 0.7055 0.6215 11.9 

10 0.7055 0.5805 17.7 

Without of Air 

30 0.7055 0.4750 32.7 
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Table D-6 Influence of pyrolysis oil/extracting solvent on degree of sulfur removal 
                   

Pyrolysis oil/ 

extracting solvent 

(v/v) 

Irradiation time 

(h) 

C0 

(wt%) 

C1 

(wt%) 
% Sulfur removal 

     

1/1 0 0.8479 0 0 

 1 0.8479 0.7444 12.2 

 3 0.8479 0.6623 21.9 

 5 0.8479 0.6280 25.9 

 7 0.8911 0.6275 29.6 

     

1/2 0 0.944 0 0 

 1 0.944 0.8555 9.38 

 3 0.944 0.7750 17.9 

 5 0.944 0.7225 23.5 

 7 0.944 0.6840 27.5 

     

1/3 0 0.729 0 0 

 1 0.729 0.6425 11.9 

 3 0.729 0.5870 19.5 

 5 0.729 0.5275 27.6 

 7 0.729 0.5100 30.0 

     

1/4 0 0.8385 0 0 

 1 0.8385 0.7435 11.3 

 3 0.8385 0.6515 22.3 

 5 0.8385 0.5970 28.8 

 7 0.8385 0.5495 34.5 

     

1/5 0 0.929 0 0 

 1 0.929 0.8285 10.8 

 3 0.929 0.7350 20.9 

 5 0.929 0.6805 26.8 

 7 0.929 0.6215 33.1 
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Table D-7 Influence of extracting solvent on degree of sulfur removal 
                   
Type of extracting 

solvent 

Irradiation time 

(h) 

C0 

(wt%) 

C1 

(wt%) 
% Sulfur removal 

     

Distilled water 0 0.8385 0 0 

 1 0.8385 0.7435 11.3 

 3 0.8385 0.6515 22.3 

 5 0.8385 0.5970 28.8 

 7 0.8385 0.5495 34.5 

     

Methanol 0 0.8385 0 0 

 1 0.8385 0.5885 13.0 

 3 0.8385 0.5075 25.0 

 5 0.8385 0.4595 32.1 

 7 0.8385 0.4280 36.7 

     

Acetonitrile 0 0.7665 0 0 

 1 0.7665 0.6110 20.3 

 3 0.6765 0.3910 42.2 

 5 0.7665 0.4395 42.7 

 7 0.6765 0.3815 43.6 
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Table D-8 Influence of the stage on degree of sulfur removal 
 

Stage of the 

reaction 

Irradiation time 

(h) 

C0 

(wt%) 

C1 

(wt%) 
% Sulfur removal 

     

0.7145 0.4725 40.2 

0.7145 0.4390 38.6 

0.7145 0.4190 41.4 

0.7145 0.4185 41.4 

Stage 1 7 

0.7145 0.4305 39.8 

     

0.7145 0.4095 42.7 Stage 2 7 

0.7145 0.4075 43.0 

     

Stage 3 7 0.7145 0.3750 47.5 
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APPENDIX E 
 
 

GC-FPD CHROMATOGRAMS OF STANDARD SULFUR 

COMPOUNDS, PYROLYSIS OIL AND OXIDIZED PYROLYSIS OIL 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure E-1 GC-FPD Chromatogram of thiophene. 
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Figure E-2 GC-FPD Chromatogram of benzothiophene. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Figure E-3 GC-FPD Chromatogram of dibenzothiophene. 
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 Figure E-4 GC-FPD Chromatogram of pyrolysis oil. 
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 Figure E-5 GC-FPD Chromatogram of oxidized pyrolysis oil. 
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