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CHAPTER I 

BACKGROUND 

Crude Oils 

Crude oil is the largest and most widely used source of energy in the world. Major 

portions of the crude oils are used as transportation fuels
1
. Crude oils are found on the floor 

of the sea and other areas, where layers of sediment slowly build up. These layers are mainly 

made up of the products of erosion, plankton, and organic materials; these organic materials 

are made of carbon, which the pre-ancestor to oil is packed with these materials
2
.  

Carbon is the fourth most plentiful element in the universe after hydrogen, helium, and 

oxygen. When carbon is fused with hydrogen, it forms long chains of carbon atoms with 

hydrogen atoms attached, which are called hydrocarbons
2
.  

Petroleum is composed of different types of hydrocarbons such as alkanes, cycloalkanes, 

aromatic hydrocarbons, asphaltenes, as well as other types of hydrocarbons, and other 

elements. The exact molecular composition of crude oils varies, but in general the average 

proportions of elements in crude oils are as follows
3
:  
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Table1: Exact molecular composition of the chemical elements 

The elemental percentage of crude oils are found to vary by the region where the crude oil is 

found. One of the elements that is of most concern in terms of the environment is sulfur. Sulfur 

in crude oils and refined oils leads to air pollution, which results from the burning of high-sulfur 

fuels processed from crude oils having high sulfur content. Studies have shown that when high 

sulfur oils are combusted, SO2  is produced which forms H2SO3, acid rain, when it comes in 

contact with the moisture; Furthermore, it has also been shown that sulfur compounds poison 

catalytic converters in automobiles
4
. Crude oils that contain small amounts of sulfur, less than 

0.5% by weight, are usually rich in low boiling points and are called sweet crude oils. Whereas 

those that contain a high amount of sulfur, more than 0.5% sulfur content, are composed of more 

aromatics, heteroatom-containing constituents with high boiling points, are called sour crude 

oils
3, 4

.  

Crude oils found in some regions in the United States, such as California, Arkansas, 

Mississippi, and Wyoming, are states that have the highest amount of sulfur in their crude oil, 

6.76%, 5.77%, 4.19%, and 4.35% respectively
5
. Other countries also have high percentages of 

sulfur such as Mexico with up to 5.38%, and France with up to 4.34%. 

Element Percent range 

Carbon 83 to 87% 

Hydrogen 10 to 14% 

Nitrogen 0.1 to 2% 

Oxygen 0.05 to 1.5% 

Sulfur 0.05 to 6.0% 

Metals < 0.1% 
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The sulfur compounds identified in crude oils include but are not limited to hydrogen sulfide, 

carbon disulfide, mercaptans, thioalcohols, thioehters, thiophenes, organic disulfides and 

polysulfides, benzothiophenes, and organic sulfates
4
.  

Crude Oils Characterization 

Traders characterized the crude oils by citing its source, American Petroleum Institute (API) 

gravity (a measure of density), and sulfur content. If the value of the API gravity is greater than 

10, the crude floats on water and is designated as sweet crude
4
. If the value of the API is less 

than 10, it sinks in water which is an indicator of sour crude. The API gravity is also an indicator 

of other factors such as the sulfur content, which affects processing cost
7
. The API gravity is a 

rough indication of distillation properties, which determine how much of each fraction such as 

gasoline, kerosene, and etc., can be distilled from the crude oil
7, 27

.  

The heteroatomic compounds which make up a relatively small portion in crude oils, less 

than 15%, but these compounds make up the majority of the processing cost and environmental 

impacts of oil use. The heteroatomic compounds are composed of nitrogen, sulfur, and oxygen- 

containing species with aromatic and naphthenic ring systems
3
. These compounds are usually 

found in high boiling point fractions and asphaltene, aromatic, and resin fractions. Molecules 

containing sulfur are: dibenzothiophene, cyclic sulfides, sulfoxides, and mercaptans. The 

compounds containing sulfur are both polar and non-polar. It has been found to be easier to 

remove the polar sulfur compounds rather than non-polar
7
. Light crude oils, those with high API 

gravities, often have lower concentration of both sulfur and nitrogen than the heavy crude oils
4
. 

Figure 1 shows the most common sulfur containing molecules present in crude oil. 
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Figure 1: Common sulfur containing molecules present in crude oils. 
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CHAPTER II 

INTRODUCTION 

 Separation of Crude Oils 

 United States consumes the most oil in the world, about 20.8 million barrels per day, which 

is approximately 26 percent of the worldwide composition. One barrel of crude oil contains 

approximately 30-40% gasoline, which is the greatest demand
8
. Gasoline is derived through the 

fractional distillation of crude oils. Since the different hydrocarbon chain lengths have different 

boiling points, and weights, fractional distillation process is the oldest and simplest way to 

separate these hydrocarbons
10

. 

The distillation process starts by heating the crude oil at high temperatures and pressures, 

which causes the different components to go into the vapor phase. When these vapors reach a 

height where the temperature of the column reaches the substance’s boiling point, they condense 

and revert back to their liquid form. The distillation column has different temperatures from 

bottom to top cooling with increasing column height, thus the substance with the lowest boiling 

point will condense at the highest point in the column 
6, 10

. Figure 2 shows a diagram for crude 

oil distillation and the associated distillation products. 
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Figure 2: Crude oil distillation unit and products derived from crude oils at different 

temperature. 

 The fractions obtained from distillation process are: Refinery gases, gasoline (petrol), 

naphtha, kerosene, diesel oil, fuel oil, and residue that contain bitumen. Certain fraction are 

preferred over other fractions, the different fractions can be converted from one fraction to 

another through: cracking, unification, and alteration
10

.  

 Cracking consists of breaking down heavy molecules into lighter molecules by means of 

heat, high pressures, and catalysts
11

. Cracking is the most important process for the commercial 

production of gasoline and diesel. Unification is a method where smaller hydrocarbon chains are 

combined together to produce longer chain hydrocarbons. Catalytic reforming is an example of 

unification, which uses catalysts such as platinum to combine low weight naphtha into aromatics. 



 7  
 

Alteration is a process which consists of rearranging molecules to create different hydrocarbons. 

This process is performed through alkylation where low molecular weight compounds are mixed 

in the presence of a catalyst
10

. 

Once the desired fractions are obtained, they are processed in one last step before 

commercial use. These additional steps are to remove unwanted organic compounds containing 

sulfur, nitrogen, and heavy metals as well as inorganic salts. Deamination is performed by 

passing the fractions through a column of sulfuric acid, and an absorption column is used to 

remove water. Sulfur has to be removed as well from fuels at the oil refinery, however, this 

process is expensive and is performed using hydrodesulphurization. After fractions have been 

treated, they are cooled and then blended together to make products such as gasoline, lubricating 

oils, diesel fuels, etc
10

.  

Hydrodesulfurization method 

Desulfurization of fuel oils has been given more attention worldwide due to the increasingly 

stringent regulations and fuel specifications for environmental protection purposes
12

. The United 

States Environmental Protection Agency (EPA) has revised the allowable amount of sulfur in 

fuels from 500 ppm to 50 ppm
14

.  By 2014, the allowable sulfur content in diesel fuel will be 

below 15 ppm
4
. Oil refineries must now meet this requirement when processing crude oil, which 

is problematic using current technology.   

The conventional method for removing sulfur in industry is the hydrodesulfurization method 

which consists of a catalytic process that converts sulfur to hydrogen sulfide gas. The conversion 

of the sulfur to H2S is performed by reacting crude oil fractions with hydrogen at high pressures, 

between 3 to 10MPa, and temperatures as high as 623 °C depending on the level of 

desulfurization required and the sulfur compounds present in the crude oils
13

.  
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The HDS process is too expensive with respect to the use of hydrogen and the catalysts 

involved in the process. Furthermore, HDS has limited effectiveness at removing substituted 

thiophene based sulfur compounds such as methyl, ethyl, 4,6 dimethyl dibenzothiophene, 

thiophenes, bensothiophene, diabenzothiophene and its derivatives from crude oils
1
. For 

example, 4,6-dimethyl dibenzothiophene is a molecule which is difficult to be desulfurized 

because of the approximation of the two methyl groups to the sulfur in the ring causes steric 

hindrance, which prohibits the sulfur molecule from sitting on the catalyst properly, and the 

interaction with the active site on the catalyst is restricted
4
. Steric hindrance will also lead to a 

reduction in the catalyst life which in turn leads to increasing operating expenses.  

Cost cutting in the processing of crude oils due to the reducing sweet oil reserves will 

have to be developed by using lower temperatures and pressures to remove sulfur from the oil. 

There is a large interest in alternative technologies for sulfur reduction in oils which include bio-

desulfurization; and oxidative desulfurization. Bio-desulfurization consists of using enzymes 

which have relatively low cost and low temperatures. In bio-desulfurization, bacteria and 

enzymes are used which bind to the dibenzothiophene molecule. This molecule can be broken 

apart or oxidized to remove the sulfur from the oil. However, like HDS the substitution of the 

ring system influences the rate of the reaction. In most cases, alkylation at ring sites adjacent to 

the sulfur leads to much slower rates
15, 16

.  

Whereas oxidative desulfurization (ODS) is another alternative to HDS and is much more 

promising technology for the removal of sulfur form oils than bio-desulfurization. ODS consists 

of oxidizing the sulfur compounds which increases the polarity of the sulfur molecule and 

facilitates the extraction of the sulfur
17

. The products of the oxidation of sulfur compounds are 

sulfoxides and sulfones.  
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These methods have their positive and negative aspects. For example, HDS process is 

expensive due to the use of hydrogen, high temperatures, and the limited effectiveness at 

removing dibenzothiophene and the substituted derivatives from crude oils
1
. Bio-desulfurization 

has been studied, but it has failed to create an optimum method. Currently, bio-desulfurization 

removes up to 30% of sulfur in oils and is a time consuming process
16

.   

The ODS can remove sulfur from most of the heteroatom ring compounds containing 

sulfur, but does not work well with straight chain molecules containing sulfur. For example, 4,6-

dimethyl dibenzothiophene is very difficult to desulfurize using HDS however in ODS this 

molecule is one of the easiest to remove
4
. 

Oxidavite desulfurization method 

 The oxidative desulfurization (ODS) process, the sulfur atoms of dibenzothiophene 

(DBT) molecule are oxidized through the addition of oxygen atoms from a suitable oxidant in 

the presence of a catalyst to produce sulfones. Subsequently, these sulfones are removed either 

by adsorption, extraction, or simple filtration since these sulfones are insoluble in non-polar 

solvents
4, 17

.  

The ODS process has several advantages over HDS which include mild reaction 

conditions such as low temperatures and low pressure
13

. Several factors influence this process 

such as: the oxidant agent, the extraction solvent, reaction temperature, and the catalyst
17

.  

Several catalysts have been studied such as V/Al2O3 , Al2O3 using hydrogen peroxide as 

the oxidizing agent, nanomaterials of gold, platinum, palladium, and silver, as well as SiO2 in the 

presence of air 
17

. Another study shows that WOx supported on TiO2 along in the presence of 

hydrogen peroxide as oxidizing agent was effective in the oxidation of sulfur compounds
18

. 

Furthermore, Na2WO4 has been used as a catalyst in the presence of hydrogen peroxide as the 
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oxidizing agent
19

.  The percent removal of the sulfur in these studies was found to range between 

90-99%
17, 18, 19

.  

An important aspect that influences the efficiency of this process is the oxidizing agent, 

most commonly H2 O2, organic peroxides, and organic acids or some combinations are used for 

the oxidation of sulfur compounds in ODS. However, H2 O2 can become expensive when used in 

high amounts. Furthermore, peroxides are dangerous materials to be used on a large scale due to 

their oxidizability
4
. 

The catalysts also play an important role in this process. Some catalysts that have been 

studied for the ODS process include metal nanoparticles. Studies have shown that the catalytic 

activity of some metal nanoparticles depends on the amount of the metal used, the size, the 

surface area, the support, and the reducing agent used
4, 17, 18

.   

Alternatively, tungsten oxides (WOx) have shown promising results. Exceptional 

qualities of nanostructured WOx compared to the bulk material include: increased surface-to-

volume ratio, providing more surface area for both chemical and physical interactions, and 

significantly altered surface energies which allows for tuning and engineering of the material’s 

properties such as atomic species near the surface have different bond structures than those 

embedded in the bulk
24

.  

WOx  nanomaterials supported on TiO2 have been studied for the oxidation of DBT to 

DBT-sulfone
18

. Studies using tungsten oxide nanoparticles showed that the support did not 

influence the activity of the WOx atoms in the oxidation of dibenzothiophene; however, it was 

shown that the oxidation of DBT was greatly affected by the surface coverage by the WOx 
18

.  

In terms of catalysis, activation energy is one of the most important characteristics of a 

catalyst.  A catalyst speeds up the reaction because it lowers the activation energy of a reaction. 
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The catalyst lowers the activation energy but does not affect the actual energies of the reactants 

or products. Figure 4 shows the difference between a catalyzed and uncatalyzed reaction.  

 

  

 

 

   

 

Figure 3: Uncatalyzed reaction on the left and catalyzed reaction on the right. 

The reactions can be zero-order, first order, or second order reactions. Zero order reactions 

have a constant rate. This rate is independent of the concentration of the reactants. The rate law 

is: rate = k, with k having the units of M/sec.  First order reaction has a rate proportional to the 

concentration of one of the reactants. The rate law is: rate = k[A] with k having the units of sec
-1

.  

Second order reactions have a rate proportional to the concentration of the square of a single 

reactant or the product of the concentration of two reactants: rate = k[A]
2
 (or substitute B for A 

or k multiplied by the concentration of A times the concentration of B), with the units of the rate 

constant M
-1

sec
-1

.  

In the present study, the oxidation of dibenzothiophene (DBT) to dibenzothiophene 

sulfone was investigated using tungsten (VI) oxide. The reaction products were characterized 

using FTIR and Raman Spectroscopy. Gas Chormatography- Mass Spectrometry (GC-MS) was 

used to determine the concentration of DBT removed from solution. 

The reactions were carried out in different solvents to test the effect of changing the 

solvent on the oxidation of DBT to DBT sulfone. These solvent studied were 
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Gas Chromatography/Mass Spectrometry 

The GC-MS chromatograms were acquired by using a DSQ-Trace GC Ultra (Thermo 

Electron Corporation). A fused silica capillary column was used with the film thickness of 30m x 

0.25mm x 0.25µm. The Thermo Electron Corportion Xcaliber software was used for all data 

collection. The operational parameters for data collection on the GC-MS were as follow: the 

initial temperature was 60°C and hold for 1min, then the final temperature was 260 °C with the 

ramp of 25°C/min. The GC-MS was used to determine the disappearance of DBT from the 

solution from each of the reaction. In addition, 5 µl injection of the sample into the GC/MS was 

used.  

 From the data collected using the GC-MS, the area of the chromatogram corresponding to 

the DBT molecule was obtained through integration for each sample. The chromatograms were 

exported from the GC-MS and processed in Origin 7.0 software. Once the data was processed, 

the data was plotted showing that the area under the curve was related to the concentration of 

DBT. A graph with a linear equation was obtained. 

3.6 Raman Studies:   

The Raman spectra were collected using a Bruker Senterra Infinity 1 Raman Microscope 

equipped with a 785 nm excitation laser.  The Raman was used to show whether or not the 

product that was obtained from the reactions has the presence of the O-S-O stretches in the 

molecule and the shift in the C-S-C was present. The DBT-sulfone samples were placed on a 

microscope slide and different areas of the samples were investigated. The following parameters 

were used for sample collection: integration time of 15 seconds, resolution 3-5cm
-1

, co-addition 

of 15.   
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 FT-IR 

Fourier Transform Infrared spectra were obtained using a Thermo Nicolet Nexus 470 

scanning from 450 cm
-1

 to 4000cm
-1

. Pellets were prepared by mixing .120 mg of KBr and 0.10 

mg of the sample in a pellet maker and then the mixture was pressed in to a pellet using 10 tons 

of pressure. Each pellet was then placed in the FT-IR and analyzed. At the beginning of each 

spectrum collected, a background spectrum was obtained.   
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CHAPTER IV 

RESULTS AND CONCLUSION 

Results 

The WO3 catalyst was analyzed by an X-ray diffraction to get the structure of this catalyst 

which corresponded to the literature values for WO3. The synthesized WO3 was found to be in 

the P121/A1, a monoclinic crystal lattice. In addition, the cell was found to have a a= 7.3030 Å, 

b= 7.534 Å, and C = 3.86 Å, with the lattice angles of α=γ =90° and a β=89.85° parameters. The 

synthesized WO3 was used in the oxidation reaction of dibenzothiophene (DBT) to 

dibenzothiophene sulfone (DBT-sulfone). 
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Figure 5: XRD pattern 

In a typical reaction for the oxidation of dibenzothiophene to dibenzothiophene-sulfone, one 

of the temperatures from 120
 o
C, 130

o
C, 140

 o
C, or 150

 o
C was chosen as a starting point which 

1:1 mole ratio of WO3 and DBT in 25mL of n-dodecane was used. The solution was stirred on a 

magnetic stirrer and it was refluxed for 4 hours. Through the reflux set up was running propylene 

glycol at temperature of 15
 o
C.  

Figure 6 shows the results of the kinetic study obtained using n-dodecane for the removal of 

DBT over 4 hours at the varying temperatures from 120 to 140. Figure 6A shows that 

approximately 72% of the DBT was removed at the 120
 o
C over the 4 hour time period. Whereas, 

Figure 6B shows that at a temperature of 130
o
C 96% of the DBT was removed in 120 min. 

Furthermore, at temperature of 140
 o
C it was observed that 99.8% of the DBT was removed 
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within 90 minutes of reaction time, as can be seen in Figure 6C. When the reaction was 

performed at 150
 o
C 99% of the DBT disappeared in less than 30min. What can be concluded is 

that the temperature is an aspect that influences the oxidation reaction.                           
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 Figure 6A: time versus the percent removal of DBT using n-dodecane at 120
 o
C. 
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Figure 6B: time versus the percent removal of DBT using n-dodecane at 130
 o
C.                         
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Figure 6C: time versus the percent removal of DBT using n-dodecane at 140
 o
C. 

When switching solvent to decahydronaphthalene (decalin) as the solvent, using the same 

reaction conditions, it is shown in Figure 7 as can be seen in Figure 7A with a reaction 

temperature of 120
 o
C, 99% of the DBT was removed within 150min of reaction time. However, 

at temperatures of 130
 o
C, 140

 o
C , and 150

 o
C 99% of DBT was removed within 120 minutes or 

reaction time, as can be seen in Figure 7B-D.  
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Figure 7a: time versus the percent removal of DBT for the reactions using decalin at 120
 o
C. 
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Figure 7b: time versus the percent removal of DBT for the reactions using decalin at 130
 o
C. 
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Figure 7c: time versus the percent removal of DBT for the reactions using decalin at 140
 o
C. 

                                 

Figure 7d: time versus the percent removal of DBT for the reactions using decalin at 150
 o
C. 

Figure 8A-C, shows decane as the solvent in the reaction at temperatures of 130
 o
C, 140

 o
C, 

and 150
 o
C respectively. The reaction conditions were as previous mentioned using 1:1 mole 
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ratio of WO3 –DBT. At 130
 o
C, 99% of the DBT (Figure 8A) was removed in 210 min. However, 

at 140
 o
C, 99% of DBT was removed in 150 min (Figure 8B). Whereas, at 150

 o
C reaction 

temperature, it was observed that 99% of DBT was removed within 120min of reaction time 

(Figure 8C). Using decane as solvent, it is shown that the higher the temperature, the faster the 

DBT oxidizes.  
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Figure 8a: Time versus the % DBT at the 130
o
C using decane. 
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Figure 8b: Time versus the % DBT at the 140
o
C using decane. 
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Figure 8c: Time versus the % DBT at 150
o
C using decane. 

 The final solvent studied for the oxidation of DBT to DBT sulfone was dodecane. As with 

decaline, decane, and n-dodecane, the dodecane was studied at three different temperatures: 130
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°
C, 140

 °
C, and 150

 °
C. Again a 1:1 mole ratio of WO3 -DBT was used and 25mL of the solvent.  

As can be seen in Figure 9A at 130
 o
C only 37% of DBT was removed within 240min. However, 

at reaction temperature of 140
 °
C, it was noted that 32% of DBT was removed (Figure 9B). 

Whereas, at reaction temperature of 150
 °
C, 51% of DBT was removed within 240min of 

reaction time (Figure 9C). Of the solvents tested, the dodecane was the least effective of the 

solvents showing the lowest sulfur removal. 
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               Figure 9A: Time versus the % of DBT using dodecane as solvent at 130
°
C              
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Figure 9B: Time versus the % of DBT using dodecane as solvent at 140
°
C 
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Figure 9C: Time versus the % of DBT using dodecane as solvent at 150
°
C. 
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It was observed for all four solvents studied that as temperature increase, the rate of 

removal of DBT from solution increase, which indicates that for any the necessary energy for the 

appropriate number of collisions for the molecules to react is not applied, or that the activation of 

the O2 present in the solvent has a minimum energy for the reaction to proceed. It is also 

observed that the higher the temperature, the more DBT is removed through the oxidation 

reaction. There is a dependence of the reaction on the solvent used for the reaction, which is 

probably related to the solubility of the O2 in the solvent. 

 The activation energy for each solvent was also determined using Arrhenius plots as 

mentioned earlier. Though plotting the ln(k) versus the inverse of the temperature (in Kelvin) 

which give a linear plot. With the slope of the line equal to the Ea/R (where R is the gas constant 

with a value of 8.314J/Kmol) and the intercept is the frequency factor. The rate constant (k) is 

given by the negative of the negative slope of the line obtained by plotting concentration versus 

time.  The rate constant is a constant of proportionality between the reaction rate and the 

concentration of the reactant. The reactions were run at four different temperatures: 110
°
C, 

120
°
C, 130

°
C and 140

°
C for n-dodecane. Figure 10 shows the Arrhenius plot for n-dodecane 

which has an activation energy of 116.08 kJ/mol as derived from the fitting of the linear line 

derived from the data. When the decahydronaphthelien (decalin) was tested at three different 

temperatures 120
°
C, 130

°
C, and 140

°
C, the activation energy was 47.74 kJ/mol. The data obtained 

for the Arrhenius plot for decalin is shown in Figure 11. Decane was shown to have an activation 

energy of approximately 156.44kJ/mol as shown in Figure 12. Whereas the activation energy 

when dodecane was used was 71.73kJ/mol as shown in the Arrhenius plot in Figure 13.                                                                   
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Figure 10: Ln (k) versus1/T using n-dodecane as solvent 
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Figure 11: The plot of the ln(k) versus 1/T using decalin as solvent. 
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Figure 12: ln(k) versus 1/T when decane was used as a solvent. 
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Figure 13: 1/T versus ln(k) when dodecane was used as solvent. 
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 The activation energies are being compared: 116.08 kJ/mol, 47.74kJ/mol, 156.44 kJ/mol, and 

71.73 kJ/mol corresponded to n-dodecane, decalin, decane, and dodecane respectively. Out of 

these four, the one that had the lowest activation energy was decalin. This may be a result of the 

oxygen solubility or the ability of the solvents to donate hydrogen radicals forming insitue 

peroxides as has been suggested in the literature. The n-dodecane, decane, and dodecane are not 

known as hydrogen donating molecules, which would prevent the insitue generation of peroxide. 

In addition, oxygen solubility plays an important role in the oxidation of DBT to DBT sulfone. 

Whereas, decalin is a great hydrogen donating molecule which may be interacting with the 

dissolved oxygen in solution and generating hydroxyl radicals in the reaction mixture. The 

generation in the reaction mixture which facilitates the reaction and thus gives the lowest 

activation energy for the reaction and showing that the decalin/WO3 system has the lowest 

activation energy. 

 In the stoichomety study, n-dodecane and decaline were tested, these were the best 

solvent/catalyst candidates for the reaction. The data for the stoichiometric ratios are shown in 

Figure 14 and Figure 15. As can be seen in Figures 14 and 15, the WO3 had the same effect on 

the reaction at all ratios studied from 1:1, 1:0.75, 1:0.50, 1:0.25, 1:0.10, or through 1:0.05 mole 

ratio. The reactions were run at 140
°
C for two hours. As can be seen in Figures 14 and 15, 

greater than 90% of the DBT in solution (10,000ppm) was removed when treating the reaction 

with different mole ratios within 2 hours. In both solvents in the reactions, the total amount of 

DBT removed remained relatively constant throughout the entire reaction time.  
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Figure 14: 99% of the DBT was removed using 1:1, 1:0.75, 1:0.50, 1:0.25, 1:0.10, and 1:0.05 

mole ratios when using n-dodecane. 
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Figure 15: 93% of the DBT was removed when using decalin as solvent with different mole 

ratios.  
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 In order to verify that the product of this reaction was DBT-sulfone, product from the 

reactions that gave us the best removal of DBT were characterized using both Raman and FT-IR 

spectroscopies. Figure 16 shows the spectra of DBT-sulfone and Figure 17 shows the spectra of 

DBT taken from the Raman whereas Figure 18 shows the FT-IR spectrum. The Raman spectra 

shows at 1160-1120 cm
-1 

the presence of the sulfone (S=O) stretching in the molecules as well as 

the stretches in the range of 550-580 cm
-1

 are indicative of the S=O stretches. In the FT-IR, the 

C-S linkage occurs in the ring system at approximately 746cm
-1 (28). 

 However when the sulfur 

has oxygen added to it making the sulfone, the absorption shift to approximately 754 cm
-1

. 

-1000

0

1000

2000

3000

4000

400 600 800 1000 1200 1400 1600 1800 2000

DBT-sulfone

N
o

rm
a

liz
e
d

 I
n

te
n
s
it
y

Raman shift (cm-1)

decalin

n-dodecane

dodecane

decane

 

Figure 16: The spectra of DBT-sulfone using Raman. 
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Figure 17: The spectra of DBT using Raman 
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Figure 18: The spectra of DBT-sulfone using FT-IR. 

 

Conclusion 

  The difference in the tested solvents were their boiling point, 216
°
C, 186

°
C, 174

°
C, and 

178
°
C for n-dodecane, decalin, decane, and dodecane respectively. In all the solvents tested, the 

dibenzothiophene was successfully oxidezed. Decalin is considered a great hydrogen donor, 

decane is poor hydrogen donor, and n-dodecane and dodedecane are considered not a hydrogen 

donor molecule.  Regardless of their ability to donate hydrogen, when the reaction was 

performed in these solvents there was up to 99% removal of DBT at higher temperatures. It is 

recorded that n-dodecane and dodecane are not a hydrogen donor molecule, but in the presence 

of a catalyst, it forms hydrogen radicals
29

.  It is possible the reaction is radical driven, and 

hydrogen radicals are provided by the solvents. Oxidation of DBT using H2O2 is accomplished 
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by the formation of OH radicals
30

. The activation energies are being compared: 116.08 kJ/mol, 

47.74kJ/mol, 156.44 kJ/mol, and 71.73 kJ/mol corresponded to n-dodecane, decalin, decane, and 

dodecane respectively. Out of these four, the one that had the lowest activation energy was 

decalin. This may be a result of the oxygen solubility or the ability of the solvents to donate 

hydrogen radicals forming insitue peroxides as has been suggested in the literature. The n-

dodecane, decane, and dodecane are not known as hydrogen donating molecules, which would 

prevent the insitue generation of peroxide. In addition, oxygen solubility plays an important role 

in the oxidation of DBT to DBT sulfone. Whereas, decalin is a great hydrogen donating 

molecule which may be interacting with the dissolved oxygen in solution and generating 

hydroxyl radicals in the reaction mixture. The generation in the reaction mixture which facilitates 

the reaction and thus gives the lowest activation energy for the reaction and showing that the 

decalin/WO3 system has the lowest activation energy. Further studies are also necessary to 

determine the behavior of the reaction with oxygen instead of pure air.  
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