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ABSTRACT

This study is aimed at improving the current ultrasound assisted oxidative desulfurization

(UAOD) process by utilizing superoxide radical as oxidant. Research was also conducted

to investigate the feasibility of ultraviolet (UV) irradiation-assisted desulfurization. These

modifications can enhance the process with the following achievements:

o Meet the upcoming sulfur standards on various fuels including diesel fuel oils and

residual oils

o More efficient oxidant with significantly lower consumption in accordance with

stoichiometry

o Energy saving by 90%

o Greater selectivity in petroleum composition

Currently, the UAOD process and subsequent modifications developed in University of

Southern California by Professor Yen’s research group have demonstrated high

desulfurization efficiencies towards various fuels with the application of 30% wt.

xxil



hydrogen peroxide as oxidant. The UAOD process has demonstrated more than 50%

desulfurization of refractory organic sulfur compounds with the use of Venturella type

catalysts. Application of quaternary ammonium fluoride as phase transfer catalyst has

significantly improved the desulfurization efficiency to 95%. Recent modifications

incorporating ionic liquids have shown that the modified UAOD process can produce

ultra-low sulfur, or near-zero sulfur diesels under mild conditions with 70°C and

atmospheric pressure.

Nevertheless, the UAOD process is considered not to be particularly efficient with respect

to oxidant and energy consumption. Batch studies have demonstrated that the UAOD

process requires 100 fold more oxidant than the stoichiometic requirement to achieve high

desulfurization yield. The expected high costs of purchasing, shipping and storage of the

oxidant would reduce the practicability of the process. The excess use of oxidant is not

economically desirable, and it also causes environmental and safety issues. Post treatments

would be necessary to stabilize the unspent oxidant residual to prevent the waste stream

from becoming reactive or even explosive.

xxiii



High energy consumption is another drawback in the UAOD process. A typical 10 minutes

ultrasonication applied in the UAOD process to achieve 95% desulfurization for 20g of

diesel requires 450 kJ of energy, which is equivalent to approximately 50% of the energy

that can be provided by the treated diesel. This great expenditure of energy is impractical

for industries to adopt.

In this study, modifications of the UAOD process, including the application of superoxide

and selection of catalysts, were applied to lower the oxidant dosage and to improve the

applicability towards heavy-distillates such as residual oil. The results demonstrated that

the new system required 80% less oxidant as compared to previous generations of UAOD

process without the loss of desulfurization efficiency.

The new system demonstrated its suitability towards desulfurizing commercial

mid-distillates including jet fuels, marine gas oil and sour diesel. This process also

demonstrated a new method to desulfurize residual oil with high desulfurization yields.

The new process development has been supported by Eco Energy Solutions Inc., Reno,

Nevada and Intelligent Energy Inc., Long Beach, California.

XXiv



A feasibility study on UV assisted desulfurization by replacing ultrasound with UV

irradiation was also conducted. The study demonstrated that the UV assisted

desulfurization process consumes 90% less energy than the comparable process using

ultrasonication.

These process modifications demonstrated over 98% desulfurization efficiency on diesel

oils and more than 75% on residual oils with significantly less oxidant and energy

consumption. Also the feasibility to desulfurize commercial sour heavy oil was

demonstrated. Based on the UAOD process and the commercialized modifications by Wan

and Cheng, the feasible applications of superoxide and UV irradiation in the UAOD

process could provide deep-desulfurization on various fuels with practical cost.

XXV



CHAPTER 1: INTRODUCTION

1.1 General Overview

Petroleum was discovered several thousands years ago and has been extensively used
starting from the Industrial Revolution. Nowadays, petroleum and its derivative products
provide approximately 37% of the world’s energy consumption (Energy Information
Administration, 2009) and 90% of the vehicular fuel. While sulfur is one of the major
contaminants in petroleum, it generates air pollution that leads to severe environmental
and health consequences. The U.S. Environmental Protection Agency (EPA) and other
similar groups across the world have started proposing regulations to lower sulfur content
in various fuels since 1990s, and as a result stringent sulfur content regulations are

established for diesel and residual oil in the upcoming future.

0O Liquids
Natural Gas
/= Coal

B Nuclear

B Renew ables

Figure 1.1 World Marketed Energy Use by Fuel Type (EIA, 2009)



1.2 Diesel Fuel

1.2.1 Diesel Fuel and Organic Sulfur Compounds (OSCs)

Diesel, also known as petrodiesel, is a petroleum product through fractional
distillation of catalytic cracking of crude oil. It is a mixture of hydrocarbons with

typical carbon chain length of 8 to 21, having a boiling point ranged from 200°C to
325°C (Collins, 2007). Depending on its original sources and the refinery conditions,

properties such as sulfur content of a diesel fuel vary. Diesel fuel consists of
approximately 70% of aliphatic hydrocarbons including paraffins and naphthalenes,

with approximately 30% of aromatic hydrogen carbons (Steynberg et al, 2004).

Comparing with gasoline engine, diesel engine is generally operated under oxygen-
rich conditions, which leads to a more complete combustion thus releasing less
carbon monoxide and hydrocarbons. Besides, diesel engine has a lower fuel per
mile consumption, thus releasing less carbon dioxide. However, more soot, or
particulate matter (PM) including PM,; 5 and PM,, are emitted in burning diesel fuel.
These particulate matters are identified as contributing to variety of health problems
such as asthma, emphysema and bronchitis, while sulfur compounds in diesel is one
of the major factors causing the emission of these particulate matters. Recent
studies report that emission of diesel particulate matter increases significantly with
sulfur content in the diesel fuel burnt (Saiyasitpanich, 2005). In 1998, the California

Air Resources Board declared diesel PM as a toxic air contaminant and a



potential cancer risk; and in 2000, the U.S. EPA identified diesel PM as a likely

human carcinogen.

Emission of sulfur oxides (SOy) is another problem on using high sulfur diesel. SOy
can dissolve in water vapour in the atmosphere resulting in acid rain, which is

known to be harmful to plants, aquatic animals, and infrastructure.

Sulfur compounds, or more specifically organic sulfur compounds (OSCs), are
considered as the most important non-hydrocarbon constituents in petroleum. There
are three major types of OSCs: thiols (R-SH), sulfides (R-S-R’) and thiophenes. In
mid-range distillates such as diesel, the OSCs are primarily cyclic sulfide derivates,
benzothiophene derivates and dibenzothiophene derivates (Speight, 1999). The

chemical structures of the major OSCs in petroleum are listed in Table 1.1.
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Table 1.1 Major types of OSCs in petroleum

Thiols RSH

Sulfides RSR’

Cyclic Sulfides (thiacyclanes)

S
Thiophene [/ \5
S
Benzothiophene
~
S
Dibenzothiophene
~
S
~
S

Naphthobenzothiophene

S




1.2.2 Diesel Fuel and Sulfur Regulations

In order to lower the particulate and sulfur oxides emissions, the U.S. EPA has
established regulations to limit sulfur content in diesel fuels. Established in
November 1990 as promulgated by the EPA Clean Air Act Title II, all commercial
motor vehicle diesel fuels (highway diesel fuel) are required to be Low Sulfur
Diesel (LSD) with maximum sulfur content of 500 ppm,, as of October 1%, 1993. In
January 2001, the EPA established the Highway Diesel Rule (the 2007 Highway

Rule) with tightened limit on sulfur content.

Starting from June 1%, 2006, refiners in U.S. are required by the U.S. EPA to
produce ultralow sulfur diesel (ULSD) with maximum sulfur content of 15ppm,, for
highway vehicle uses. By December 1%, 2010, all highway diesel fuel in U.S. must
be ULSD (Energy Information Administration, 2001). In California, the use of
ULSD for all highway diesel fuel is required by the California Air Resource Board

since September 2006 (California Air Resource Board, 2003).

Non-road diesel refers to land-based non-road, locomotive and marine engines
diesel use. Before June 2004, sulfur content in non-road diesel fuels was not
regulated by the EPA; except for an industrial specification of 0.5% (5000 ppmy,)
sulfur. In June 2004, the EPA released the new standards for non-road diesel fuels.

For land-based non-road diesel fuel, the sulfur reductions will be accomplished in



two steps: (i) from uncontrolled levels to a 500 ppm,, cap starting in June, 2007;
and (ii) to 15ppm,, in June, 2010. Similarly, sulfur content limit for locomotive and
marine diesel fuels have been changed from uncontrolled levels to a 500 ppm,, cap
starting in June, 2007; and will be further reduced to a 15 ppmy, in June, 2012 (U.S.

EPA, 2004).

Table 1.2 Sulfur content standards for diesel (U.S. EPA, 2004)

Diesel Type Maximum Sulfur Content Implementation
(ppmy,) Date

Highway 500 October 1993
Highway 15 June 2006
Land-base non-road 500 June 2007
Land-base non-road 15 June 2010
Locomotive & Marine 500 June 2007
Locomotive & Marine 15 June 2012




1.3 Residual Oil

1.3.1 Residual Oil and OSCs

Residual fuel oil, also known as heavy fuel oil or bunker oil, is manufactured from
the residuum obtained from petroleum non-destructive distillation. Residual oil is a
highly viscous material with carbon chain length ranged from 12 to 70. Depending
on the distillation conditions and the nature of the crude oil, residual oil could be a
liquid or a solid in room conditions. Generally, a “liquid” residual oil is produced
from atmospheric distillation, while a “solid” or “almost solid” residual oil is
produced from reduced pressure distillation. Residual oil may be blended with
medium distillate such as heating oil or diesel to reduce its viscosity to acceptable

level.

Similar to crude oil, residual oil is a composition of asphaltenes, resins, aromatic
hydrocarbons and saturated hydrocarbons, while asphaltenes and resins are the
predominant components of residual oil. Asphaltenes are generally combination of
aromatic-naphthenic systems with substitution of different alkyl groups. They are
heteroatomic organic compounds which may contain atoms such as oxygen,
nitrogen, sulfur or metals in addition to carbon and hydrogen (Yen et al, 1994). It is
considered as the most complicated known organic components in petroleum, due
to high molecular weight, chemical structure diversity, tendency to associate and

other properties (Simanzhenkov et al, 2003).
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Figure 1.3 Schematic diagram of residual oil production (Sunggyu Lee et al, 2007)

The word “asphaltene” was first used by J.B. Boussingault in 1837, to describe the
components of bitumen which are alcohol insoluble, turpentine soluble solid. In
1945 J. Marcusson classified asphaltenes as the insoluble fraction in light gasoline
and petroleum ether. More recently, asphaltenes are widely accepted as fraction
derived from carbonaceous sources such as petroleum and coal. They are soluble in

benzene but insoluble in low boiling point paraffin solvent such as n-pentane.



In contrast, resins are the soluble fraction in n-pentane (Priyanto et al, 2001).
Therefore, asphaltenes and resins can be separated with appropriate solvents.
Similar concept to separate components in petroleum is illustrated in Figure 1.4. A
simple classification of residual oil’s components with respect to solubility in

different solvents is illustrated in Table 1.3.

Heavy Oil
Bitumen, Etc.

n-Pentane (40 Volumes)

'

Asphalienes Deasphaled Oil
[Precipitate) (Solubles)

Adsorbent, Elute
With (&) n-Pentane
and |B) Pyridine

'

Oils Resing
(Pentane Eluate) {Pyridine Eluote)

Adsarb on Silica Gel,
Elute With |A) n-Pentane
(B) Banzene

' '

Soturates Aromatics
[Pentane Eluate) (Benzene Eluaie]

Figure 1.4 Separation of petroleum into four major fractions (Speight, 1999)
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Figure 1.5 Examples of asphaltene formulae (Yen et al, 1994)

Table 1.3 Classification of residual oil’s components (Yen et al, 1994)

Fraction

Solubility

Remarks

Gas oils
Resins

Asphaltenes

Propane soluble

Propane insoluble
Pentane soluble

Pentane insoluble
Benzene soluble

Saturated and aromatic hydrocarbons

Combined distillates and resins are also
known as maltene or petrolene
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In general, residual oil contains approximately 79% to 88% w/w carbon, 7% to 13%
w/w hydrogen, trace to over 6% w/w sulfur, 2% to 8% w/w oxygen, less than 3%
w/w nitrogen and trace metals such as vanadium, copper, titanium, zinc, calcium,
iron which can be found in crude oil. Due to the nature of non-destructive
distillation process used to produce residual oil, majority of sulfur compounds
which are generally considered as higher molecular weight fractions and metals in
the form of salts or organometallic constituents are concentrated in the residual oil

(Sunggyu Lee et al, 2007).

Among all non-hydrocarbon constitutes, sulfur compounds are considered as the
most important due to the corrosiveness which can severely damage piping and
processing units. The major sulfur species in residual oil are alkyl benzothiophene
derivates, dibenzothiophene derivatives, benzonaphtho-thiophene derivatives and
phenanthro-thiophene derivatives (Speight, 1999). Some of the common OSCs

found in residual oil are listed in Figure 1.6.
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Figure 1.6 Examples of OSCs in residual oils
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1.3.2 Residual Oil and Sulfur Regulations

Residual oil is mainly used in marine vessels and power plants for power generation;
and in some commercial or industrial buildings for heating and other processing
purposes. Because residual oil is rarely used in dense areas but remote sites,
specifications on residual oil are generally set based on technical instead of
environmental issues. Among all, kinematic viscosity and sulfur content are the

most critical specifications for residual oil. Kinematic viscosity at 100°C for

residual fuel oil should be in the range of 10 to 55 centistoke (mm?/s). For residual
fuel oil with higher viscosity, it is usually blended with lighter distillates such as

diesel to achieve a lower viscosity for handling and processing.

Table 1.4 Standard properties of residual oil

Properties Range
Density (at 15°C) 0.975-1.01 (g/cm’)
Kinematic Visocity (100°C) 10-55 (cSt)
Flash Point >60°C
Pour Point 0-45°C
Water Content <1%
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In the past, maximum sulfur content in residual oil was limited at the range of 3.5%
to 5% in order to protect the engines or boilers. Using higher sulfur content fuel
could cause severe corrosion on engine, due to the formation of sulfur dioxide and
sulfur trioxide during combustion. With excess air, appropriate temperature and
pressure, sulfur dioxide and sulfur trioxide would be converted to sulfurous acid
and sulfuric acid causing damages. This is also known as “cold end corrosion”
because the conversions of sulfur oxides to the corresponding acids happen in

relatively low temperature locations (lower than 150°C) of engines.

In the United State, there is no sulfur cap on heavy oil or residual oil for land-based
uses such as fossil fuelled electricity generation plant. Instead, sulfur dioxide
emission is regulated by EPA’s Acid Rain Program. In some states such as
Tennessee, SO, emission from specific fuel is also regulated in certain locations.
According to Tennessee Air Quality Act, any fuel burning installation in Shelby
County using No. 5 and No. 6 fuel oils, which are considered as residual oils, has a
emission limit of 2.7 lbs SO»/10° BTU. A sulfur cap of 0.3% on all liquid and
gaseous fuels has also been adopted recently to limit SO, emission from all
stationary gas turbines in the State of Tennessee (Environment and Conservation,

2009).
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While another major use of residual oil is on marine vessels, regulations established
by the Marine Environment Protection Committee (MEPC) of the International
Maritime Organization (IMO) are generally applicable to residual oil. The Protocol
of 1997 (MARPOL" Annex VI - Regulations for the Prevention of Air Pollution
from Ships) is the first international agreement that limits the sulfur content in all
fuel oil including residual oil to 4.5% by mass. Sulfur content of fuel oil used in
Sulfur Emission Control Areas (SECAs) has to be lower than 1.5% by mass. The
SECAs regulation is applied only to Baltic Sea (enforced in 2005); North Sea and
English Channel (enforced in 2007). The protocol is active since May 19", 2005

(MEPC, 1997).

MARPOL Annex 13, also known as the Revised MARPOL Annex VI, was adopted
in October 10™, 2008. A new set of global sulfur caps for all fuel oil will be applied
gradually so as to further reduce SOy emission from ships. This new regulations
will be accomplished in two steps: (i) instead of 4.5%, a 1.5% cap will be effective
starting from January 1%, 2012; and (ii) a progressive reduction on sulfur level to
0.5%, which will be effective from January 1%, 2020. Similarly, the new regulations
for SECAs will first be reduced from the current 1.5% to 1% sulfur cap strating
from July 1%, 2010; then be further reduced to a 0.1% sulfur cap starting from

January 1%, 2015 (MEPC, 2008).

MARPOL 73/78 is the major international convention for preventing pollution of the marine
environment by ships from operational or accidental causes
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Table 1.5 Sulfur content standards for all marine-use fuel oils

Area of Effect Maximum Sulfur Content (%) Implelr)n:tlztation
Global 4.5 May 2005
Global 3.5 January 2012
Global 0.5 January 2020
SECAs 1.5 May 2005
SECAs 1 July 2010
SECAs 0.1 January 2015
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1.4 Current Desulfurization Technologies

Before the introduction of tightened sulfur standards, blending with low sulfur containing
fuels was a common practice to lower the sulfur content in high sulfur containing fuels
for technical purposes. Nowadays, various technologies on desulfurization have been
developed. It is, however, an important issue to identify if the technologies developed are
able to produce ultra-low sulfur diesel and other low sulfur fuels so as to meet the sulfur

standards set locally and globally; and if these technologies are cost effective.

Up to now, hydrodesulfurization is the main stream in the desulfurization technology
adopted commercially. Due to the tightening of sulfur regulation, traditional
hydrodesulfurization faces its limitation to produce ultralow sulfur fuel. Development of
new technologies becomes a necessity in the refinery industry. As a result, alternative
desulfurization processes including adsorptive desulfurization, biodesulfurization and
oxidative desulfurization are widely discussed as possible technologies to produce

ultralow sulfur diesel.
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1.4.1 Hydrodesulfurization (HDS)

Hydrodesulfurization, or hydrotreating, is a conventional refinery process for
desulfurization. This is one of the most common desulfurization technologies which
have been applied on naphtha desulfurization since 1950s. Hydrodesulfurization is a
catalytic hydrogenolysis which would result in breaking the C-S chemical bond and

forming C-H and H,S.

Traditional HDS reaction takes place in a fixed-bed reactor under high temperature

and high pressure, typically in the range of 290°C to 455°C and 150psi to 3000psi,

respectively. The oil feedstock and hydrogen gas are pumped to the reactor at high
temperature and pressure with the presence of metal catalyst, for instance, cobalt-
molybdenum supported by alumina (CoMo/Al,0O3) or nickel-molybdenum
supported by alumina (NiMo/Al,O3), producing desulfurized hydrocarbons and
hydrogen sulfide. The HDS chemical equations for mercaptans and sulfides are

listed as below:

RSH + H, — 4% 5 R + H,S (Eq. 1.1)
RSR'+H, —M/ 4% s RH + R'H + H,S (Eq. 2.1)
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The mixture of hydrocarbons, hydrogen gas and hydrogen sulfide from the reactor
would then pass through gas separator so as to separate the fuel from hydrogen and
hydrogen sulfide. The mixture of hydrogen and hydrogen sulfide from the gas
separator would be treated by amine gas so as to purify hydrogen gas for reusing in
the reactor. Hydrogen sulfide can be oxidized to sulfur dioxide by air, which can be
further converted to elemental sulfur through the Claus process or sulfuric acid
through the contact process. Chemical equations for these two processes are listed

in Table 1.6.

Table 1.6 Chemical reactions for the Claus process and the contact process

Process Chemical Equations

Claus Process:

Overall reaction: 2H,S+0, - 25+2H,0
Hydrogen sulfide oxidation: 2H,5+30, - 250, +2H,0
Catalytic conversion: 2H,S+ S0, —"% 38 +2H,0

Contact Process:

Sulfur dioxide oxidation: 250, +0, - 250,
Oleum formation: SO, +H,50, - H,S,0,
Sulfuric acid formation: H,S,0,+H,0—2H,S0,

20



Fuel obtained from the gas separator would be further treated in stripper distillation
unit with reflux so as to remove sour gas including hydrogen, hydrogen sulfide,
methane, ethane, propane and other volatile organic compounds. Similarly, this gas
mixture would be treated by amine gas to recover hydrogen sulfide. The remaining

fraction can be used for other purposes such as refinery fuel gas.
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Figure 1.7 Schematic diagram of HDS unit

Although HDS has been used to produce low sulfur fuel for decades, the upcoming
tightened regulations will be a new challenge on this process. HDS has been proven

to desulfurize mercaptans, sulfides and thiophene. However, the more condensed
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derivatives including benzothiophenes (BTs) and dibenzothiophenes (DBTs) are
more difficult to treat by HDS. The reactivity of the one- to three-ring OSCs
decreases accordingly: Thiophenes > Benzothiophenes > Dibenzothiophenes

(Girgis et al., 1991).

It is found that low sulfur diesel fuel produced from HDS contains approximately
500 ppm,, sulfur, mostly alkyl derivatives of DBTs which are considered as
refractory compounds and cannot be easily desulfurized by HDS (Ma et al., 1994).
4-alkyl DBTs, 6-alkyl DBTs and 4, 6-alkyl DBTs have very low reactivity which
can be explained by combinations of electronic density, bond order, and spatial,
geometric and steric hindrance around the sulfur atom (Hans Schulz et al., 1999). 4,
6-dimethyl-dibenzothiophenes are well known for its high stability against HDS.
Thus, traditional HDS is not applicable to produce ULSD required by the new

sulfur regulations.

Figure 1.8 IUPAC numbering for DBT
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Modifications on HDS, including increment of hydrogen, catalyst dosage, and also
operating pressure, have been investigated. In general, hydrogen usage is the major
operational cost for HDS. In order to lower the sulfur content from 500ppm,, to
15ppmy, an addition of 25% to 45% of hydrogen gas is required (Energy
Information Administration, 2001). This implies that the operational cost will be
doubled. On the other hand, doubling catalyst dosage can only lower the sulfur
content by 100 ppm,, (Whitehurst et al., 1998). Thus, a dramatic increase in catalyst

dosage is required to produce ULSD.

Suggested by the National Petroleum Council, operating pressure has to be
increased from 1100psi to 1200psi in order to produce diesel with less than 30
ppm,, sulfur. This requires a specific thick-walled reactor to withstand such a high
pressure, and thus increasing the capital and operational costs. Beside the huge
increase in cost, safety issue is also a big concern for HDS which requires high
operating temperature and pressure with the use of hydrogen gas. Reactor wall
failure and even explosion can be resulted if uncontrollable ‘hot-spots”

phenomenon (Speight, 1994), or any other operation errors happen.
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1.4.2 Adsorptive Desulfurization (ADS)

Adsorption of OSCs in fuel is another possible desulfurization technology
developed recently. In adsorptive desulfurization process, OSCs are adsorbed into a
specified solid adsorbent so as to produce none- or low-sulfur fuel. Depending on
the interaction between OSCs and the adsorbent, adsorptive desulfurization can be
classified into direct adsorption desulfurization and reactive adsorption
desulfurization. In direct adsorption desulfurization, OSCs are physically adsorbed
on the adsorbent surface. Spent adsorbent can be regenerated by washing with a
desorbent, usually a solvent, and the sulfur compounds can be concentrated simply

by distillation.

PSU-SARS developed at Pennsylvania State University is an example of direct
adsorption desulfurization. This process is basically a composition of direct
adsorption desulfurization and hydrodesulfurization. Fuel feedstock is first treated
with selective adsorption of sulfur compounds by specific transition metal
compounds such as nickel phosphides. The spent adsorbent is regenerated by
solvent washing and the sulfur rich fraction is further concentrated by evaporation
so as to recycle the solvent. The concentrated sulfur fraction is then treated by
hydrodesulfurization unit (Ma, 2001). Figure 1.9 shows the schematic diagram of

PSU-SARS followed by HDS.
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Figure 1.9 Schematic diagram of PSU-SARS followed by HDS (Ma, 2001)

Reactive adsorption desulfurization, on the other hand, is based on chemical
interaction between OSCs and the adsorbents. In this process, sulfur portion of an
OSC molecule is fixed on the adsorbent, and the sulfur-free hydrocarbon portion is
released to the fuel. Regeneration of sent adsorbent can be done by either oxidation
or reduction of sulfur portion. Depending on the regeneration process selected,
elemental sulfur, hydrogen sulfide or sulfur oxides would be generated (Zhou ed.,

2007).
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The S-Zorb Sulfur Removal Technology (S-Zorb SRT) is a representative reactive
adsorption desulfurization process announced by ConocoPhillips Company in 2000.

Fuel feedstock is vaporized at 380-420°C in the presence of hydrogen gas and

injected to the adsorption reactor. Sulfur portion in the OSCs cleaved from the
molecules are adsorbed on the adsorbent, leaving the hydrocarbon portion in the

fuel stream.

Hydrogen gas is primarily used to prevent coke building up on the adsorbent only,
thus hydrogen consumption is relatively low comparing with HDS. Spent adsorbent
is regenerated by an oxidation process, which convert the adsorbed sulfur to sulfur
dioxide. S-Zorb SRT can be used to lower the sulfur content in gasoline and diesel
fuels to a level of 5 ppm,, with a relatively low capital cost comparing with

hydrodesulfurization units.

Several studies have also demonstrated that adsorptive desulfurization can produce
desulfurized diesel or gasoline with sulfur content less than 30 ppm,, (Liu et al.
2007 and Tang et al, 2009). However, all these processes require specially prepared

or synthesized adsorbents which are not commercially available at this stage.

Commercially available adsorbents such as activated carbon, activated alumina or
zeolites are reported to be not applicable on adsorptive desulfurization (Takahashi et

al., 2002). Besides, it is predicted that ADS is not a cost effective process to be
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applied on untreated fuel with high sulfur content. Factors affecting desulfurization
including adsorption capacity, durability, regenerability and selectivity on sulfur

compounds are also a major concern in developing ADS (Kwon et al., 2008).
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1.4.3 Biodesulfurization (BDS)

Biodesulfurization, an enzymatic process involving the use of bacteria as
biocatalysts to remove OSCs in fuels, is an innovative technology, which uses

bacteria as the catalyst to remove sulfur from the feedstock.

Theoretically, biodesulfurization can be conducted in aerobic or anaerobic
conditions. In aerobic conditions, OSCs are stepwise oxidized and eventually
forming sulfate salts in the presence of sulfur-specific desulfurization microbes such
as R. Rhodochrous, R. erythropolis D-1, Gordona CYKS1 and Rhodococcus UM3.
OSCs are first oxidized to the corresponding sulfoxide, and then to sulfone,
followed by sulfinate, and finally to desulfurized organic portion and inorganic
sulfate ions (McFarland, 1999). While OSCs in fuel are converted to water-soluble
sulfate which can be easily removed, the desulfurized organic potion would stay in
the fuel. Thus, the fuel value would not be degraded. Figure 1.10 shows the general
degradation pathway of DBT in the presence of sulfur-specific desulfurization

microbes.
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On the other hand, anaerobic biodesulfurization causes the reduction of OSCs to
H;,S in the presence of sulfur-reducing bacteria such as Desulfovibrio sapovorans.
Although it has been demonstrated as a possible desulfurization pathway in model
compound studies (Armstrong et al., 1995), no significant reduction in sulfur
content in real fuel oil samples is observed under anaerobic biodesulfurization
(McFarland, 1999). The industries are therefore more interested in aerobic
biodesulfurization, and in most cases, the word “biodesulfurization” refers to

aerobic biodesulfurization.
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Recent researches have successfully demonstrated that various sulfur-specific
desulfurization microbes can achieve 57% reduction in BT content (Kirimura et al.,
2002), 90% reduction in DBT content (Li et al., 2006), 50% reduction in some of
the alkyl derivatives of DBTs (Rashidi et al., 2006), higher than 80%
desulfurization in HDS treated diesel (Li et al., 2003) and higher than 45%

desulfurization in heavy oil (Yu et al., 2006).

Nevertheless, there are some factors limiting the applicability of BDS. Biological
and enzymatic reactions are highly sensitive to environmental conditions such as
operating temperature, solvent used, toxin and nutrient availability. Besides, a pre-
HDS treatment is usually required to provide a relatively low sulfur fuel. Up to now,
biodesulfurization has only been tested in bench scale study. Pilot-scale tests with

more detailed designs and cost estimation have not been developed.
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1.4.4 Oxidative Desulfurization (ODS)

Oxidative desulfurization is considered as the latest unconventional desulfurization
process which involves chemical oxidation of divalent organic sulfur compounds to
the corresponding hexavalent sulfur, also known as sulfone. The physical and
chemical properties of sulfones, for instance boiling points, polarity and solubility
in various solvents, are significantly different from the original sulfur compounds.
In general, sulfones have higher boiling points and increased polarity which leads to
higher solubility in polar solvent. Therefore, sulfones can be easily separated from

fuels through distillation, solvent extraction or adsorption.

Fuel OSCs R Phase R Sulfone Clean
Feedstock Oxidation i Separation i Separation > Fuel
A
Oxidant & l l
Catalysts Recovered Recovered
Catalysts Sulfones

Figure 1.11 General process scheme for ODS
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Theoretically, ODS can be performed by various type of oxidants. Nitric acid and
nitrogen oxides were two popular oxidants used to remove both organic sulfur
compounds and organic nitrogen compounds in 1980s (Tam et al., 1990). Due to
poor selectivity, low yield and loss in heating value for the treated oil, these

oxidants have not been widely used.

Recently, more studies are focused on hydrogen peroxide and organic peroxides as
oxidants in ODS. With application of specific catalysts such as transition metal
complexes and also phase transfer catalysts, hydrogen peroxide can be activated to
effectively oxidize OSCs to sulfones under mild conditions (Yen et al., 2000;

Zapata et al., 2005).
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Figure 1.12 General reactions of BT and DBT in ODS (Gatan et al., 2004)
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After the oxidation process, sulfones separation can be achieved by liquid-liquid
extraction using polar solvents or by adsorption using, for instance, silica gel or
alumina. Spent solvent can be purified by distillation so as to obtain clean solvent
and concentrated sulfones. N, N-dimethylformamide, dimethyl sulfoxide, sulfolane,
methanol and acetonitrile are some of the polar solvents which can be used for

liquid-liquid extraction.

Among all the solvents listed, N, N-dimethylformamide is the most effect solvent to
remove sulfones. Nevertheless, the oil recovery rate would be significantly lowered
when this solvent is used for extraction (Otsuki et al., 2000). It has also been
reported that some of the hydrocarbons such as naphthalene would be extracted
from fuel during liquid-liquid extraction, resulting in reduction in heating value and

fuel quality (Mei et al., 2003).

Instead of liquid-liquid extraction, sulfone adsorption with alumina could be applied
to increase selectivity and reduce loss of valuable hydrocarbons (Etemadi et al.,
2007). The major advantages of ODS include low capital cost, low reactor
temperatures and pressures, short reaction time, no emissions, and no hydrogen
requirement. It has been estimated by pilot plant studies that ODS could be operated
in less than half of the cost of a new high-pressure hydrotreater (Energy Information

Administration, 2001).
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The Ultrasound Assisted Oxidative Desulfurization (UAOD) process is one of the
most promising ODS systems with greater than 95% oxidation yield of organic
sulfur in short period of time under mild conditions (Wan et al., 2007). However,
the UAOD process cannot successfully produce ultra-low sulfur diesels. The
modified UAOD process with the application of ionic liquids developed later
demonstrated a greater than 98% desulfurization on various diesels which can meet

the ULSD standards (Cheng et al., 2008).

Nonetheless, both the UAOD and the modified UAOD processes require high
dosage of 30% wt. hydrogen peroxide solution and high energy consumptions. Both
systems required 100 fold more oxidant than stoichiometic requirements. Lowered
oxidant concentration would significantly reduce the OSCs oxidation yield (Wan et
al., 2007). On the other hand, a typical 10 minutes ultrasonication using a probe
ultrasonic reactor (model number VCX-750) applied in the UAOD and modified
UAOD process to desulfurize 20g diesel requires 450 kJ of energy, which is
equivalent to approximately 50% of chemical energy in 20g treated diesel,

assuming a energy density of 45 MJ/kg in diesel (Gibilisco, 2006).
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1.5 Research Objectives

With the tightened environmental regulations on diesel and other fuel oil, traditional HDS
alone is not adequate to meet the upcoming sulfur limits. Oxidative desulfurization has
been proven to be one of the feasible alternatives. Ultrasound Assisted Oxidative
Desulfurization and the modified UAOD system developed recently have demonstrated
more than 95% desulfurization on varies diesels which meets the ULSD standards (Wan
et al., 2007; Cheng et al., 2008). However, high dosage of 30% wt. hydrogen peroxide

solution and high energy consumptions are required in those processes.

In order to improve ODS efficiency and its applicability to heavy oil such as residual oil,
this research investigates the use of alternative oxidants such as superoxide of alkali
metals. Experiments were carried out to optimize ODS process as well as evaluate the
desulfurization effectiveness in different fuel oil including residual oil. Furthermore,
studies on an alternative enhancement technology, namely, ultraviolet assisted oxidative
desulfurization, has also been performed to evaluate its feasibility and its potential in

reducing energy consumption.
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CHAPTER 2: THEORETICAL BACKGROUND

2.1 Introduction

In order to improve the Ultrasound Oxidative Desulfurization process so as to develop a
technology to produce ultralow sulfur fuels with reasonable chemical consumption, a

series of process modifications have to be considered.

The UAOD process includes the application of ultrasonication, hydrogen peroxide as
oxidizing agent, acid catalysis, and phase transfer catalysis. Based on the UAOD process,
the following elements were considered in the modifications: ultrasonication; oxidant
selection; acid catalysis; phase transfer catalysis; application of ionic liquid; and photo-

catalysis. The basic concepts of these six elements listed are discussed in this chapter.
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2.2 Ultrasonication

2.2.1 Fundamentals of Ultrasound

Sonic wave is periodic vibration with frequency in between 15 Hz to 20 kHz which
is audible to the average human. Ultrasound, on the other hand, is the radio wave
with frequency higher than 20 kHz but lower than 100 MHz (Berlan et al., 1996).
Nowadays, ultrasound is commonly applied to various industries including
chemical synthesis, biotechnology and environmental engineering. Ultrasound
frequency level is inversely proportional to the power output. Typically, low-power,
high frequency ultrasound with frequency higher than 1 MHz is considered as non-
destructive ultrasound. Ultrasound in this frequency range does not affect the
medium it travels through. Thus, it is commonly used in medical sonography or

other medical diagnosis.

On the other hand, high-power, low frequency ultrasound with frequency ranged
from 20 kHz to 100 kHz does alter the medium it travels through. This type of
ultrasound is mostly applied on sonochemical reactions. It has been demonstrated
that ultrasound in this range is applicable to improve mixing, increase rate of
chemical reactions, promote emulsification, and others (Thompson et al., 1999).
Ultrasound with frequency ranged from 100 kHz to 1 MHz has medium power
intensity. It is usually applied on biomedical treatments such as focused ultrasound

surgery (FUS) or ultrasound based physical therapy (Baker et al., 2001).
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2.2.2 Theory on Sonochemistry

The Chemical and mechanical effects of high-power, low frequency ultrasound
were first identified in 1930s from a phenomenon called acoustic cavitation or
ultrasonic cavitation (Suslick et al., 1999). Cavitation is a unique phenomenon in
which a relatively low energy of an acoustic field is concentrated in very small
volumes, resulting in a relatively high energy density locally. It is defined as the
pulsation, oscillation, growth, splitting and other motion of bubbles and their
interaction due to a first reduced, then an increased pressure produced in a liquid

(Margulis, 1995).

When the negative pressure produced at the rarefaction period of a sound wave
exceeds the van der Waals force among molecules in the liquid, it would initiate the
formation of cavitation bubbles at gas or solid particles (Mason, 1999). These
cavitation bubbles would grow to an equilibrium size or resonance size when the
resonance frequency of the bubbles equals the ultrasound frequency applied. When
the cavitation bubble grows to size greater than the resonance size, the bubble
would collapse and generate a local high pressure greater than 1000 atm and high

temperature up to 5000K instantaneously (Storey et al., 2001).
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Sonochemical activity and occurrence of acoustic cavitation could be affected by
factors including ultrasound frequency, ultrasonic power, temperature, reactor

pressure, solvent properties and sparge gas applied (Beckett et al., 2000).

Sonoluminesence is another phenomenon happening when ultrasound is applied in
a liquid. It is the light emitted when cavitation bubbles collapse, which implies the
existence of local high temperature. This phenomenon was first discovered by H.
Frenzel and H. Schultes by putting an ultrasound transducer in photographic
developer fluid in 1934 (Crum et al., 1994). This discovery was later recognized as
multiple-bubble sonoluminescence (MBSL). The concept of sonoluminescence is

illustrated in Figure 2.1.

Another type of sonoluminescence, single-bubble sonoluminescence (SBSL), was
discovered by F. Gaitan and L. Crum in 1989 (Gaitan et al., 1992). The peak
temperature could be ranging from 6000K to approximately 20000K. Production of
active chemical species such as hydrogen peroxide and hydroxyl radicals are

reported (Didenko et al., 2002).

Different theories, including the electrical theories, the mechanochemical theory,
the chemiluminescence theory, the hot spot theory, the shock wave theory and
others, have been developed to explain these phenomena caused by ultrasound

based on light emission mechanisms. Among all, researchers are more interested in
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the electrical theories, the hot spot theory and the shock wave theory. It was first
proposed that the light emitting phenomenon was a result of charge separation in
cavitation bubbles, the charge fluctuations when bubbles collapse and other
electrical microdischarge (Levshin et al., 1937). Electrical theories have a common
assumption that emitting bubble has asymmetric charge distribution, which is found

later to be contradicted with systematic studies on SBSL (Ohl, 2000).

Standing wave low pressure
1
| |

Bubble expends

Bubble collapse

Light emitted

lugh pressure

Figure 2.1 The sonoluminescence process (Lohse, 2002)
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The hot spot theory is described that the energy for light emission causing
sonoluminesence is supplied by thermal energy generated during cavitation bubble
collapse. The hot spot is believed either a black body where the radiation and matter
are approximately in equilibrium (Noltingk et al., 1950), or Bremsstrahlung, also
known as free-free transitions caused by accelerating unbounded electrons (Yasui,
1999). The hot spot theory generally suggested that an instantaneous increase of
temperature to a range higher than 10000K, and that of pressure up to 1800 atm

would occur during bubble collapse, would be responsible for the sonoluminesence.

The shock wave theory proposed by Jarman in 1960s suggests that mircroshocks
propagated within the imploding bubbles induce high temperature and pressure
causing sonoluminesence (Taylor et al., 1970). This theory is now considered as an
alternative to the hot spot theory, and the possibility of microscale explosive
shockwave synthesis at the final stage of bubble collapse has been discussed in

various studies (Greenspan et al., 1993; Crum et al., 1998; Young, 2005).
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2.2.3 Sonochemistry in Aqueous Phase

Applying high-power low frequency ultrasound to aqueous system would cause the
formation of cavitation bubbles and sonoluminescence. Although part of the energy
would be released as light and heat, more energy would be involved in chemical
reactions. As listed in Table 2.1, it is demonstrated from a single cavitation bubble
model in aqueous solution that energy for sonochemical reactions is more than 100

fold of the energy for sonoluminescence (Didenko et al., 2002).

Local high temperature and high pressure generated due to collapse of cavitation
would lead to the formation of intermediate radical species including hydroxyl
radical (OH - ), hydrogen radical (H - ), and hydroperoxyl radical (HO, - ). These
radicals, especially OH -, are highly active and are precursors of many other
chemical reactions. Formation of hydrogen peroxide by ultrasonic irradiation is also
of particular interests, because it is usually used as an indirect measurement of OH -

production.
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Table 2.1 Sonochemistry in a cavitation bubble formed in water (Didenko et al., 2002)

Conditions 3°C 22°C
Number of OH - radicals per cycle 8.2x10° 6.6x10°
Number of NO;" ions per cycle 9.9x10° 3.7x10°
Number of photons per cycle 7.5%x10* 8.1x10°
Maximum potential energy of bubble (eV) 7.5%x10" 6.4x10"
Energy to form OH - radicals (eV per cycle) 4.3%10° 3.4x10°
Energy to form NO;" ions (eV per cycle) 4.2x10° 1.6x10°
Energy to form photons (eV per cycle) 2.6x10° 2.7x10*
Energy efficiency of sonochemistry 1.1x10™ 7.8x107
Energy efficiency of sonoluminescence 3.5x10°° 4.3%x107

Ultrasound causes formation of radicals similar to ionizing radiation, which split
water molecules into H- and OH - (Yazici et al., 2006). It is also reported that
atomic oxygen can be generated from dissolved oxygen in aqueous solution upon
ultrasound irradiation (Fang et al., 1995). These radicals and atomic oxygen would
further react with dissolved oxygen, water molecules, or other radicals to form

hydrogen peroxide and oxygen eventually.
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A summary of these chemical reactions according to the initial active species
generated from ultrasound is listed in Table 2.2. It has also been reported that the
presence of ozone (O3) would promote generation of free radicals and reactive
oxygen species. The presence of inert gas, argon (Ar) for instance, would promote
sonoluminescence reactions (Beckett et al., 2001). Figure 2.2 illustrates the

chemical reactions during acoustic cavitation with gases including Ar, O, and O;.

Table 2.2 Chemical reactions initiated by ultrasound in water (Mason et al., 2002)

H,0—rwewd s 1. +OH -
H-+0,—— HO, -

Radiolysis of H,O
HO, -+HO, -—> H,0, + 0,
OH -+OH -— H,0,
02 ultrasound 2 0
Radiolysis of O, O+H,0——20H -

OH -+OH -——> H,0,
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H,0 =—=OH + 'I-[

Figure 2.2 Sonochemical reactions in water with Ar, O, and Os (Beckett et al., 2001)
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2.2.4 History of UAOD and Its Modifications

When ultrasound is applied, very fine cavitation bubble would form. This
phenomenon can greatly improve emulsification in a system with two or more
immiscible liquid phases. This would greatly increase the contact area and thus, the
mass transfer of reactants. Combining the effect of local high temperature and
pressure produced during collapse of cavitation bubble, ultrasound could greatly
increase the rate of reactions, especially in a system involving multiple liquid

phases such as UAOD process (Mei et al., 2003).

UAOD process has been under development since 1990s. At the very beginning of
the UAOD history, desulfurization was observed by applying a 20 kHz ultrasound
to crude oil suspended in basic or acidic conditions. Use of transition metals such as
nickel and vanadium as catalysts with hydrogen peroxide as a chemical assisted

ultrasound method was developed (Lin et al., 1993; Sadeghi et al., 1994; Yen, 1998).

In the first generation of UAOD, or simply the UAOD process, the Venturella type
of transition metal catalysts (TMC), or polyoxometallates with Keggin structure
such as phosphotungstic acid (H;PW,04), and a quaternary ammonium salt,
tetraoctylammonium bromide, as phase transfer catalyst (PTC) were introduced so
as to produce high effective and selective oxidation with hydrogen peroxide to

improve desulfurization (Mei et al., 2003). Structure of phosphotungstic acid is
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illustrated in Figure 2.3. In the UAOD process, higher than 98% desulfurization on
selected diesel samples can be achieved in 10 minutes ultrasonication with 30% wt.
hydrogen peroxide as oxidant, together with the selected TMC and PTC. However,
it has been demonstrated that the UAOD process has a low conversion on

benzothiophene (BT) and its derivatives. Brominated byproducts are also identified

in the treated oil samples.

Figure 2.3 The Keggin structure of [PW,04]> (Bochet et al., 2009)
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Figure 2.4 Conceptual model of 1% generation of UAOD process (Wan et al., 2007)

Changing phase transfer agent in the second generation of UAOD led to
desulfurization without brominated byproduct. Instead of bromide as anion,
quaternary ammonium salt with fluoride as anion was used as phase transfer
catalyst. This eliminated the formation of byproduct, and also increased the overall

desulfurization efficiency (Wan et al., 2007).
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The second generation of UAOD demonstrated greater than 95% desulfurization in
various diesel samples within 10 to 20 minutes. A portable, continuous flow
desulfurization unit was customized based on the second generation UAOD (Wan et
al., 2008). The portable UAOD unit can treat a maximum of 52.8 lb diesel per day
with 92% desulfurization. In order to reduce hydrocarbon loss, alumina adsorption
was applied as a post treatment to remove sulfones instead of liquid-liquid

extraction (Etemadi et al., 2007).

The recent development of the third generation of UAOD has included the addition
of room temperature ionic liquid (RTIL) and organic acid, into the system. lonic
liquid can serve as both extracting reagent and phase transfer catalysts which would
further improve desulfurization efficiency. The third generation of UAOD can
achieve greater than 99.9% desulfurization in various diesel samples by mechanical
mixing for 3 hours with or without an addition of 10 minutes ultrasonication (Cheng
et al., 2008). Ultra-low sulfur diesel with sulfur content less than 15 ppmy, can be

produced from various diesels by this process.

A simplified comparison of the UAOD process (1% generation of UAOD), portable
UAOD (2" generation of UAOD) and the Modified UAOD process (3™ generation
of UAOD) is summarized in Table 2.3. With the progressive improvement from the
UAOD process to the modified UAOD process, ULSD can now be produced under

mild conditions. However, energy and oxidant consumption in all three processes
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are extremely high. These would reduce the applicability of the processes in the

industry.

Table 2.3 Comparison of the UAOD process and its modifications

UAOD | Portable UAOD | Modified UAOD

Total Reaction Time, min 10 60 120
Sonication Time, min 10 60 10
Power Used, W 750 100 750
Energy Used, kJ 450 360 450
Temperature, "C 70 70 70

[S]:]O] ratio, mol:mol 1:200 1:200 1:100

Desulfurization Yield of BT* 50% 95% > 98%

Desulfurization Yield of MGO 95% 95% >98%
Brominated Byproduct? Yes No No
Produce ULSD? No No Yes

* based on model compound (BT) studies

Besides, it is reported that some RTILs, for instance imidazolium type ionic liquid,
would undergo thermolysis by ultrasonic irradiation (Oxley et al., 2003). Oxidative
degradation of ionic liquid is also demonstrated in the presence of hydrogen
peroxide, acetic acid and ultrasonication (Li et al., 2007). Selection on RTIL was
studied during the third generation of UAOD. It was found that the typical type of
RTIL, 1, 3-dialkylimidazolium hexafluorophosphate would be degraded to reactive
gases including hydrogen fluoride (HF), phosphorus pentafluoride (PFs) and

phosphorus oxyfluoride (POF;), which can severely damage glass and other
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equipment. Ionic liquids with alkylsulfate as anion have been used in the sixth
generation of UAOD instead. Alkylsulfate anion-based ionic liquids are relatively
more stable, and produce non-corrosive byproducts upon degradation (Jess et al.,

2004).
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Figure 2.5 Degradation of specific ionic liquid with ultrasound (Li et al., 2007)
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2.3 Oxidant Selection

Oxidizing agent is one of the key elements in any oxidative desulfurization process. To
achieve oxidative desulfurization, oxidant is required to oxidize organic sulfur
compounds into the corresponding sulfoxides or sulfones with higher polarity. With
higher polarity than other hydrocarbon, sulfoxides or sulfones can be easily removed

from fuel by extraction, adsorption or other post-treatments.

Wide variety of oxidants, such as concentrated nitric acid (Tam et al., 1990), organic
hydroperoxides (Boikov et al., 2008), peroxyacids (Tetsuo et al., 1994), hydrogen
peroxide (Mei et al., 2003), permanganate (Dehkordi et al., 2008), ozone (Otsuki et al.,
1999) and oxygen (Campos-Martin et al., 2004) are considered as possible oxidants for
ODS processes. Among all, hydrogen peroxide is considered as the most promising
oxidant in terms of selectivity, availability, safety, cost effectiveness and environmental

influence (Filippis et al., 2003).
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2.3.1 Hydrogen Peroxide

Hydrogen peroxide (H,O;) is considered as “green” reagent which is commonly
used in oxidative desulfurization processes. With the aid of catalysts, hydrogen
peroxide can oxidize OSCs to the corresponding sulfones in ambient conditions.
During reactions or degradation, water and oxygen are the only by-products which
are in general, considered to have no adverse effect on the environment. The
degradation of hydrogen peroxide can be illustrated in the following chemical

equation:

2H202 9 2H20 + 02 (Eq 21)

Pure hydrogen peroxide is a pale blue to colorless liquid with density higher than
water. Hydrogen peroxide is miscible with water in any portion forming a colorless
solution. Nowadays, hydrogen peroxide is widely used as disinfectant, oxidizing
agent, and even as a propellant. Due to the high reactivity and oxidizing power,

hydrogen peroxide is considered as a reactive oxygen species (Takishima, 1994).

Although dilute (27.5% wt. or lower) hydrogen peroxide are considered stable and
safe for storage, concentrated hydrogen peroxide are corrosive and extremely
reactive. In fact, solution with higher than 35% wt. hydrogen peroxide are

considered as possible cause of spontaneous ignition of combustible materials if
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contacted. It becomes unstable at elevated temperature and/or pressure. Hydrogen
peroxide at 52% wt. solution or above could cause a significantly higher rate of
spontaneous ignition if contacted with combustible materials. It could also undergo
vigorous self-sustained decomposition or even explosive reaction if it is exposed to
heat or contaminants. At 91% wt. or higher, hydrogen peroxide solutions are used as

rocket propellant which can undergo explosive reactions.

Due to safety reasons, aqueous solution of 30% wt. of hydrogen peroxide is more
commonly used. Although pure hydrogen peroxide has a high active oxygen ratio
(Bregeault, 2003), dilution effect should be considered as it would significantly
reduce the active oxygen ratio. Active oxygen ratios of some common oxidizing

agents are listed in Table 2.4.

Table 2.4 Oxygen-donor Oxidants (Bregeailt, 2003)

Oxidant Active Oxygen (% wt.) By-product
H,0, (pure) 47.1 H,O
0Os 333 02
HNO; 25.4 NOy
t-BuOOH 17.8 t-BuOH
H,0, (30% wt.) 14.1 H,O
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2.3.2  Superoxide Anions

Superoxide ion, O, -, is a free radical with one unpaired electron. Many types of

superoxide are considered stable in ambient conditions in the absence of water.
Upon contacting with water, it undergoes reaction forming oxygen and hydrogen

peroxide, as illustrated in the following equation:

20; -+2H,0 - O, + H,0, +20H " (Eq. 2.2)

Solid state superoxide is available metal superoxides or organic compounds
superoxides such as tetraalkylammonium superoxides. The stability of metal
superoxides depends on the electropositivity of the metal cation. The
electropositivity decreases along the period, and increases down the group of the
periodic table. Therefore, alkali metal with higher atomic weight gives a greater
stability to its superoxide. Metal superoxides are stable even in high purity at dry
ambient conditions. Thus, it can provide a high active oxygen ratio. For instance,

potassium superoxide has an active oxygen ratio of 45% wt.

Similar to hydrogen peroxide, superoxide anion is also considered as a reactive
oxygen species. In fact, researches have found hydrogen peroxide, the superoxide
anion radical, and the hydroxyl radical the most important reactive oxygen species

(Callahan et al., 2001). Superoxide can generate other reactive oxygen species
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including hydrogen peroxide, hydroxyl radical, and perhydroxyl radical by a series

of free radical reactions (Foote, 1995).

Although superoxides have not been widely applied to oxidative desulfurization
process, chemical reactions between superoxides and organic sulfur compounds
were recorded in early 1980s. For instance, thiol, alkyl disulfides and aryl disulfides
can be oxidized by superoxide anion to the corresponding sulfinic acids or sulfonic
acids (Oae et al., 1981). More complex organic sulfur compounds such as
thioamides, thioureas and thiouracils can also be oxidized by superoxides forming
amides or other corresponding hydrocarbons, and also elemental sulfur or inorganic
sulfate to achieve desulfurization (Chang et al., 1989, Kim et al., 1990). Some of

the reactions between OSCs and superoxide are illustrated in Figure 2.6.

Oxidation of Thiols
2RSH + 30, = RSO, + RSO; + H,O

Oxidation of Disulfides
2RSSR’ + 50, = 2RSO, +2R’S0O5”

Oxidation of N-(2-hydroxy-phenyl)-N-Phenylthioureas
g
I

E HH-C-HH—@—R E W
“_NH R
+03" —» \QI: > @_ +H04E
OH 0
R

E

Figure 2.6 Chemical reactions between OSCs and superoxide anion (Afanas’ev, 1989)
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2.4 Acid Catalysis

Although oxidative desulfurization can be carried out through noncatalytic oxidation or
catalytic oxidation of OSCs, noncatalytic oxidative desulfurization processes requires

high temperature of approximately 200°C and high pressure (Paniv et al., 2006). In

contrast, catalytic oxidative desulfurization requires relatively mild conditions with

temperature ranging from 25°C to less than 100°C under ambient pressure. Various types

of ODS catalysts including, aldehydes (Murata et al., 2004), transition metal salts (Chen
et al., 2007), polyoxometalate acids (Rosa et al., 2006) and carboxylic acids (Ma et al.,

2001), while organic acids and polyoxometalate acids are the most commonly adopted.

Oxidation catalysis with polyoxometalates is considered to be complicated and diverse.
Basically, polyoxometalate anions are capable of reversible redox reactions to actively
transfer oxygen to the targeting compounds for selective oxidation (Béackvall, 2004). For
instance, active peroxo polyoxometalates can be formed by the interaction between the
polyoxometalate anion and hydrogen peroxide. The active peroxo polyoxometalates can

be transferred to organic phase easily with the aid of a phase transfer agent.

Polyoxometalates are relatively thermal stable comparing with other transition metal
catalysts. Beside, polyoxometalate acids are well known for the high Bronsted acidity.
Generally, Bronsted acidity of polyoxometalate acids could be stronger than that of

mineral acids such as sulfuric acid by several orders of magnitude. Bronsted acidity
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of different polyoxometalate acids are in the following sequence: H3;PW ;2049 >
H4sPVW {1040 > HsSiW 5,049 > H3PMo01,040 > H4SiMo01,04 (Borras-Almenar et al., 2003).
Nevertheless, polyoxometalates are not stable towards strong oxidants such as hydrogen
peroxide in aqueous solution. Decomposition of polyoxometalates to peroxometalates

were observed and thus, causing loss of catalyzing ability (Kozhevnikov, 2002).

Carboxylic acids, or more commonly referred to formic acid and acetic acid, are also
applicable in catalytic oxidative desulfurization processes. Coupling with hydrogen
peroxide, peroxyl acids could be generated in situ (Greenspan, 1947). It is suggested that
peroxyl acids are some of the most possible oxidants for selective oxidation of OSCs

(Lanju et al., 2008; Wang et al., 2003).
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2.5 Phase Transfer Catalysis

2.5.1 Overview of Phase Transfer Catalysis

Phase transfer catalysis is a major enhancement in many chemical reactions
involving multiple phases, especially for those which are immiscible in each other.
Generally, reactions could be greatly inhibited due to reactants separation by
immiscible phases. Introducing a phase transfer catalyst (PTC) would improve the
miscibility of phases, thus increasing chance of reactants contact so as to enhance

reaction rate.

One of the most common uses of PTC is to enhance reactions between organic (oil)
and inorganic (aqueous) phases. Due to the significant improvement in reaction rate,
using PTC would generally increase productivity, improve quality and reduce cost.
Phase transfer catalysis has been applied for many applications, including chemicals
and pharmaceuticals manufacture, petroleum processing, and other industries

(Starks et al., 1994).
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2.5.2 Mechanism of Phase Transfer Catalysis

It is known that ionic compounds such as salts and other polar compounds with
strong electric dipole are difficult to enter organic phase. Phase transfer catalysis is
based on the ability to improve reaction rate of reagents in different phases of a
reaction mixture by accelerating interfacial transfer. Depending on the ions required
for reaction in organic phase, phase-transfer catalysis can be performed by cation or

anion transfer.

Cation transfer is usually related to metallic cation transfer. Neutral complexants
such as crown ethers and cryptands for inorganic cation transfer. Crown ethers are
considered as some of the most common PTCs for metallic cations transfer. Crown
ethers are heterocyclic compounds with several ether groups. Specific crown ether
is a strong binding agent for specific cation to form stable complex. Basically,
oxygen in the ring structure of crown ether would coordinate with the cation,
locating it at the interior of the ring structure and leaving the exterior of the ring as
hydrophobic. As a result, the cation would be stabilized and become soluble in
organic or nonpolar phase. Affinity of crown ether for a cation depends highly on
the structure and denticity. For instance, 15-crown-5 has high affinity for sodium

cation, while 18-crown-6 has high affinity for potassium cation (Guida et al., 1980).
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Figure 2.7 Structures of crown ethers: 15-crown-5 and 18-crown-6

Anionic transfer, on the other hand, requires stabilizing the target anion, or in some
case neutral molecule, from the polar phase to non-polar phase. PTC is necessary
because anions and neutral compounds which are soluble in aqueous phases are
generally not soluble in organic phases, whereas the organic reactants in organic
phases are not soluble in aqueous phases. These type of phase transfer catalysts are
usually referred to as salts of onium cation, including ammonium, phosphonium and
arsonium, where quaternary ammonium salts (QASs) are the most common PTCs
for anion transfer (Starks, 1971). For example, tetrahexylammonium chloride,
(C6H13)sN"CI', can be used to catalyze the reaction between cyanide in aqueous
phase and chlorooctane, a reaction which is theoretically not feasible without PTC.

The concept of Starks’ extraction is illustrated in Figure 2.8.
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Figure 2.8 Starks’ extraction mechanism

Phase transfer catalysts such as QASs are commonly considered as loosen ion pairs
comparing with normal salts such as sodium chloride. The looseness of the ion pair
is a major reason for enhanced reactivity. According to Starks’ extraction

mechanism, phase transfer catalysis is applied on nucleophilic substitution reaction:

RX+Y 2 RY+X (Eq. 2.3)

where Y~ is the active nucleophile required to be transferred from aqueous phase
into the organic phase. An extraction of the active nucleophile Y™ can be performed

by addition of quaternary ammonium cation Q°, so that an ion pair [Q Y]
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would be formed and entering the organic phase for the nucleophilic substitution
reaction to happen. Q" would recombine with X released and reach equilibrium

between phases, so as to form a cycle of catalytic reactions.

For successful phase transfer catalysis, it is not only required to transfer the
targeting ion to the organic phase, but also activate it or render it to highly active
form. QASs can be used for anion activation due to a longer separation between

cation and anion in comparison to normal metallic salts (Starks et al., 1994).

Quaternary ammonium salts can also reduce the levels of hydration around the
active nucleophile by selecting an appropriate anion (Jones, 2001). The less water
of hydration around the active nucleophile, the more reactive it is in most organic
phase reactions. Thus, the efficiency of quaternary ammonium catalyst is greatly
influenced by the choice of counter anion of the catalyst. The mechanism of
nucleophile activation by reducing level of hydration is illustrated in Figure 2.9.

Table 2.5 listed the degree of hydration of ionic anions.
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Figure 2.9 Modified Starks’ extraction mechanism with water of hydration

Table 2.5 Hydration of anion in chlorobenzene-aqueous system (Jones, 2001)

Anion Hydration of Anion in Chlorobenzene
F 8.5
RCOy 4.0
Cr 3.0
Br 2.0
I 1.1
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2.5.3 PTC Selection in UAOD Process

In order to enhance organic sulfur oxidation, phase transfer catalysis has been
applied in different desulfurization processes. It has been reported that thiophenol,
and benzyl mercaptan can be oxidized by chromium trioxide to the corresponding
disulfide with 18-Crown-6 as the phase transfer catalyst and dichloromethane as

solvent (Juaristi et al., 1984).

In biphasic reactions with a highly polar solvent such as ethyl acetate, methanol or
water, ammonium salts are more effective PTC compared with crown ethers.
Organic sulfur compounds are generally oxidized to the corresponding sulfoxides or
sulfones under these conditions. For example, tetrabutylanunonium bromide is used
as a phase transfer agent in the oxidation of organic sulfides to sulfoxides with

periodate as oxidant (Venkatachalapathy et al., 1999).

Before the modification of the second generation of the UAOD process,
tetraoctylammonium bromide was used as the phase transfer catalyst. However,
formation of brominated by-products was observed. Bromine formation during the
oxidation process with hydrogen peroxide and acid catalysts could be one of the
possible reasons for the formation of by-products. Equation 2.4 illustrates the

oxidation of bromide to bromine in acidified hydrogen peroxide solution.
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H,0, + 2H" + 2Br = 2H,0 + Br, (Eq. 2.4)

According to the standard electrode potentials listed in Table 2.6, the oxidation of
bromide by acidified hydrogen peroxide is a spontaneous reaction. This can be
proved easily by a simple experimental setup which mixes tetraoctylammonium
bromide with acidified hydrogen peroxide solution. A brownish color would be
observed instantaneously upon mixing, indicating the oxidation of bromide ion to
bromine. Bromine formed could undergo substitution reactions or addition reactions

forming brominated by-products.

Table 2.6 Standard electrode potentials for selected half-reactions (Milazzo et al., 1978)

Half-Reaction Electrode Protential (V)
Fa(g) +2¢e — 2F (aq) +2.87
H,0,(aq) + 2H" +2¢” — 2H,0 +1.76
Clx(g) +2¢e — 2Cl (aq) +1.36
Bry(aq) +2e — 2Br (aq) +1.09
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Starting from the second generation of the UAOD process, a specific quaternary
ammonium salt, tetraoctylammonium fluoride (TOAF), is used to improve the
transfer and reactivity of hydrogen peroxide to oxidize organic sulfur compounds.
Because fluoride ion cannot be easily oxidized to fluorine by hydrogen peroxide, no
fluorinated by-products would be formed. In addition, fluoride ion has a high
degree of hydration, which suppresses the degree of hydration of the active
nucleophile. The application of TOAF in the UAOD process has significantly
improved the desulfurization efficiency by enabling a better active oxygen transfer
from aqueous phase to organic phase, enhancing oxidation of OSCs to the

corresponding sulfones (Wan et al., 2007).

Ultrasound serves as a co-agent to lower surface tension and enhance emulsification
through micro-bubbles production. Thus, the surface area between reactants would
be increased so as to promote reactions (Thompson et al., 1999). With the
conjunctive use of ultrasound, acid catalysts and phase transfer catalyst, the
desulfurization effectiveness of the UAOD process could be highly increased
(Wang et al., 2007). By applying TOAF in the UAOD process to enhance oxidation
of organic sulfur compounds in a diesel-hydrogen peroxide emulsion, greater than
95% desulfurization can be achieved on different diesels (Mei et al., 2003; Wan et

al., 2007).

67



2.6 lonic Liquids (ILs)

2.6.1 Overview of ILs and RTILs

Ionic liquids (ILs), in broad definition, are liquid with ions as the major constituents.
In other words, they are the liquid states of any ionic compounds. As defined in
early 1940s, ionic liquids include all molten salts such as molten sodium chloride
(Barrer, 1943). Development of ionic liquids was initiated in electrochemistry.
While most of the electrolytes used were metallic salts in aqueous solution,
limitation in conductivity and side reactions from water, or more specifically,
hydrogen ions and hydroxide ions, usually suppressed the desired electrochemical

reactions (Bockris et al., 1998).

The concept of “zero solvent electrolyte” was developed to eliminate the loss in
conductivity and effectiveness. In room conditions, however, pure metallic salts are
usually in solid states with a relatively low conductivity and applicability. High
temperature was applied to loosen the ionic lattices of salts forming the
corresponding ionic liquids. Specific conductivity of the molten salts can be
increased by a thousand fold compared to the salt crystals. Specific conductivities
of water, aqueous solution of sodium chloride, molten sodium chloride and molten

potassium chloride are listed in Table 2.7.
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Table 2.7 Specific conductivities (Bockris et al., 1998)

Substance Temperature (K) Specific conductivity (s cm'l)
H,0, 291 4x107®
NaCl,, (5M) 298 0.25x107
NaCl; melt 1181 3.903
KCl; melt 1145 2.407

With the rising concerns in pollutions and clean technologies, Montreal Protocol
was established to limit the use of volatile organic solvents including
chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs). These are
greatly affected organics synthesis processes in various industries such as
petrochemical and pharmaceutical industries (Hough et al., 2007). The use of ionic
liquids with relatively low melting points as solvents has been considered as

potential substitutes for traditional volatile organic solvents.

Nowadays, ionic liquids are redefined as liquids of fused salts containing only ions
with melting point below 100°C (Wasserscheid et al., 2002). Ionic liquids are
generally neither flammable, nor explosive (Fox et al., 2008). It is demonstrated
that ionic liquids have excellent solvent properties towards various organic and

inorganic chemicals. The general properties of ionic liquids are summarized in

Table 2.8.
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Table 2.8 General properties of modern ionic liquids (Johnson, 2007)

Properties Descriptions
Melting Point <100°C
Boiling Point >200°C

Thermal Stability High
Viscosity <100 cP
Polarity Moderate
Specific conductivity <1x107
Vapor pressure Negligible

With high boiling points, high thermal stability and negligible vapor pressure, there
is almost no solvent emission at room temperature. Emission of volatile organic
compounds (VOCs) can be minimized by replacing traditional organic solvents
with ionic liquids and thus, ionic liquids are considered as green solvents

(Huddleston et al., 1998).

Nevertheless, some ionic liquids are found to be toxic (Zhao et al., 2007). Planning
to prevent accidental discharge and design for less toxic ionic liquids could be done
to maintain the potential benefits. Table 2.9 shows the toxicity of three ionic liquids,
including 1-butyl-3-methylimidazolium chloride, 1-butyl-3-methylimidazolium
tetrafluoroborate and 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)-

imide.
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Table 2.9 Toxicity of ionic liquids, expressed as ECs in uM (Matzke et al., 2007)

1-butyl-3-methyl- 1-butyl-3-methyl- . 1-butyl-3-methyl-
imidazolium chloride imidazolium imidazolium blS(tI‘llﬂl‘,lOI'O-
tetrafluoroborate methylsulfonyl)imide
Growth inhibition
(duckweed) 660 310 380
Growth inhibition
(wheat) >3000 1700 110
Growth inhibition (cress) >3000 1900 400
Reproduction inhibition
(areen algae) 140 130 50
Reproduction inhibition >3000 ~4400 30

(springtail)

Because the properties of ionic liquids such as melting point, boiling point,
viscosity, and hydrophobicity can be simply adjusted by altering the structures of
ions, ionic liquids are also known as designer solvents (Freemantle, 1998). Due to
the unique properties and their stabilities, ionic liquids can serve as, not only carrier
solvents for organic or inorganic chemical reactions, but also solvents for separation
and co-catalysts. It is demonstrated that ionic liquids can be used to separate

organic compounds, for instance, olefins from paraffins (Munson et al., 2002).

Ionic liquids can also be applied as co-catalysts or catalysts in reactions including
hydrogenation of cyclohexene (Suarez et al., 1996); oxidation of 2, 2-

dimethylchromene (Song et al., 2000); Knoevenagel condensation of various
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ketones and aldehydes (Ranu et al., 2006); ethylbenzene production (Rogers et al.,

2003); and biocatalytic esterification of carbohydrates (Rantwijk et al., 2003).

Room temperature ionic liquids are ionic liquids which maintain in liquid state at or
below room temperature. The first RTIL ethylammonium nitrate, or [EtNH3][NOs],
was discovered early in 1914 (Earle et al., 2000). RTILs usually consist of bulky
organic cations such as imidazolium, pyridinium, pyrrolidinium, alkylammonium,
alkylsulfonium and alkylphosphonium derivatives, and anions which could be
inorganic such as halide, tetrafluoroborate, and hexafluorophosphate, or organic

such as fluorinated imide, alkylsulfate and tosylate (Marsh et al., 2002).

In general, RTILs with halide, nitrate, methylsulfate, or trifluoroacetate anions are
miscible in water; RTILs with hexafluorophosphate or bis(trifluoro-
methylsulfonyl)amide anions are immiscible in water. Nonetheless, miscibility in
water of RTILs with tetrafluoroborate and trifluoromethanesulfonate anions
depends on the alkyl chain length on the cation (Poole, 2004). Chemical structures

of some common cations and anions of RTILs are listed in Figure 2.10.
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2.6.2 Applications of ILs in Hydrocarbon Separation

It has been discussed in several publications that hydrocarbons can be separated by
extraction using ionic liquids (Huddleston et al., 1998; Munson et al., 2002;
Domanska et al.,, 2007; Arce et al., 2008). Olefins and paraffins have similar
physical properties which make them difficult to be separated. With carbon-carbon
double bonds, however, olefins show different reactivity to other chemicals and

solvents comparing with paraffins.

Separation of olefins from paraffins using ionic liquids can be explained by
Prausnitz and Anderson’s solution thermodynamics (Lei et al., 2006). Mobility of
electron in the functional group of a molecule has great influence on the interaction
towards different solvents. With greater electron cloud mobility, the functional
group is easier to be polarized resulting in a higher solubility in polar solvent

(Safarik et al., 1998).

In general, mobility of electron cloud in C=C bond is greater than in C-C bond, thus
olefins would be relatively more soluble in polar solvents. Based on this principle,
ionic liquids such as 1-butyl-3-methylimidazolium hexafluorophosphate can be
used to extract olefins from paraffins. Similarly, aromatic hydrocarbons such as
benzene, toluene and alkylbenzenes can be extracted from hexane, heptane or other

paraffins wusing ionic liquids, for instance, 1-butyl-3-methylimidazolium
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hexafluorophosphate and ethyl(2-hydroxyethyl)dimethylammonium bis(trifluo-

methylsulfonyl)imide (Domanska et al., 2007; Meindersma et al., 2006).
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2.6.3 Applications of ILs in Desulfurization

It has also been demonstrated that ionic liquids, especially room temperature ionic
liquids, could be applicable in desulfurization technologies. Similar to the
mechanism in separating olefins from paraffins, selected types of ionic liquids
could form relatively strong m complex with OSCs such as thiophene compared
with benzene and paraffins (Huang et al., 2004). Thus, OSCs can be extracted from

other hydrocarbons so as to obtain desulfurized fuel.

Ionic liquids such as 1-ethyl-3-methylimidazolium tetrafluoroborate, 1-butyl-3-
methylimidazolium  hexafluorophosphate and  1-butyl-3-methylimidazolium
tetrachloroaluminate have been investigated for this purposed. Extractive
desulfurization using ionic liquids are of particular interest due to the simplicity of
treatment arrangement which can be applied in ambient conditions. With high ionic
liquid to fuel ratio (greater than 5:1), more than 95% desulfurization on various

fuels can be achieved in 30 minutes (Zhang et al., 2004).

Another use of RTILs is a combination of oxidative and extractive desulfurization
process. With water miscible RTILs, OSCs can be extracted from fuel and become
oxidized by oxidant such as hydrogen peroxide to the corresponding sulfones in

RTIL phase (Lo et al., 1004). Desulfurization efficiency can be improved even with
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less ionic liquid consumption. More than 95% desulfurization can be achieved in 3
hours with low ionic liquid to fuel ratio (1:1). Schematic diagram of this concept is

illustrated in Figure 2.11.

Some ILs with strong Bronsted acidity or basicity, such as N-methylpyrrolidonium
tetrafluoroborate, are considered as possible catalysts to generate hydroxyl radicals
from hydrogen peroxide, so as to improve the oxidizing power (Parvulescu et al.,

2007).

Oil Phase

Sy
\

GHJG'DGH
| + 2HO, - | + 2HO
= 5 L
& o

lonic Liquid Phase

Figure 2.11 Schematic diagram of oxidative extractive desulfurization (Li et al., 2009)
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In the third generation of UAOD, or the modified UAOD process, ionic liquid is
also utilized for multiple purposes (Cheng et al., 2008). The major mechanism
involved in the modified UAOD process is multiple phase-transfer catalysis. A
selected type of ionic liquid, imidazolium alkylsulfate, can be used as phase transfer
catalyst to transfer active oxygen species from aqueous phase to organic phase as
illustrated in Equation 2.5 to Equation 2.7 (Cheng et al., 2008). Ionic liquid could
also extract OSCs or oxidized OSCs from the fuel to achieve a lower sulfur fuel. It
is demonstrated that the modified UAOD process can achieve more than 99%

desulfurization with various type of diesel fuel oils.

IM* + RSO; <> IM"RSO; (Eq. 2.5)
IM*RSO; +20° < [IM*RSO; | (Eq. 2.6)
[ RO; | + RS — IM*RSO; + RSO, (Eq. 2.7)
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2.7 Ultraviolet Irradiation

2.7.1 Fundamentals of Photochemistry and UV Radiation

Photochemistry refers to the study of light induced chemical reactions. Basically, a
photochemical reaction is initiated by absorption of light, or photon by an atom,
molecule or ion converting to the corresponding excited state species. There are two
fundamental principles in photochemistry. The first law, also known as the
Grotthus-Draper law, was established by Chiristian J. Grotthus and John W. Draper
in early 1800s, stating that only light which is absorbed by a system, such as an

atom, molecule or ion, can cause chemical change.

The second law, also known as the Stark-Einstein law, was established by Johannes
Stark and Albert Einstein in early 1900s, stating that for one quantum of light, or a
photon that is absorbed, only the atom, molecule or ion which absorbs the photon
would be excited (Mukherjee, 1978). Due to the complexity of photochemical
reactions, not all photo-excited atoms, molecules or ions would be chemically
active. Loss of energy from the excited state could happen in unproductive ways.
Quantum yield ® was introduced by Einstein to specify the efficiency of a
particular photochemical reaction. ®@ is defined as the number of molecules

decomposed or formed per number of photon absorbed.
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Figure 2.12 Section of Electromagnetic Spectrum (Willis, 2006)

For any chemical reaction, energy is required to overcome the activation energy
AE,, and also the enthalpy AH. In photochemical reactions, energy is provided by
electronic excitation by photon absorption. While the energies of bond dissociation
energy per mole of molecules are generally within 150 kJ to 600 kJ, these can be
provided by one mole of photons from light with wavelengths between 200nm to
800nm (Mukherjee, 1978). Thus, researches in photochemistry are more focused on
a few sections of the light spectrum, or more precisely electromagnetic spectrum
including infrared, visible light and ultraviolet (Murov et al., 1993). An excited
species could undergo different reactions such as photoionization,
photoisomerization, photooxidation, photoreduction, bimolecular quenching and

photo substitution (Gold et al., 1987).
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Ultraviolet is a type of electromagnetic radiation with wavelength ranging from 10
nm to 400 nm. Depending on the wavelength, UV light can be classified into three
major categories as listed in Table 2.10. The most famous photochemical reactions
related to UV, perhaps, would be the interaction with ozone generation and
decomposition in the stratosphere. The Sun emits UV radiation with a wide range of
wavelengths, including UVA, UVB, and UVC. However, UVA is the only major
UV radiation reaching the Earth surface. Harmful UVB and UVC would be

absorbed in the ozone layer through a series of photochemical reactions:

O, +hv > 20 (Eq. 2.8)
O+0,+M>0;+M (Eq. 2.9)
O3+hv=>0+0, (Eq. 2.10)
0;+0 > 20, (Eq. 2.11)

Due to the high energy per mole of photons as suggested in Table 2.11, ultraviolet is
applicable in a wide range of photochemical reactions. While UV light is effective
to achieve bond cleavage and other photochemical reactions, UV light has been

applied to many areas including air purification, water disinfection, organic
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destruction, food processing and biomedical applications. UV light has also been
used in spectrophotometry and other analytical processes due to UV fluorescence

reactions.

Table 2.10 Ultraviolet Classification (ISO, 2007)

Name Abbreviation Wavelength (nm)
Ultraviolet A UVA 320 - 400
Ultraviolet B UVB 280 —320
Ultraviolet C UvC 100 — 280

Near Ultraviolet NUV 300 — 400
Middle Ultraviolet MUV 200 - 300
Far Ultraviolet FUV 122 -200
Vacuum Ultraviolet \Y40AY 10 -200
Extreme Ultraviolet EUV 10-121
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Table 2.11 Energy per mole of photons (Mukherjee, 1978)

Light Wavelength (nm) Energy per mole of Photons (kJ)
Ultraviolet 200 —400 299 — 590
Violet 400 —450 266 —299
Blue 450 -500 239 -266
Green 500-570 209 - 239
Yellow 570 - 590 203 -209
Orange 590 — 620 192 -203

Red 620 - 750 159 - 192




2.7.2 UV and Photochemical Reactions in Aqueous System

While water is usually involved in most of the photochemistry studies, the
photochemical reactions related to water is particularly important. Although it is
suggested that visible light and UVA can dissociate water molecule, significant
photolysis of water can only be achieved by UVC or even extreme UV. It has been
recorded that the quantum yield @ of water dissociation to hydrogen radicals and
hydroxyl radicals varies from 0.335 to 1, with the corresponding wavelength of

UVC applied from 185 nm to 124 nm (Smith, 1970).

H,0 + hv > (H,0)* > H: + OH: (Eq. 2.12)

Photolysis of hydrogen peroxide in aqueous solution is another important aspect in
aqueous photochemistry. UV irradiation with wavelength ranged from 200 nm to
280 nm, typically 254 nm, can be applied to dissociate hydrogen peroxide into
hydroxyl radicals, hydrogen radicals and perhydroxyl radicals (Venkatadri et al.,

1993). Instead of ground state hydroxyl radicals (OH-), excited state of hydroxyl

radicals (OH*) can also be formed through a series of radical reactions (Smith,

1970).

The excitation of hydrogen peroxide by UV irradiation has been applied in water

treatment as one of the advanced oxidation process to destroy organic compounds
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such as trichloroethylene (TCE), perchloroethylene (PCE) and colored organic
compounds. The photochemical reactions of hydrogen peroxide as listed in Figure

2.13.

H,0, + hv = OH: + OH:
H,0, <> HO, + H'
OH: + H,0, = HOy + H,0
OH: + HO,” > HOy + OH’
2HO, > H,0, + 0,

RH + OH: = H,0 + R- = further oxidation

Figure 2.13 Organic destruction by UV/H,0; system (Venkatadri et al., 1993)
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2.7.3 Photocatalysis and Titanium (IV) Oxide

Photocatalysis is, in fact, closely related to photoelectrochemistry. During the
development of semiconductor photoelectrochemistry in 1970s, titanium (IV) oxide
(TiO;) was wused as semiconductor electrodes for processes such as
photoelectrolysis of water and photocell to harvest solar energy. It was found out
later that TiO, could be applicable for photocatalytic degradation of pollutants such
as cyanide (Frank et al, 1977). The interest in photocatalysis and their

environmental applications were then realized.

Titanium (IV) oxide is considered as one of the most important photocatalysts due
to its high availability, chemically stable structure, high effectiveness with highly
oxidizing photogenerated holes on surface, and relatively low cost (Kaneko et al.,

2002).

The principle of photocatalysis by TiO, or other semiconductors involves the
excitation of the semiconductor particles. Under UV irradiation, the energy state of
electrons of the semiconductor would change, forming conduction band electrons

(e"cg) and valence band holes (h'yg) on the surface of the particles (Robert et al.,

2002).
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Surface with conduction band electrons and valence band holes are the active sites
for oxidation or other chemical reactions to generate radicals such as hydroxyl,
superoxide, and perhydroxyl radicals from oxygen and water. Radicals generated
can be used to oxidize the target pollutants. Direct oxidation of the target pollutants
at valence band holes is also possible. The pathways for photogeneration of radicals

are illustrated in Figure 2.14.

TiOy+hv > ¢ cs +h'vs
h'yg + OH > OH-
h'ys + H,OH = H" + OH:
ecgT0,2 0y

e_CB + h+VB - heat

Figure 2.14 Radicals generation in Photocatalysis (Al-Ekabi et al., 1992)
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2.7.4 Photolysis and Photo-Oxidation Desulfurization

Desulfurization using photochemical reactions can be separated into two major
categories: direct photolysis of OSCs and photo-oxidation of OSCs. Similar to other
compounds, organic sulfur compounds can be photo-excited in photochemical
reactions. For instance, alkyl radicals and alkanethiyl radicals can be generated

from dialkyl sulfides through photolysis to cleave C-S bond.

With the aid of trivalent phosphorus compound, sulfur can be abstracted from
alkanethiyl radicals to achieve desulfurization (Coyle, 1991). However, this process
i1s highly dependent on the target compounds and the wavelength of radiation
applied. Single wavelength radiation may not be applicable on all OSCs. Besides,
instead of C-S bond cleavage, S-H bond or C-H bond cleavage is observed in direct
photolysis of thiols and thiophenes (Bianchini et al., 1997). Thus, direct photolysis

is not commonly applied on desulfurization.

Photo-oxidation of OSCs is another pathway to achieve desulfurization
photochemically. Selected reactants such as water and oxygen could be activated
forming reactive oxygen species and radicals which can further react to oxidize
OSCs (Baba, 1974). Although photo-oxidation can be improved by the addition of

photocatalyst such as TiO,, low desulfurization efficiency, for instance less than
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40% oxidation of DBT in 10 hours, was obtained due to limited reactivity and
solubility of oxygen. Aqueous oxidant such as hydrogen peroxide could be used

instead to achieve better desulfurization efficiency (Matsuzawa et al., 2001).
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CHAPTER 3: MODIFIED OXIDATIVE DESULFURIZATION USING
SUPEROXIDE ON MODEL SULFUR COMPOUND STUDY

3.1 Introduction

It is known that organic sulfur compounds are slightly more polar comparing with
hydrocarbons with similar structures. In order to separate OSCs from hydrocarbons
effectively, however, the slight difference in polarity is not enough. In oxidative
desulfurization process, the major goal is to support a highly selective and effective
oxidation of organic sulfides to the corresponding sulfones which are significantly more

polar comparing with the organic sulfides.

Based on the first two generations of the UAOD process developed, organic sulfur
compounds oxidation by hydrogen peroxide with application of transition metal catalysts,
or more specifically polyoxometalates (POMs) has been studied (Met et al., 2003, Wan et
al., 2007). It has been demonstrated that benzothiophene, dibenzothiophene and their
derivatives could be oxidized by the UAOD process in mild conditions with considerably
high yield. However, desulfurization efficiencies on thiophene and the derivatives were

comparatively low using the TMC/H,0, system.

In the third generation of UAOD system, new components including use of organic acid

catalysts such as glacial acetic acid (HAc), and ionic liquids were introduced (Cheng et
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al., 2008). These modifications were aimed at improving desulfurization efficiency and
selectivity. The modified UAOD process had successfully demonstrated high yield to
produce various sulfones from the corresponding OSCs by HAc/H,0O, oxidation with or

without ultrasonication (Cheng et al., 2009).

Although hydrogen peroxide is known as an effective oxidant in oxidative desulfurization
(ODS) with minimal pollutants to the environment, only low concentration (< 30% wt.)
of hydrogen peroxide solution can be applied due to safety reasons. High concentration
(> 50% wt.) of hydrogen peroxide solution is considered as unstable, which could cause
spontaneous ignition or even explosion due to vigorous self-sustained decomposition.
Low concentration of hydrogen peroxide is relatively safe, but oxidation efficiency would
be significantly lowered due to dilution effect (Wan et al., 2008). Weight and volume of

oxidant required would also be increased when a low concentration oxidant is used.

Alternative oxidants have been investigated to replace hydrogen peroxide (Chan et al.,
2008). In this study, selection of oxidant is based on oxidation effectiveness, availability,
cost, safety, and potential by-products or pollutants formation. Similar to the third
generation of the UAOD process, complementary techniques including ultrasonication,
acid catalyzed oxidation, phase transfer catalysis, mechanical mixing and application of
room temperature ionic liquid mentioned in Chapter 2 are employed in this development.
Preliminary investigation on utilizing UV irradiation to enhance oxidative desulfurization

1s also discussed.
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A series of experiments based on BT and DBT model sulfur compounds were conducted
to accomplish optimum reaction conditions. In this chapter, the effects of type and
amount of acid catalyst, phase transfer catalyst, ionic liquid, oxidant, and treatment

methods applied are discussed.
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3.2 Materials and Experimental Procedures

3.2.1 Chemical Preparation

Model sulfur compounds used in this study including thiophene (T), 2-methyl
thiophene (2MT), benzothiophene (BT), 2-methyl benzothiophene (2MBT),
dibenzothiophene (DBT), 4, 6-dimethyl dibenzothiophene (4,6DMDBT) were
obtained from Sigma-Aldrich Co., Allentown, Pennsylvania. Solvents for model
sulphur compounds solutions preparation including toluene and n-decane were
obtained from VWR Inc., West Chester, Pennsylvania. Acetonitrile was obtained
from VWR Inc. Oxidants used including 30% wt. hydrogen peroxide (H,O,)
solution was obtained from VWR Inc., while sodium superoxide, potassium
superoxide and potassium permanganate were obtained from Sigma-Aldrich Co.
Acid catalysts including glacial acetic acid and trifluoroacetic acid were obtained
from Sigma-Aldrich Co. Phase transfer -catalysts including 18-Crown-6,
tetraoctylammonium bromide and tetraoctylammonium chloride were obtained
from Sigma-Aldrich Co., while tetraoctylammonium fluoride was synthesized by
halogen exchange process (Dermeik et al., 1989). Photocatalyst used including
titanium (I'V) oxide was obtained from Sigma-Aldrich Co. Ionic liquids including 1-
butyl-3-methylimidazolium  hexafluoro-phosphate  [BMIM][PFs], 1-ethyl-3-
methylimidazolium ethylsulfate [EMIM][EtSO4], 1,2,3-trimethyl-imidazolium
methylsulfate [TMIM][MeSO4], and tributylmethyl-phosphonium methyl-sulfate

[TMBP][MeSO4] were obtained from Sigma-Aldrich Co.
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3.2.2 Ultrasonic Reactor

Similar to the previous generation of the UAOD process, a probe ultrasonic reactor,
model number VCX-750, manufactured by Sonic & Materials Inc., Newtown,
Connecticut was used in this study. Probe type ultrasonic reactor can provide high
intensity (100 watts/cm®) ultrasound irradiation as a point source, producing ultra-
fine emulsion to enhance mixing. This reactor can support variable power output,
integrated temperature control and remote processing for different purposes.

Specifications of this ultrasonic reactor are listed in Table 3.1.

Table 3.1 Specifications of Ultrasonic Reactor VCX-750 listed in product catalogue

Dimensions (HxWxD) 235 mm x 190 mm X% 340 mm
Power Output 750 Watts
Frequency 20kHz
Sealed Converter Piezoelectric Lead Zirconate Titanate Crystal (PZT)
Standard Probe Size Diameter: 13 mm; Length 136 mm
Probe Material Titanium Alloy Ti-6Al-4V
Processing Capacity 10 ml — 250 ml
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3.2.3 Ultraviolet Lamp

An ultraviolet lamp, model number UVLMS-38, manufactured by UVP Ltd.,
Upland, California was used in this study. This UV lamp can provide UVA, UVB
and UVC at the wavelength or 365 nm, 302 nm and 254 nm respectively. Instead of
normal glassware, fused quartz glass reactor was used in the UV related
experiments to minimize UV light blockage. Specifications of this ultraviolet lamp

are listed in Table 3.2.

Table 3.2 Specifications of UV lamp UVLMS-38 listed in product catalogue

Dimensions (LxWxD) 376 mm x 96 mm x 64 mm
Power Output 8 Watts
Frequency 254nm /302 nm /365 nm
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3.2.4 Analytical Method

In accordance with ASTM D4294 and ISO 8754, non-dispersive X-ray fluorescence
(NDXRF) was used to determine the total sulfur content of the samples. Sulfur-in-
Oil Analyzer (SLFA-20), manufactured by Horiba Inc., Irvine, California was used
to measure total sulfur content of samples based on this method. Sulfur-in-Oil
Analyzer is applicable to measure samples with total sulfur content ranged from 0

to 5 wt%, with a lower detection limit of 20 ppmy,.

Figure 3.1 Sulfur-in-oil analyzer (SLFA-20)
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3.3 Experimental Design, Procedure, Results and Discussion

3.3.1 Use of Solid Oxidants in Oxidative Desulfurization

3.3.1.1 Solid Oxidants Selection

As discussed in Chapter 2.3, dilution of oxidants with water would lower the
reaction rate and increase the total reactant volume. It usually happens when an
aqueous oxidant, such as hydrogen peroxide, is used in the process. Previous work
has demonstrated that lowering H,O, concentration would significantly retard the
conversion of sulfur to sulfone (Wan et al., 2007). While high concentration of
H,0, is unstable and highly reactive, other pure oxidants for instance, solid

oxidants, are considered to improve the oxidative desulfurization process.

Selection of solid oxidant was primarily based on the oxidation potential. Three
solid oxidants, potassium permanganate, sodium superoxide, and potassium
superoxide were selected for this study. Potassium permanganate is known as a
strong oxidizing agent, especially in acidified condition. On the other hand,
superoxide is highly reactive radical anion. It is also a precursor of other reactive

oxygen species such as singlet oxygen, hydrogen peroxide, and hydroxyl radical.
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3.3.1.2 Experimental Procedure

Either BT or DBT model sulfur compound was dissolved into a solvent mixture
with 30% wt. toluene and 70% wt. n-decane to make a stock solution with
approximately 1000 ppm,, sulfur content. Instead of a pure solvent, a solvent

mixture was used to simulate real petroleum products.

Known amount of selected oxidant, either 30% wt. hydrogen peroxide, potassium
permanganate, sodium superoxide or potassium superoxide, was first mixed with 5
grams of 1-butyl-3-methylimidazolium hexafluoro-phosphate [BMIM][PF¢], and
0.1 gram of tetraoctylammonium fluoride to produce mixture A; 10 grams of stock
solution of model sulfur compound were mixed with 3 grams of acetic acid to

produce mixture B.

Mixture A was then slowly added to mixture B, and the resulting mixture was

heated up to 70°C with continuous magnetic stirring. Emulsion formed after the

treatment process was separated by centrifugation. Oil phase was collected on the
top and was extracted with acetonitrile to remove sulfones. The acetonitrile-

extracted oil phase was analyzed by the Sulfur-in-Oil Analyzer.
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3.3.1.3 Results and Discussion

Table 3.3 to Table 3.6 show the desulfurization of BT and DBT with selected

oxidants: 30% wt. hydrogen peroxide (H,0O,), potassium permanganate (KMnOQOy),

sodium superoxide (NaQ,), and potassium superoxide (KO,), respectively, at fixed

oxidant to sulfur ratios with magnetic stirring at 70°C for 3 hours. In high sulfur to

oxidant mole ratio (1:4), greater than 85% desulfurization efficiency for both BT

and DBT samples could be achieved for all solid oxidants. In contrast, less than

70% desulfurization for both BT and DBT samples were obtained when 30% wt.

hydrogen peroxide was used.

Table 3.3 Desulfurization efficiency with 30% wt. H,O; as oxidant

Mixing| 30% wt. HO, | Initial Sulfur Sulfur to Final Sulfur Sulfur Removal
Time Applied Content Oxidant Ratio Content
hr g mmol | ppm,, | mmol | mmol : mmol ppm,, %
3 5.5 48 1012 | 0.32 1:150 <20 > 98
3 3.6 32 1012 | 0.32 1:100 <20 > 98
= 3 1 96 | 1012 | 032 1:30 98 90
3 0.36 32 1012 | 0.32 1:10 193 81
3 0.15 1.28 | 1012 | 0.32 1:4 354 65
3 5.5 48 1006 | 0.31 1:150 <20 >98
3 3.6 32 1006 | 0.31 1:100 <20 >98
E 3 1 9.6 1006 | 0.31 1:30 81 92
3 0.36 32 1006 | 0.31 1:10 169 83
3 0.15 1.28 | 1006 | 0.31 1:4 322 68
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Table 3.4 Desulfurization efficiency with KMnOy as oxidant

Mixing . Initial Sulfur Sulfur to Final Sulfur
Time KMnO, Applied Content Oxidant Ratio Content Sulfur Removal
hr g mmol | ppmy | mmol | mmol : mmol ppm,, %
3 1.5 9.6 1012 | 0.32 1:30 <20 >98
E 3 0.5 32 1012 | 0.32 1:10 85 92
3 0.2 1.28 1012 | 0.32 1:4 147 85
3 1.5 9.6 1006 | 0.31 1:30 <20 > 98
[
g 3 0.5 32 1006 | 0.31 1:10 83 91
3 0.2 1.28 1006 | 0.31 1:4 139 86
Table 3.5 Desulfurization efficiency with NaO; as oxidant
Mixing . Initial Sulfur Sulfur to Final Sulfur
Time Na0, Applied Content Oxidant Ratio Content Sulfur Removal
hr g mmol | ppm,, | mmol | mmol : mmol ppm,, %
3 0.55 9.6 1012 | 0.32 1:30 <20 > 98
E 3 0.18 32 1012 | 0.32 1:10 59 94
3 0.07 1.28 1012 | 0.32 1:4 108 90
3 0.55 9.6 1006 | 0.31 1:30 <20 >98
[
g 3 0.18 32 1006 | 0.31 1:10 58 94
3 0.07 1.28 1006 | 0.31 1:4 88 91
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Table 3.6 Desulfurization efficiency with KO, as oxidant

Mixing . Initial Sulfur Sulfur to Final Sulfur
Time | KO2Applied Content oxidant Ratio Content [ >ulfur Removal
hr g mmol | ppm,, | mmol | mmol : mmol ppm,, %
3 0.68 9.6 1012 | 0.32 1:30 <20 > 98
E 3 0.23 32 1012 | 0.32 1:10 39 96
3 0.09 1.28 1012 | 0.32 1:4 73 93
3 0.68 9.6 1006 | 0.31 1:30 <20 > 98
=
g 3 0.23 32 1006 | 0.31 1:10 48 95
3 0.09 1.28 1006 | 0.31 1:4 81 92
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Figure 3.2 Desulfurization efficiencies of BT sample with different oxidants
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Figure 3.3 Desulfurization efficiencies of DBT sample with different oxidants

Among the three solid oxidants used, relatively low desulfurization efficiencies
were obtained when potassium permanganate was used, as illustrated in both Figure
3.2 and 3.3. It was demonstrated that high desulfurization efficiencies could be
achieved on both BT and DBT samples when either sodium superoxide or
potassium superoxide was used as oxidant, where potassium superoxide
demonstrated slightly higher desulfurization efficiencies. Besides, sodium
superoxide is relatively unstable comparing with potassium superoxide as discussed
in Chapter 2.3. Thus, potassium superoxide was selected as the alternative oxidant

to replace hydrogen peroxide used in the UAOD process.
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Figure 3.4 Desulfurization efficiencies of BT and DBT with different KO, dosage

Under the same conditions, the desulfurization of BT and DBT samples with
various amounts of potassium superoxide is illustrated in Figure 3.4.
Desulfurization efficiency was optimized by using 0.7 gram of KO, to oxidize 10
grams solution with 1000 ppmy, model sulfur compounds, either BT or DBT. The
sulfur to oxidant mole ratio at the optimal point was 1:30. Comparing with 30% wt.
H,0,, using KO, as oxidant for oxidative desulfurization process can significantly
reduce oxidant consumption, the weight of oxidant requirement, and hence the

volume of reactor without losing desulfurization efficiency.

103



3.3.2 Effect of Different Phase Transfer Catalysts

3.3.2.1 Phase Transfer Catalyst Selection

As discussed in Chapter 2.5, reactions involving reactants in two or more
immiscible phases are hindered by inefficient contact and interfacial transfer of
reactants. Utilization of phase transfer catalysts can significantly improve interfacial
mixing so as to increase rate of reactions. In the UAOD process, QASs are applied
as PTCs to increase oxidation rate of OSCs in organic phase by hydrogen peroxide
solution. As demonstrated in Table 3.7, only cationic surfactants including QAS are

effective PTCs in the UAOD process.

In the conditions with no surfactant, or with either anionic or nonionic surfactants,
no or low rate oxidation of OSCs including BT and DBT would be resulted (Wan et
al., 2007). Tetraoctylammonium fluoride is identified as the best PTCs in the
UAOD process by supporting a high oxidation rate of OSCs with no by-product

formation. Thus, TOAF has been used as PTC for the UAOD process.
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Table 3.7 Effect of surfactants on the UAOD process (Wan et al., 2007)

Type Surfactant Desulfurization
Tetraoctylammonium Bromide (TOAB) +
Tetrabutylammonium Bromide (TBAB) +

Cationic Methyltributylammonium Chloride (MBAC) +
Methyltributylammonium Hydroxide (MBAH) +
Tetramethylammonium Fluoride (TMAF) +

Anionic 1-Octanesulfonic Acid, Sodium Sat -
Nonionic Tween 80 —
Control No Surfactant —

Note: + indicates the system undergoes reaction in the given conditions
— indicates no or eligible reaction in the given conditions

In the application of solid oxidant in the UAOD process, another type of phase
transfer catalyst, crown ether, is also considered due to the ability to stabilize
specific metallic cation. For instance, 18-crown-6 shows the ability to form stable
complex with potassium cation in organic solvent. Increase in solubility of
potassium superoxide in dimethyl sulfoxide has been demonstrated with the

application of 18-crown-6. (Suzuki et al., 1979)
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3.3.2.2 Experimental Procedure

DBT model sulfur compound was dissolved into a solvent mixture with 30% wt.
toluene and 70% wt. n-decane to make a stock solution with approximately 1000

ppm,, sulfur content.

Using a sulfur to oxidant ratio of 1:30, 0.7 gram of KO, was first mixed with 5
grams of [BMIM][PFs] and known quantity of the selected PTA, either TOAF or
18-crown-6, to produce mixture A; 10 grams of stock solution of model sulfur

compound were mixed with 3 grams of acetic acid to produce mixture B.

Mixture A was then slowly added to mixture B, and the resulting mixture was

heated up to 70°C with continuous magnetic stirring. Emulsion formed after the

treatment process was separated by centrifugation. Oil phase was collected and was
extracted with acetonitrile to remove sulfones. The acetonitrile-extracted oil phase

was analyzed by the Sulfur-in-Oil Analyzer.
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3.3.2.3 Results and Discussion

Table 3.8 and Table 3.9 show the desulfurization of DBT with selected phase
transfer catalyst, including TOAF and 18-crown-6. Comparing with 18-crown-6,
TOAF is a more effective phase transfer catalyst for oxidative desulfurization
process using KO, as oxidant. Although 18-crown-6 was able to improve the
desulfurization process, its effectiveness is considerably lower than TOAF.

Formation of tetraalkylammonium superoxide could be a possible pathway to

enhance desulfurization with TOAF (Afanas’ev, 1989).

Considering the results using TOAF as PTC with 1 hour reaction time shown in
Table 3.9, desulfurization efficiency could be improved from 45% to 80% by
adding 0.05 gram of TOAF. Doubling the dosage of TOAF could result in a slight
increase of desulfurization efficiency, from 80% to 86%. However, further
increasing the dosage of TOAF from 0.1 to 0.5 gram did not show a significant
improvement. It suggests that optimal phase transfer condition can be achieved at

0.1 gram of TOAF dosage.

Based on the experimental result, anionic transferrer is a better phase transfer
catalyst for this process. Tetraoctylammonium fluoride is considered as an effective
PTC due to its stability towards strong oxidizing condition as well as the ability to

activate the oxidant in organic phase. Tetraoctylammonium superoxide could
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possibly be synthesized as an intermediate product. This could help transferring the
oxidant to the organic phase so as to achieve oxidative desulfurization. Although
higher dosage of PTC is expected to yield better desulfurization efficiency, the
difference is not significant when the PTC dosage is greater than 0.1 gram. In this
experiment, 0.1 gram of tetraoctylammonium fluoride is considered as the optimum

dosage.

Table 3.8 Desulfurization of DBT solution with TOAF as PTC

Mixing Time | TOAF Applied | Initial Sulfur Content | Final Sulfur Content |Sulfur Removal
(hr) (® (ppmy) (ppmy,) (%)
1 0 1006 551 45
2 0 1006 413 59
3 0 1006 372 63
1 0.05 1006 198 80
2 0.05 1006 107 89
3 0.05 1006 58 94
1 0.1 1006 141 86
2 0.1 1006 49 95
3 0.1 1006 <20 >98
1 0.5 1006 110 89
2 0.5 1006 38 96
3 0.5 1006 <20 >98
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Table 3.9 Desulfurization of DBT solution with 18-crown-6 as PTC

Mixing Time | 18-Crown-6 | Initial Sulfur Content | Final Sulfur Content |Sulfur Removal
(hr) Applied (g) (ppmy,) (ppm,) (%)
1 0 1006 551 45
2 0 1006 413 59
3 0 1006 372 63
1 0.05 1006 463 54
2 0.05 1006 390 61
3 0.05 1006 333 67
1 0.1 1006 447 56
2 0.1 1006 374 63
3 0.1 1006 314 69
1 0.5 1006 401 59
2 0.5 1006 340 66
3 0.5 1006 298 71
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3.3.3 Effect of Acid Catalysts

3.3.3.1 Acid Catalyst Combination

Acetic acid is one of the most common organic acid catalysts used in oxidative
desulfurization processes. Recently, it is suggested that trifluoroacetic acid (TFA)
could be used as an acid catalyst to improve oxidation of OSCs (Wang et al., 2003;

Yazu et al., 2004).

Trifluoroacetic acid is a strong carboxylic acid with more than a thousand folds
acidity than acetic acid. In the third generation of the UAOD process, an acid
catalyst solution with 20% wt. of TFA and 80% wt. of acetic acid were used to

achieve ultralow sulfur diesel with theoretically O ppm,, sulfur content (Cheng et al.,

2008).

In order to test for the catalytic effect in this oxidative desulfurization process with
the application of superoxide, experiments were conducted under different ratios of

acetic acid and trifluoroacetic acid combination.
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3.3.3.2 Experimental Procedure

DBT model sulfur compound was dissolved into a solvent mixture with 30% wt.
toluene and 70% wt. n-decane to make a stock solution with approximately 1000
ppmy, sulfur content. 0.7 gram of KO, was first mixed with 5 grams of [BMIM][PFs]
and 0.1 gram of TOAF to produce mixture A; 10 grams of stock solution of model
sulfur compound were mixed with known amount of two acid catalysts: acetic acid

and TFA to produce mixture B.

Mixture A was then slowly added to mixture B, and the resulting mixture was

heated up to 70°C with continuous magnetic stirring. Emulsion formed after the

treatment process was separated by centrifugation. Oil phase was collected and was
extracted with acetonitrile to remove sulfones. The acetonitrile-extracted oil phase

was analyzed by the Sulfur-in-Oil Analyzer.
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3.3.3.3 Results and Discussion

Table 3.10 shows the desulfurization of DBT solution with different amounts of
acetic acid added. Increasing the acid catalyst dosage from 1 gram to 2 grams would
result in a slight increase in desulfurization efficiency. However, no significant
difference in desulfurization efficiency was observed by further increasing the acid

catalyst dosage to 3 grams.

Table 3.10 Desulfurization of DBT solution with respect to acid dosage

Mixing Time | Acetic Acid | Initial Sulfur Content | Final Sulfur Content |Sulfur Removal
(hr) Applied (g) (ppm,,) (ppm,,) (“o)
1 1 1006 141 86
2 1 1006 49 95
3 1 1006 <20 >98
1 2 1006 102 90
2 2 1006 <20 >98
3 2 1006 <20 >98
1 3 1006 103 90
2 3 1006 <20 >98
3 3 1006 <20 >98
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Table 3.11 Desulfurization of DBT solution with respect to acid catalyst applied

Mixing Time | Acetic Acid/ | Initial Sulfur Content | Final Sulfur Content |Sulfur Removal
(hr) TFA Applied (g) (ppmy,) (ppm,,) ()
1 2/0 1006 141 90
2 2/0 1006 <20 >98
1 1.9/0.1 1006 59 94
2 1.9/0.1 1006 <20 > 98
1 1.8/0.2 1006 53 95
2 1.8/0.2 1006 <20 > 98
1 1.5/0.5 1006 47 95
2 1.5/0.5 1006 <20 > 98

Based on the result, 2 grams of acid catalyst was considered as the optimum dosage
for the system. Table 3.11 shows the desulfurization of DBT with 2 grams of acid

catalyst in various combinations of acetic acid and trifluoroacetic acid.

Addition of 0.1 gram of TFA could result in a slight increase of desulfurization
efficiency, from 90% to 94%. However, further increasing the dosage of TFA did
not give a significant improvement in desulfurization efficiency. It may be
postulated that addition of a small portion, for instance 10% of TFA, in the acid

catalyst would be enough for optimization.
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3.3.4 Effect of Ionic Liquid

3.3.4.1 Ionic Liquid Dosage

As discussed in Chapter 2, ionic liquid is applicable in oxidative and extractive
desulfurization process. Organic sulfur compounds can be extracted from fuel to
ionic liquid phase. Especially for water miscible ionic liquid, it provides a better
opportunity for the oxidant such as hydrogen peroxide to react with the OSCs
forming the corresponding sulfones. More than 95% desulfurization can be

achieved in 3 hours with 1:1 ionic liquid to fuel ratio.

Although ionic liquid is known as the new generation of green solvent and catalyst,

most of the ionic liquids available are expensive. High dosage of ionic liquid would

increase the operating cost of the process, making it less economically feasible.

In order to find the optimal dosage of ionic liquid, experiments were conducted

with different dosage of ionic liquids including [BMIM][PF¢] and [EMIM][EtSOy4].
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3.3.4.2 Experimental Procedure

DBT model sulfur compound was dissolved into a solvent mixture with 30% wt.
toluene and 70% wt. n-decane to make a stock solution with approximately 1000
ppm,, sulfur content. 0.7 gram of KO, was first mixed with known amount of the
selected ionic liquid and 0.1 gram of TOAF to produce mixture A; 10 grams of
stock solution of model sulfur compound were mixed with 1.9 grams acetic acid

and 0.1 gram of TFA to produce mixture B.

Mixture A was then slowly added to mixture B, and the resulting mixture was

heated up to 70°C with continuous magnetic stirring for 3 hours. Emulsion formed

after the treatment process was separated by centrifugation. Oil phase was collected
and was extracted with acetonitrile to remove sulfones. The acetonitrile-extracted

oil phase was analyzed by the Sulfur-in-Oil Analyzer.
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3.3.4.3 Results and Discussion

The desulfurization efficiency for DBT solution with different dosage of ionic

liquid is listed in Table 3.12. The result demonstrated that the desulfurization

efficiency increases when the dosage of ion liquid increases. Both ionic liquids

exhibited similarity in enhancing the desulfurization process.

Table 3.12 Desulfurization of DBT solution with respect to IL dosage

IL dosage | Initial Sulfur Content | Final Sulfur Content |Sulfur Removal
IL

® (ppmy,) (ppmy,) ()
0 1006 153 85
1 1006 36 96

[BMIM][PF¢]
3 1006 24 98
5 1006 <20 >98
0 1006 153 85
1 1006 42 96
[EMIM][EtSO,]

3 1006 23 98
5 1006 <20 > 98
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By applying 1 gram of the [BMIM][PF¢], the desulfurization efficiency was
increased by 11%. Similarly, the desulfurization efficiency was increased by 11%

by applying 1 gram of the [EMIM][EtSO4].

It is observed that further increase of ionic liquid dosage could improve the
desulfurization efficiency. When the dosage of ionic liquid increased from 1 gram
to 3 grams, the desulfurization efficiency increased from 96% to 98%. When the
dosage increased to 5 grams, the total sulfur content of the desulfurized sample was
less than 20 ppm,. Although the improvement was marginal, this would
nonetheless be applicable to situations where sulfur content less than 20 ppm,, is

desired. Therefore, the dosage of ionic liquid was selected to be 5 grams.
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3.3.4.4 Tonic Liquid Selection

As discussed in Chapter 2.2, some RTILs would undergo thermolysis by ultrasonic
irradiation, or oxidative degradation in the presence of hydrogen peroxide, acetic
acid and ultrasonication. One of the mostly employed RTIL, 1,3-
dialkylimidazolium hexafluorophosphate [BMIM][PFs] would be degraded to

fluorinated reactive gases which could damage glassware and other equipment.

Ionic liquids with alkylsulfate as anion are relatively more stable and relatively low
in toxicity, and thus are considered as possible substitutions of [BMIM][PF¢] used
in the previous experiments. Three alternative ionic liquids including 1-ethyl-3-
methylimidazolium ethylsulfate [EMIM][EtSO4], 1,2,3-trimethyl-imidazolium
methylsulfate [TMIM][MeSOy4], and tributylmethylphosphonium methylsulfate

[TMBP][MeSQO4] were investigated in this study.
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3.3.4.5 Experimental Procedure

DBT model sulfur compound was dissolved into a solvent mixture with 30% wt.
toluene and 70% wt. n-decane to make a stock solution with approximately 1000
ppm,, sulfur content. 0.7 gram of KO, was first mixed with 5 grams of selected
ionic liquid, either [BMIM][PF¢], [EMIM][EtSO4], [TMIM][MeSO4] or
[TMBP][MeSOQy], together with 0.1 gram of TOAF to produce mixture A; 10 grams
of stock solution of model sulfur compound were mixed with 1.9 grams acetic acid

and 0.1 gram of TFA to produce mixture B.

Mixture A was then slowly added to mixture B, and the resulting mixture was

heated up to 70°C with continuous magnetic stirring for 3 hours. Emulsion formed

after the treatment process was separated by centrifugation. Oil phase was collected
and was extracted with acetonitrile to remove sulfones. The acetonitrile-extracted

oil phase was analyzed by the Sulfur-in-Oil Analyzer.
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3.3.4.6 Results and Discussion

Table 3.13 shows the desulfurization of DBT solution with different ionic liquids
applied with 3 hours reaction time. Both systems with ionic liquid [EMIM][EtSO4]
and [TMIM][MeSOQy], respectively, demonstrated similar desulfurization efficiency
comparing with the system using [BMIM][PFs]. With relatively high stability,
[EMIM][EtSO4] and [TMIM][MeSO4] are possible substitutes for [BMIM][PFg].
System using [TMBP][MeSO4] has a slightly lower desulfurization efficiency, and
thus is not considered as substitute to [BMIM][PFs]. Considering cost and ease of

application, [EMIM][EtSO4] will be used in these studies.

Table 3.13 Desulfurization of DBT solution with respect to type of IL

IL State at 25°C Initial Sulfur Content | Final Sulfur Content |Sulfur Removal
(ppmy,) (ppmy,) (%)
[BMIM][PF] Liquid 1006 <20 >98
[EMIM][EtSO4] Liquid 1006 <20 >98
[TMIM][MeSO4] Solid 1006 <20 >98
[TMBP][MeSO4] Solid 1006 48 95
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3.3.5 Effect of Treatment Methods

3.3.5.1 Time of Ultrasonication

Although it is believed that ultrasonication time would generally increase oxidative
desulfurization efficiency, prolonged ultrasonication would also increase energy
consumption and cost. Besides, it is suggested that the reaction would generally
approach steady state quickly within the first few minutes of ultrasonication (Mei et

al., 2003).

A combination of magnetic stirring and ultrasonication was used starting with the
third generation of the UAOD system so as to improve desulfurization efficiency
and reduce operational cost (Cheng et al., 2008). Based on literature, 10 minutes
ultrasonication was applied in the combination of different magnetic stirring time to
evaluate the effect of ultrasonication on desulfurization system using KO, as

oxidant.
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3.3.5.2 Experimental Procedure

DBT model sulfur compound was dissolved into a solvent mixture with 30% wt.
toluene and 70% wt. n-decane to make a stock solution with approximately 1000
ppm,, sulfur content. 0.7 gram of KO, was first mixed with 5 grams of
[EMIM][EtSO4] and 0.1 gram of TOAF to produce mixture A; 10 grams of stock
solution of model sulfur compound were mixed with 2 grams acetic acid to produce

mixture B.

Mixture A was then slowly added to mixture B, and the resulting mixture was
heated up to 70°C with continuous magnetic stirring followed by 10 minutes
ultrasonication. Emulsion formed after the treatment process was separated by
centrifugation. Oil phase was collected and was extracted with acetonitrile to
remove sulfones. The acetonitrile-extracted oil phase was analyzed by the Sulfur-in-

Oil Analyzer.
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3.3.5.3 Results and Discussion

Table 3.14 shows the desulfurization efficiency of DBT solutions with different
reaction time under continuous magnetic stirring, followed by ultrasound irradiation.
It was observed that 51% desulfurization could be achieved by 10 minutes
ultrasonication alone. However, the desulfurization efficiency was increased only
from 51% to 53% by doubling ultrasound irradiation to 20 minutes. While
ultrasound could enhance OSCs oxidation, it could also increase the rate of
degradation of oxidant and other catalysts including ionic liquid. Prolonged
ultrasonication would not effectively enhance desulfurization in this system and
therefore, the optimum reaction time under ultrasonication was considered as 10

minutes.

Comparing the results from experiment with magnetic mixing alone and that with
magnetic mixing followed by 10 minutes ultrasonication, experiments with 10
minutes ultrasonication demonstrated higher desulfurization efficiency, especially
in shorter total reaction time. Higher than 98% desulfurization can be achieved in
the system with 110 minutes of mixing followed by 10 minutes ultrasound
irradiation. However, similar results can be achieved with 180 minutes of mixing

alone. Thus, it could be more energy-effective to use magnetic mixing alone.

123



Table 3.14 Desulfurization of DBT solution under magnetic stirring and ultrasound

Mixing |Ultrasonication| Total Reaction | Initial Sulfur Final Sulfur Sulfur
Time (min) (min) Time (min) | Content (ppm,,) | Content (ppm,,) | Removal (%)
0 0 0 1006 1006 0
30 0 30 1006 368 63
60 0 60 1006 141 86
120 0 120 1006 49 95
180 0 180 1006 <20 >98
0 10 10 1006 494 51
20 10 30 1006 274 73
50 10 60 1006 93 91
110 10 120 1006 <20 >98
170 10 180 1006 <20 > 98
0 20 20 1006 476 53

In our study, it is demonstrated that it requires 180 minutes to desulfurize 1000
ppmy, DBT solution by mechanical mixing alone. With the aid of 10 minutes
ultrasonication, it requires only 120 minutes to achieve the same goal. It is believed
that ultrasonication is a possible enhancement method in the new oxidative
desulfurization with the application of superoxide. It can provide high local
temperature and pressure in microenvironment. As a result, reaction rate is

increased and thus improving productivity.

124



3.4 Desulfurization Efficiency on Various Model Sulfur Compounds

3.4.1 Identification of Experimental Optimum Conditions

It is known that there are various types of organic sulfur compounds in petroleum
fuel. Thiophene, benzothiophene, dibenzothiophenes, and their derivatives are the
major OSCs in middle distillates such as diesel, and heavier distillates. Among all, 4,
6-dimethyldibenzothiophene is well known for its refractory characteristic in

traditional HDS process.

Although the optimal conditions, including the selection of oxidant, catalysts, ionic
liquid, and their dosage in our process to desulfurize DBT has been discussed
earlier in this chapter, it is important to test if the process can desulfurize other
OSCs. In order to investigate the applicability of the process to various OSCs in
petroleum products, different model sulfur compounds, including T, 2MT, BT,
2MBT), DBT, and 4,6DMDBT were selected to study their treatability under our
process’s optimal conditions. Table 3.15 provides a list of the selected optimum

desulfurization conditions from this chapter.
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Table 3.15 Selected conditions for desulfurization in model compound studies with 10

minutes ultrasonication

Solution of Target Model Sulfur Compound (1000ppmy,)

Oxidant: KO,

Phase Transfer Catalyst: TOAF

Acid: 95% HAc and 5% TFA

Ionic Liquid: [EMIM][EtSO4]

Reaction Temperature

Magnetic Stirring Time

Ultrasonication Time

10 grams

0.7 gram

0.1 gram

2 grams

5 grams

70°C

110 minutes

10 minutes
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3.4.2 Experimental Procedure

The selected model sulfur compound, either T, 2MT, BT, 2MBT, DBT or
4,6DMDBT was dissolved into a solvent mixture with 30% wt. toluene and 70% wt.

n-decane to make a stock solution with approximately 1000 ppm,, sulfur content.

A dosage of 0.7 gram KO, was added to 5 grams of selected ionic liquid and 0.1
gram of TOAF to produce mixture A; 10 grams of stock solution of model sulfur
compound were mixed with 1.9 grams acetic acid and 0.1 gram of TFA to produce

mixture B.

Mixture A was slowly added to mixture B, and the resulting mixture was heated up
to 70 " C with continuous magnetic stirring for 110 minutes followed by
ultrasonication for 10 minutes. Emulsion formed after the treatment process was
separated by centrifugation. Oil phase was collected and was extracted with

acetonitrile to remove sulfones. The acetonitrile-extracted oil phase was analyzed

by the Sulfur-in-Oil Analyzer.
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3.4.3 Results and Discussion

Table 3.16 shows the desulfurization efficiencies on various model sulfur
compounds under the designed conditions. The process demonstrated higher than
97% desulfurization on all model sulfur compounds in this study. Higher than 98%
desulfurization on BT, 2MBT, DBT and 4,6DMDBT were achieved, while slightly
lower desulfurization efficiencies (97%) on T and 2MT were observed. The high
desulfurization efficiencies on various model sulfur compounds suggested that the

designed process could be an effective alternative desulfurization process.

Table 3.16 Desulfurization of various model sulfur compounds

Model Sulfur Compounds Initial S(;Lf::::v )Content Final S(uplli;llllll'w?0ntent Sulfur( E;Smoval
T 985 23 97
2MT 1010 26 97
BT 1012 <20 >98
2MBT 994 <20 > 98
DBT 1006 <20 >98
4,60DMDBT 1007 <20 > 98
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3.5 Kinetic Studies of Desulfurization on Model Sulfur Compounds

Kinetic studies of oxidative desulfurization of model sulfur compounds in carboxylic acid
/ Hy0; have been demonstrated in recent research articles (Dhir et al., 2009; Huang et al.,
2007; Te et al., 2001; Yan et al., 2007). The reaction rates depend on various factors,
including concentration of organic sulfur compounds, concentration of oxidant and
concentration of catalysts. Micro-kinetic pathway of OSC oxidation could include

multiple reactions as illustrated in Figure 3.5. In general, the reaction could be written as

Activation of Catalyst: H,0, + M <> MO+ H,O (Eq. 3.1)
Oxidation of OSC: RS +2MO <> RSO, +2M (Eq.3.2)
Overall Reaction: RS +2H,0, <" RSO, +2H,0 (Eq. 3.3)

where M is the catalyst applied. In such a case, the overall rate equation can be expressed

as

(Eq. 3.4)
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where r is the rate of desulfurization of the selected OSC, k is the reaction rate constant,
C is the concentration of the selected OSC. In cases with highly excess amount of
hydrogen peroxide, change in concentration of oxidant would not be significant and thus,

[H20;] can be considered as a constant. Putting k’ = k[HzOz]B , the rate equation can be

simplified to
r:—d—C:k'C“ (Eq. 3.5)
dt
RS H.0, RSO, +#
+ + t
= #
RSO, #+ H.O
e e
I 1 ' +HO#
RSO, #+H,0 RS# + HO# ~—= H,0# + RSO# == RSO,# +H,0#
1 A i i
Ho0, + | +H,0, E +RS I | ' |
'
RSO# + H,0 HO+# RSO+# RSO,+# HO+#
I I"'HzDz#
RSO +# ~—= RSO# RSO,# + H,0
i
leo# s |
RSO,#+H20  RSO,# + H,0# RSO, + #
i
P
RSO, +# RSQ,+# HO+#
# - active site on catalyst surface

Figure 3.5 Superstructure of alternate reaction micro-kinetic pathway (Dhir et al., 2009)
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Because desulfurization using potassium superoxide is not yet widely applied, very
limited information on its reaction pathway and kinetics can be found in the literature.
With excessive dosage of KO,, OSC oxidation should follow the pseudo first order

reaction kinetics. Thus, the rate equation could be rewritten as

dcC
== —k'C Eq. 3.6
r 7 (Eq. 3.6)

Upon integration,

C
In—L = —k't Eq. 3.7
C (Eq. 3.7)

where C, is the initial OSC concentration, C; is the OSCs concentration at time t. The
effect of temperature on the reaction rate constant can be expressed by the Arrhenius

Equation listed below:

k'= Ae "' *" (Eq. 3.8)

E
Ink'=lnA4——~ Eq. 3.9
RT (Eq. 3.9)

where A is the Arrhenius frequency factor, E, is the activation energy of the reaction, R is

the ideal gas constant and T is the temperature in K.
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In the previous section, studies on various model sulfur compounds including T, 2MT,

BT, 2MBT, DBT, 4,6DMDBT under optimum conditions have been discussed.

In this section, desulfurization kinetic studies are performed on the model sulfur
compounds in carboxylic acid / KO, mixture to estimate the rate constant k’. Effect of
temperature on reaction rate for two model compounds, BT and DBT are also studied.
Ultrasonication was not applied in this study. Table 3.17 provides a list of the selected

desulfurization conditions.

Table 3.17 Selected conditions for desulfurization in model compound studies without
ultrasonication

Solution of Target Model Sulfur Compound (1000ppmy,) 10 grams
Oxidant: KO, 0.7 gram
Phase Transfer Catalyst: TOAF 0.1 gram
Acid: 95% Acetic Acid and 5% TFA 2 grams
Ionic Liquid: [EMIM][EtSOy4] 5 grams
Reaction Temperature 30to 70°C
Magnetic Stirring Time 0 to 180 minutes
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3.5.1 Experimental Procedure

The selected model sulfur compound, either T, 2MT, BT, 2MBT, DBT or
4,6DMDBT was dissolved into a solvent mixture with 30% wt. toluene and 70% wt.

n-decane to make a stock solution with approximately 1000 ppm,, sulfur content.

A dosage of 0.7 gram KO, was added to 5 grams of selected ionic liquid and 0.1
gram of TOAF to produce mixture A; 10 grams of stock solution of model sulfur
compound were mixed with 1.9 grams acetic acid and 0.1 gram of TFA to produce

mixture B.

Mixture A was slowly added to mixture B, and the resulting mixture was heated up
to the designated temperature with continuous magnetic stirring up to 180 minutes.
Emulsion formed after the treatment process was separated by centrifugation. Oil
phase was collected and was extracted with acetonitrile to remove sulfones. The

acetonitrile-extracted oil phase was analyzed by the Sulfur-in-Oil Analyzer.
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3.5.2 Results and Discussion

Table 3.18 and Figure 3.6 show the desulfurization efficiencies on various model

sulfur compounds as a function of time under the selected conditions listed in Table

3.17. With high dosage of KO», it is assumed that the desulfurization of the model

sulfur compounds follow the pseudo first order reaction kinetics. Thus, linear

relation should be demonstrated by plotting -In(C/C,) versus t with the slope equals

to the reaction rate constant k’, as illustrated in Figure 3.7 to Figure 3.9. The

reaction rate constants for each model sulfur compounds are summarized in Table

3.19. The reaction rate constants using 30% H,O, as oxidant are listed in Table 3.20

for comparison.

Table 3.18 Desulfurization efficiencies with respect to reaction time

Mixing Time T (C) Initial Sulfur Final Sulfur Sulfur
(min) Content (ppm,,) | Content (ppm,,) | Removal (%)
0 70 985 985 0
30 70 985 380 61.4
T 60 70 985 178 81.9
120 70 985 71 92.8
180 70 985 28 97.2
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Table 3.18 (continued)

Mixing Time T (C) Initial Sulfur Final Sulfur Sulfur
(min) Content (ppm,,) | Content (ppm,,) | Removal (%)
0 70 1010 1010 0
30 70 1010 411 59.3
2MT 60 70 1010 187 81.5
120 70 1010 88 91.3
180 70 1010 31 96.9
0 70 1012 1012 0
30 70 1012 341 66.3
BT 60 70 1012 112 88.9
120 70 1012 35 96.5
180 70 1012 <20 >98
0 70 994 994 0
30 70 994 358 64
2MBT 60 70 994 151 84.8
120 70 994 42 95.8
180 70 994 21 97.9
0 70 1006 1006 0
30 70 1006 368 63.4
DBT 60 70 1006 141 86
120 70 1006 49 95.1
180 70 1006 <20 >98
0 70 1007 1007 0
30 70 1007 388 61.5
4,6 DMDBT 60 70 1007 167 83.4
120 70 1007 58 94.2
180 70 1007 27 97.3
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Table 3.19 Rate constants for various model sulfur compounds using KO,

Model Sulfur Compound k', min R?
T 0.0190 0.991
2MT 0.0184 0.987
BT 0.0229 0.935
2MBT 0.0212 0.970
DBT 0.0211 0.978
4,6 DMDBT 0.0197 0.978

The reaction rate constants are within the range of 0.018 to 0.022 min™ for all 6

model sulfur compounds tested. The reaction rate constants indicate the oxidation

efficiencies of the tested model sulfur compounds marginally diminish in following

order: BT > 2MBT > DBT >4, 6DMDBT > T > 2MT.

Table 3.20 Rate constants for various model sulfur compounds using H,O, (Cheng, 2007)

Model Sulfur Compound k', min™ R’
T 0.0196 0.997
2MT 0.0199 0.995
BT 0.0276 0.998
2MBT 0.0218 0.997
DBT 0.0228 0.997
4,6 DMDBT 0.0230 0.979
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From Table 3.19 and 3.20, the reaction rate constants using KO, as oxidant are
comparable to those using 30% H,O, as oxidant. With all R* values greater than
0.93, the plots demonstrate good linear relation and thus, it is valid to assume that
the reactions follow the pseudo first order reaction kinetics. However, R* value for
the linear regression of -In(Cy/C,) versus time in the experiments using KO, as

oxidant are relatively lower than the those using 30% H,O, as oxidant.

The reaction rate constants for BT and DBT at different temperatures can be found
by conducting the same experimental conditions listed in Table 3.17. Linear
regression of —In(Cy/C,) versus time at different temperature for the desulfurization
of BT and DBT are illustrated in Figure 3.10 and Figure 3.11, respectively. Using
the reaction rate constants at different temperature, the activation energy E, and the
Arrhenius frequency factor A can be estimated from the Arrhenius equation by
plotting -In(k’) versus 1/T, as illustrated in Figure 3.12. The value of E, and A for
BT and DBT are summarized in Table 3.21. The apparent activation energies also
demonstrated that BT with lower activation energy has a higher reactivity as

compared to DBT.
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Table 3.21 Apparent activation energies for oxidation of BT and DBT

k', min™! .
E., kJ/mol | A, min
Temperature, K 303 323 343
BT 0.0061 0.0155 0.0229 28.77 601.85
DBT 0.0050 0.0098 0.0211 31.01 1085.72
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Figure 3.10 Linear regression of —In(Cy/C,) vs time at different temperature for BT
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3.6 Preliminary Study on UV Assisted Desulfurization Process

3.6.1 Challenge in UAOD Processes

It has been demonstrated that different generation of UAOD processes can achieve
high oxidation rates with various OSCs, and thus, yielding high desulfurization
efficiencies. However, power consumption in ultrasonication is considerably high.
For instance, power output for ultrasound reactor VCX-750 is 750 watts. This could
be the major drawback of UAOD systems. Besides, ultrasonication could cause
decomposition of various catalysts including phase transfer catalyst, trifluoroacetic
acid, and ionic liquids. Therefore, alternative activation methods with lower energy

consumption are of particular interest.

UV irradiation is known to improve oxidation in water treatment systems. Recent
researches have also demonstrated the feasibility in utilizing UV to enhance
oxidative desulfurization. However, most UV related desulfurization processes
require use of high pressure mercury UV lamp with energy output greater than 200
watts, with irradiation time longer than 1 hour (Matsuzawa et al., 2001). This would
result in even higher energy consumption comparing with ultrasonication. Therefore,
a low power UV lamp with power output at 8 watts was used in this preliminary
study to illustrate the feasibility of UV assisted desulfurization process with low
energy consumption. 30% wt. hydrogen peroxide was used in this point of the study

for better comparison.
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3.6.2 Experimental Procedure

Selected model sulfur compound, either BT or DBT, was dissolved into a solvent
mixture with 30% wt. toluene and 70% wt. n-decane to make a stock solution with
approximately 1000 ppm,, sulfur content. 1 gram of H,O, was first mixed with 1
gram of selected ionic liquid and 0.1 gram of TOAF to produce mixture A; 10
grams of stock solution of model sulfur compound were mixed with 1.9 grams

acetic acid and 0.1 gram of TFA to produce mixture B.

Mixture A was then slowly added to mixture B, and 0.1 gram of a photo-catalyst,
titanium (IV) oxide was added to the mixture. The resulting mixture was kept at
ambient condition using continuous magnetic stirring for 60 minutes with or

without UV irradiation.

The experiments were performed in dark to eliminate the interference by other light
sources. Emulsion formed after the treatment process was separated by
centrifugation. Oil phase was collected and was extracted with acetonitrile to
remove sulfones. The acetonitrile-extracted oil phase was analyzed by the Sulfur-in-

Oil Analyzer.
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3.6.3 Results and Discussion

Table 3.22 shows that desulfurization for BT and DBT were not significant in 60
minutes mixing alone. In contrast, higher than 50% desulfurization can be achieved
for both BT and DBT solutions by applying UV irradiation. The result is

comparable to system with 10 minutes ultrasonication.

Table 3.22 Desulfurization of model sulfur compounds with UV

Mixing uv Ultrasound Sinitial Stinal S Removal
(min) (min) (ppm,) (ppm,,) (“o)
BT 60 Off 0 1012 971 4
DBT 60 Off 0 1006 968 4
BT 60 On 0 1012 461 54
DBT 60 On 0 1006 418 58
BT 50 Off 10 1012 384 62
DBT 50 Off 10 1006 360 64

The power output of the ultrasound device used is 750W and the power output used
of UV lamp is 8W. Considering the energy consumption, 10 minutes ultrasonication
requires more than 15 times energy comparing with 60 minutes UV irradiation.
More experiments are required to test for the applicability of the system on other

model compounds and fuel samples.
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3.7 Summary and Conclusion

This study aimed at developing alternative oxidation processes to achieve high
desulfurization. Use of solid type oxidant can significantly reduce the volume and weight
of required oxidant as compared with systems using 30% wt. hydrogen peroxide solution

as oxidant.

Potassium superoxide is found to be effective as the alternative oxidant due to the high
effectiveness in oxidizing OSCs, high purity, high stability for storage under ambient
conditions and relatively low adverse environmental impacts comparing with other solid
oxidants. By using potassium superoxide, the weight of oxidant required can be reduced

to one-fifth of the weight when hydrogen peroxide is used.

In the reaction system with multiphase, phase transfer catalyst was demonstrated to
promote reaction as a result of interfacial exchange. With the application of
tetraalkylammonium salts, an intermediate product tetraalkylammonium superoxide
could be formed so as to transfer superoxide radical to organic phase. PTC counter ion
selection is also important for successful phase transfer catalysis. It is suggested that

fluoride should be used as the PTC counter ion to maximize the efficiency.
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Acid catalysts including acetic acid and trifluoroacetic acid are also used to improve
reaction rate and selectivity. It has been demonstrated that higher acidity of acid catalysts
can promote oxidative reactions using hydrogen peroxide as oxidant, but it is relatively
not significant in system using superoxide as oxidant. Trifluoroacetic acid could be
decomposed forming acid fumes upon ultrasonication, and explosive reaction may also
occur in extreme cases. Thus, minimum amount of trifluoroacetic acid should be used in
the system. Trifluoroacetic acid would only be used up to 5% of the total weight of acid

catalyst to enhance oxidative desulfurization in this system.

Addition of ionic liquids can improve desulfurization efficiency of the system. Although
1-butyl-3-methylimidazolium hexafluorophosphate is known as the most common ionic
liquid used in oxidative desulfurization, its instability in ultrasonication and oxidants
systems could cause operational problems. Corrosive gases including hydrogen fluoride,
phosphorus pentafluoride and phosphorus oxyfluoride could be generated as
decomposition byproducts of this ionic liquid. High stability ionic liquids such as 1-ethyl-
3-methylimidazolium ethylsulfate and 1,2,3-trimethylimidazolium methylsulfate could be

used to alleviate formation of decomposition byproduct.

It is demonstrated that the modified process with solid oxidant is applicable to desulfurize
various model sulfur compounds. Higher than 98% oxidation and desulfurization can be
achieved on benzothiophene, 2-methyl benzothiophene, dibenzothiophene, and 4, 6-

dimethyl dibenzothiophene, while 97% oxidation and desulfurization can be achieved on
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thiophene and 2-methyl thiophene. As shown in the kinetic studies, the oxidation
efficiencies of the model sulfur compounds decrease in the following order: BT > 2MBT

>DBT >4, 6DMDBT > T > 2MT.

A preliminary investigation on UV assisted oxidative desulfurization conducted in this
study demonstrated a possible way to lower the power consumption in UAOD processes.
Higher than 50% desulfurization on both BT and DBT can be achieved in 1 hour under
UV irradiation with application of 30% wt. hydrogen peroxide, phase transfer catalyst,
acid catalysts, photo-catalyst, and ionic liquid. This result is comparable to a system with
same reactants under ultrasonication for 10 minutes. It was demonstrated that energy
consumption can be lowered by roughly 95% by using low power UV irradiation instead
of ultrasonication. Further studies could be conducted to investigate the applicability of

UV irradiation in desulfurization other OSCs and fuel samples.
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CHAPTER 4: MODIFIED OXIDATIVE DESULFURIZATION USING
KO, AND H,0, ON PETROLEUM FUEL

4.1 Introduction

As discussed in Chapter 1, alkyl benzothiophene derivatives and alkyl dibenzothiophene
derivates are the major organic sulfur compounds found in mid-distillates such as diesel,
and also heavy distillates such as residual oil. These two groups of OSCs, especially with
alkyl substituent at 4- and/or 6-postion are considered refractory to traditional
hydrodesulfurization process. Thus, these groups of OSCs are the major sulfur

compounds found in hydrodesulfurized fuels.

In previous generations of the UAOD processes, high desulfurization efficiencies have
been demonstrated on benzothiophene and dibenzothiophene using 30% wt. hydrogen
peroxide as oxidant under mild conditions (Wan et al., 2007; Etemadi et al., 2007). The
third generation of the UAOD process, or the modified UAOD process, has successfully
demonstrated the production of ultra-low sulfur diesel using 30% wt. H,O, as oxidant.
However, this process is found not to be applicable to heavy oil desulfurization mainly

due to heavy deposition of asphaltenes.

Besides, concentrated hydrogen peroxide is a potential hazard due to its spontaneous
ignition and explosive properties. Diluted hydrogen peroxide solutions are commonly

used in the oxidative desulfurization process. However, dilution would increase the
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volume and weight of oxidant required together with a reduction of the reaction

efficiency. These effects would increase the overall cost of the process.

The modification using potassium superoxide (KO,) as oxidant, discussed in Chapter 3,
has demonstrated high desulfurization efficiencies for thiophene, benzothiophene,
dibenzothiophene and their derivatives. The results are comparable to the third generation
of the UAOD process (modified UAOD process). In this study, modified desulfurization
process using KO, as oxidant was applied to petroleum fuels including diesel and
residual oil. The process can be operated under mild conditions with the enhancement
from phase transfer catalysis and acid catalysis (Chan et al., 2009). The process consists
of two steps: selective oxidation of OSCs in fuel with or without ultrasound irradiation
followed by separation of oxidized OSCs from fuels by solvent extraction or solid

adsorption.

In this chapter, modified desulfurization process using KO, as oxidant was applied to
some of the commercial fuels including marine gas oil (MGO), jet propellant 8 (JP-8),
sour diesel and also residual fuel oils to investigate the feasibility of desulfurizing

commercial fuels.
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4.2 Materials

Three diesel fuels, including jet propellant 8 (JP-8) with 782 ppm,, sulfur content
received from U.S. Army Research Laboratory, Adelphi, Maryland; marine gas oil (MGO)
with sulfur 1631 ppm,, content received from Navy Station, Long Beach, California; and
sour diesel with 8117 ppm,, sulfur content received from Golden Eagle Oil Refinery Inc.,
Woods Cross, Utah; were used as the mid-distillate feedstock. Two residual oil samples,
including residual oil no. 6 (RO-6) received from Eco Energy Solutions Inc., Reno,
Nevada; and intermediate fuel oil (IFO) received from Intelligent Energy Inc., Long

Beach, California; were used as the heavy-distillate feedstock.

Oxidants used including 30% wt. H,O, solution was obtained from VWR Inc., while
potassium superoxide, acid catalysts (glacial acetic acid and trifluoroacetic acid), and
phase transfer catalysts (tetraoctylammonium bromide and tetraoctylammonium chloride)
were obtained from Sigma-Aldrich Co., while tetraoctylammonium fluoride was
synthesized by halogen exchange process (Dermeik et al., 1989). Ionic liquids including
1-butyl-3-methyl-imidazolium hexafluorophosphate [BMIM][PF¢], 1-ethyl-3-
methylimidazolium ethylsulfate [EMIM][EtSO4], and 1,2,3-trimethyl-imidazolium
methylsulfate [TMIM][MeSO4] were obtained from Sigma-Aldrich Co. Acetonitrile,

solvent used for sulfones extraction, was obtained from VWR Inc.

150



4.3 Experimental Procedure and Analytical Method

Known amount of oxidant, either potassium superoxide or 30% wt. hydrogen peroxide,
was first mixed with 5 grams of selected ionic liquid, either 1-butyl-3-methylimidazolium
hexafluorophosphate ~ [BMIM][PFg], 1-ethyl-3-methyl-imidazolium  ethylsulfate
[EMIM][EtSO4] or 1,2,3-trimethylimidazolium methyl-sulfate [TMIM][MeSQOy], and 0.1
gram of tetraoctylammonium fluoride to produce mixture A; 10 grams of the selected
mid-distillate feedstock, either JP-8, MGO or sour diesel; or heavy-distillate feedstock,

either RO-6 or IFO, were mixed with 2 grams of acetic acid to produce mixture B.

Mixture A was slowly added to mixture B, and the resulting mixture was heated up to 70°

C with continuous mixing for desired time period. Emulsion formed after the treatment
process was separated by centrifugation. Oil phase was collected and extracted with
acetonitrile. The acetonitrile-extracted oil phase was analyzed by the Sulfur-in-Oil

Analyzer.

The total sulfur concentration of the fuel samples was determined according to ASTM
D4294 and ISO 8754. Sulfur-in-Oil Analyzer (SLFA-20), manufactured by Horiba Inc.
was used to measure total sulfur content of samples based on non-dispersive X-ray
fluorescence (NDXRF). Sulfur-in-Oil Analyzer is applicable to samples with total sulfur

as high as 5% wt., with a lower detection limit of 20ppm.
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4.4 Results and Discussion

4.4.1 Desulfurization of JP-8

Table 4.1 shows the desulfurization of JP-8 using potassium superoxide with the
application of different ionic liquids. Table 4.2 shows the desulfurization of JP-8
using 30% wt. hydrogen peroxide using different ionic liquids for comparison. The

weight of oxidant used was fixed at 0.5 gram. The reaction time was 180 minutes.

Table 4.1 Desulfurization of JP-8 using KO, as oxidant

Tonic Liqllid KOZ [S]Iniﬁal [S] . [KOzl [S]Final [S] Removal
g mmol | ppm, | mmol mol : mol ppm,, %
[BMIM][PF¢] 0.5 9.6 782 0.24 1:29 <20 > 98
[EMIM][EtSO,] 0.5 9.6 782 0.24 1:29 <20 > 08
[TMIM][MeSO,] 0.5 9.6 782 0.24 1:29 <20 > 08

As shown in Table 4.1, higher than 98% desulfurization efficiencies for JP-8 were
achieved by using potassium superoxide as oxidant, regardless of the type of ionic
liquid used. Thus, all ionic liquids including [BMIM][PFs], [EMIM][EtSOy4], and

[TMIM][MeSO4] were considered applicable to this desulfurization process. As
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discussed in Chapters 2 and 3, [BMIM][PF¢] could decompose to corrosive gases
under ultrasonication and/or oxidation conditions. Therefore, [EMIM][EtSOy], and
[TMIM][MeSO4] would be considered as better options of ionic liquids applied to

this desulfurization process.

Table 4.2 Desulfurization of JP-8 using 30% wt. H,O; as oxidant

Ionic Liquid H,0,; (30%) [Slmitiar [S] : [HOz] | [Slfina [S] Removal
g Il;ll:r(l)ozl ppm,, | mmol mol : mol ppm,, %
[BMIM][PF] 0.5 44 782 0.24 1:18 101 87
[EMIM][EtSO4] 0.5 4.4 782 0.24 1:18 92 90
[TMIM][MeSO4] 0.5 4.4 782 0.24 1:18 112 86

Comparing with systems using 30% wt. hydrogen peroxide (Figure 4.2), systems
using potassium superoxide afforded higher desulfurization efficiencies. One of the
possible reasons could be a higher availability of oxidant per mass of potassium

superoxide as compared to 30% wt. hydrogen peroxide system.
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Another set of experiments were conducted using 0.5 gram of potassium superoxide
as oxidant and [EMIM][EtSQOy4] as the ionic liquid. Desulfurization efficiencies as a
function of reaction time are shown in Figure 4.1. It is demonstrated that the

desulfurization efficiency approached to 100% at 100 minutes.
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Figure 4.1 Desulfurization of JP-8 with respect to total reaction time
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4.4.2 Desulfurization of MGO

Table 4.3 shows the desulfurization of MGO using potassium superoxide with using
different ionic liquids. Table 4.4 shows the desulfurization of MGO with 30% wt.
hydrogen peroxide using different ionic liquids. The weight of oxidant used was 0.5

gram for both systems. The reaction took place at 70°C with reaction time of 180

minutes.

Similar to desulfurization of JP-8, higher than 98% desulfurization efficiencies was
achieved for MGO by using potassium superoxide as oxidant, regardless of the type
of ionic liquid used. However, under the same conditions, the maximum
desulfurization efficiency achieved ffor 30% wt. H,O, was only 82%. A possible
explanation could be the availability of 1.5 times more oxidant in the superoxide

system as compared to hydrogen peroxide system.

As described in the previous chapters, corrosive gases could be generated from
[BMIM][PFs] under strong oxidizing condition. Without losing desulfurization
efficiency, alternative ionic liquids such as [EMIM][EtSO4] and [TMIM][MeSOQO4]

should be considered for application to this desulfurization process.
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Table 4.3 Desulfurization of MGO using KO, as oxidant

Ionic Liquid KO, [Slinitial [S] : [KO,] [SlFinal [S] Removal
g mmol | ppm,, | mmol mol : mol ppm,, %
[BMIM][PF] 0.5 9.6 1600 0.5 1:14 <20 >99
[EMIM][EtSO,] 0.5 9.6 1600 0.5 1:14 <20 >99
[TMIM][MeSO4] 0.5 9.6 1600 0.5 1:14 <20 >99

Table 4.4 Desulfurization of MGO using 30% wt. H,O» as oxidant

Ionic Liquid H,0,; (30%) [Slmitiar [S] : [HO2] | [Slfina [S] Removal
g Il;ll:r(l)ozl ppm,, | mmol mol : mol ppm,, %
[BMIM][PF] 0.5 44 1600 0.5 1:8.8 358 77
[EMIM][EtSO4] 0.5 4.4 1600 0.5 1:8.8 294 82
[TMIM][MeSO4] 0.5 4.4 1600 0.5 1:8.8 309 81
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4.4.3 Desulfurization of Sour Diesel

Tables 4.5 and 4.6 show the desulfurization of sour diesel using potassium
superoxide and 30% wt hydrogen peroxide, respectively, using different ionic
liquids. The weight of oxidant used was fixed at 0.5 gram for both systems. The

reaction temperature was maintained at 70°C with a reaction time of 180 minutes.

Table 4.5 Desulfurization of sour diesel using KO, as oxidant

Tonic Liqllid KOZ [S]Iniﬁal [S] . [KOzl [S]Final [S] Removal
g mmol | ppm,, | mmol mol : mol ppm,, %
[BMIM][PFq] 0.5 9.6 8100 2.53 1:2.8 491 94
[EMIM][EtSO4] 0.5 9.6 8100 2.53 1:2.8 428 95
[TMIM][MeSOy4] 0.5 9.6 8100 2.53 1:2.8 432 95

Table 4.6 Desulfurization of sour diesel using 30% wt. H>O, as oxidant

Ionic Liquid H,0; (30%) [Slmitiar [S] : [HO2] | [SlFina [S] Removal
g Il;ll:r(l)ozl ppm,, | mmol mol : mol ppm,, %
[BMIM][PFq] 0.5 44 8100 2.53 1:1.7 4733 42
[EMIM][EtSO,] 0.5 4.4 8100 2.53 1:1.7 4348 46
[TMIM][MeSO4] 0.5 4.4 8100 2.53 1:1.7 4197 48
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As can be seen in Table 4.5, a maximum of 95% desulfurization efficiency can be
achieved by using potassium superoxide as oxidant, with either [EMIM][EtSO4], or
[TMIM][MeSQOy4]. Lower desulfurization efficiency (42%) was obtained in the

system using [BMIM][PF] as ionic liquid.

In comparison, for the system using 30% wt. hydrogen peroxide (Table 4.6), the
maximum efficiency was only 48%. It is thus shown that superoxide is highly

superior to hydrogen peroxide in desulfurization of sour diesel.

These studies indicate that superoxide results in higher desulfurization efficiency as
compared to hydrogen peroxide. Two major reasons can be advanced: 1) with the
equal mass consideration, the number of moles of oxidant provided by 30% wt.
H,0; is 55% less than number of mole of oxidant provided by pure KO,; and 2)
water molecules in H,O, solution could hinder the reaction rate due to dilution
effect (Wypych, 2001). Among the three diesel fuels; i.e., JP-8, MGO, and sour
diesel, the greatest difference in desulfurization efficiencies between the two

oxidants (superoxide versus hydrogen peroxide) occurred for sour diesel.
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4.4.4 Kinetic Studies of Desulfurization on Various Diesel Samples

Kinetic studies of oxidative desulfurization reported by different research groups
(Tam et al., 1990, Te et al., 2001; Huang et al., 2007; Yan et al., 2007; Dhir et al.,
2009) indicate that oxidation rate using excess amount of oxidant follows pseudo
first order reaction kinetics. In the studies reported herein, desulfurization of model
sulfur compounds reported in Chapter 3, section 3.5, using excess amount of
potassium superoxide follows pseudo first order reaction kinetics. The experimental
rate constants were obtained from the rate equations previously applied to model

sulfur compounds including T, 2MT, BT, 2MBT, DBT and 4,6DMDBT.

While sulfur content in diesel is mainly composed of thiophenes, benzothiophenes,
and dibenzothiophenes and their derivatives, it is expected that the desulfurization
of JP-8, MGO and sour diesel would also follow the pseudo first order reaction

kinetics.

Desulfurization kinetic studies were conducted for the three diesel fuels including
JP-8, MGO and sour diesel, using KO, oxidant with sulfur to oxidant ratios of 1:29,
1:14 and 1:2.7, respectively. Figure 4.2 illustrates the desulfurization efficiencies as
a function of reaction time for the three diesel fuels using 0.5 gram of potassium

superoxide as oxidant and [EMIM][EtSQOy4] as ionic liquid. The linearized plots of -
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In(C/C,) versus time are shown in Figure 4.3 and the reaction rate constants are

summarized in Table 4.7.

Table 4.7 Rate constants for various diesel samples using KO, as oxidant

Diesel k', min™ R’
JP-8 0.0231 0.970
MGO 0.0202 0.949
Sour Diesel 0.0151 0.815
120
100 % Q
¥
80 v
= ®
5 o LINE:
g ¢ MGO
0 V' Sour Diesel

40
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Figure 4.2 Desulfurization removal efficiencies of different diesel fuels as a function of
reaction time

160



B pg
"\ Linear Regression for

9 .

S JP-8

3 * MGO

=4 "\ Linear Regression for
' MGO

V' Sour Diesel
Linear Regression for
Sour Diesel

0 20 40 60 80 100 120 140 160 180

Time, min

Figure 4.3 Desulfurization rates of different diesel fuels as a function of reaction time

The apparent first order rate constant, k’, for JP-8, MGO and sour diesel were
0.0231 min™, 0.0212 min’ and 0.0151 min”, respectively. The correlation
coefficient, Rz, for JP-8 and MGO were 0.970 and 0.949, respectively while R? for

sour diesel was significantly lower (0.815).

As can be observed in Figure 4.3, the reaction rate for sour diesel is significantly
lower as compared to those for JP-8 and MGO. A possible explanation for this

phenomenon is the comparatively lower oxidant to sulfur ratio in the sour diesel
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system, in which the concentration KO, became significantly low at longer reaction

time. As a result, the assumption of pseudo first order kinetics was no longer valid.

Future studies should consider the determination of superoxide concentration during
the reaction process. Chemiluminescence determination and  direct
spectrophotometrical determination of superoxide concentration are some of the
possible methods (Afanas’ev, 1989; Endo et al., 2002; Rose et al., 2008; Wali et al.,
2002). Also, more tests should be conducted to understand the actual reaction

pathway of KOs is also required.
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Table 4.8 Desulfurization of different heavy-distillates using KO, as oxidant

4.4.5 Desulfurization of Heavy-Distillates

Table 4.8 shows the desulfurization of heavy-distillates, RO-6, and IFO using

potassium superoxide with a fixed “sulfur to oxidant” mole ratio and different ionic

liquids. The reaction took place in 3 hours mechanical mixing.

Further, a series of experiments using 30% wt. H,O, were also conducted to

desulfurize the two heavy-distillates. It was observed, however, that the phases

could not be easily separated after treatment by the modified UAOD process due to

heavy precipitation and conglomeration. It was thus decided that the modified

UAOD process using 30% wt. H,O; is not applicable to desulfurize these heavy-

distillates.

[SI

Ionic LiqUid KOZ [S]lnitial [S] : [KOZ] [S]Final Removal
g mmol | ppm,, | mmol mol : mol ppm,, %
[BMIM][PF] 0.7 9.9 12187 3.8 1:2.6 6037 51

o

g [EMIM][EtSO4] 0.7 9.9 12187 3.8 1:2.6 5578 54
[TMIM][MeSO4] 0.7 9.9 12187 3.8 1:2.6 5711 53
[BMIM][PF] 1.6 22.1 | 27223 8.5 1:2.6 6479 76
g [EMIM][EtSO4] 1.6 22.1 | 27223 8.5 1:2.6 5710 78
[TMIM][MeSO4] 1.6 22.1 | 27223 8.5 1:2.6 5358 80
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4.5 Summary and Conclusion

This study aimed as developing alternative oxidation processes to achieve high
desulfurization efficiencies on various commercial fuels including diesels and residual

oils with relatively low consumption of oxidant.

Use of solid type oxidant can significantly reduce the volume and weight of required
oxidant comparing with systems using 30% wt. hydrogen peroxide solution as oxidant. In
low oxidant to sulfur ratio, potassium superoxide showed significantly more effective

comparing with 30% wt. hydrogen peroxide.

As illustrated in Table 4.3, higher desulfurization efficiencies could be observed in
systems using [EMIM][EtSO4] and [TMIM][MeSQ4] instead of [BMIM][PF¢]. Therefore,
[EMIM][EtSO4] and [TMIM][MeSQ4] are considered as better ionic liquid for this

system.

It was demonstrated that high desulfurization efficiencies on commercial diesels
including JP-8, MGO and sour diesel could be achieved. Greater than 98%
desulfurization efficiencies were observed for JP-8 and MGO. 95% desulfurization was
achieved on sour diesel using potassium superoxide as oxidant. This is possibly due to
the high initial sulfur content of sour diesel. With lower oxidant to sulfur ratio, the

desulfurization efficiency on sour diesel was relatively low.
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The pseudo first order rate constant for JP-8, MGO and sour diesel obtained from the
kinetic studies are 0.0231 min™, 0.0212 min" and 0.0151 min”, respectively. Lower

reaction rate for sour diesel was possibly due to low oxidant to sulfur ratio applied.

In this study, it was also demonstrated that 50% to 75% desulfurization efficiencies could
be achieved with heavy-distillates by using potassium superoxide as oxidant. The process
could yield residual oil with sulfur content of less than 1%, satisfying the 2010 sulfur cap
of 1% regulated by MARPOL. Nonetheless, in order to meet the 5000ppm,, surfur cap

goal in 2020, further desulfurization of the heavy distillates is still required.

Desulfurization efficiencies of RO-6 and IFO were relatively low compared to the diesel
fuels and the model compound including T, 2MT, BT, 2MBT, DBT and 4,6DMDBT. This
could be caused by the complex structure of RO-6 and IFO hindering the desulfurization
efficiency. Furthermore, there could be other refractory sulfur compounds which are not

susceptible to oxidation or difficult to be extracted.
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CHAPTER 5: QUALITATIVE ANALYSIS USING GC-SCD

5.1 Introduction

As previously discussed, it is widely accepted that organic sulfur compounds in
petroleum products can cause serious pollution to the environment. Upon combustion,
OSCs would be transformed to sulfur oxides, which are known to be the key contaminant
causing acid rain and health hazards. Some of the polycyclic aromatic sulfur compounds
could also be possible mutagens or carcinogens. Thus, desulfurization technologies are

expected to significantly lower the sulfur concentration in various petroleum products.

In order to investigate the reactivity and understand the oxidation pathway of organic
sulfur compounds, identification of OSCs in petroleum products is of great importance in
the industry. Also, understanding the distribution of OSCs and identifying the refractory

compounds are highly desirable for the development of desulfurization technologies.

Gas chromatography (GC) equipped with appropriate detectors is one of the most
common methods to measure and characterize volatile sulfur, nitrogen and phosphorus
compounds. There are several detectors which can be used to detect sulfur containing
compounds, including Atomic Emission Detector (AED), Hall Electroconductivity
Detector (HECD), Flame Photometric Detector (FPD), Pulse Flame Photometric Detector
(PFPD), Flame Ionization Detector (FID) and Mass Spectroscopy Detector (MS). These

detectors are applicable to identify a wide range of elements and compounds (Lee,
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1991; Mistry et al., 1994; Ellzy et al., 1998). However, most of these detectors are not
able to provide accurate results or a linear response to the concentration of sulfur
containing compounds (Andari et al., 1996). Although AED shows a higher linear
dynamic range comparing with other detectors, it is much more expensive and difficult to
operate. Besides, its selectivity towards different elements is questionable (Mistry et al.,

1994).

Sulfur Chemiluminescence Detector (SCD) is a more recent detector which can serve
better for both qualitative and quantitative analyses of organic sulfur compounds. SCD is
based on a two-step process (Benner, 1989). Sulfur containing compounds are first

reacted in a high temperature furnace (> 800°C) with hydrogen rich hydrogen/air mixture

forming sulfur monoxide. Sulfur monoxide formed is transferred to a reaction chamber
where sulfur monoxide is oxidized by ozone forming sulfur dioxide (SO,*) in an excited
state. Upon decay, the exited state of SO, emits UV radiation with a peak wavelength of
350 nm. The chemiluminescent emission is detected by a photomultiplier tube. Because
the intensity of light emitted is proportional to the concentration of sulfur, SCD can be
used to measure sulfur both quantitatively and qualitatively. A block diagram of GC-SCD

with the major chemical reactions involved is illustrated in Figure 5.1.
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Figure 5.1 Major reactions in SCD (GAS Inc., 2004)

Sulfur chemiluminescence detector provides higher sensitivity for any organic sulfur
compounds with the lower detection limit in ppb level. It provides linear response with
respect to concentration, which can be used to measure sulfur concentration. While SCD
is specified to detect sulfur only, there is no interference by co-eluting species of other
hydrocarbons and thus, providing a better chromatograph to identify sulfur compounds.
High stability, selectivity and absence of quenching are also some of the advantage of
SCD. GC-SCD is one of the standard test methods to characterize organic sulfur
compounds approved by ASTM as stated in ASTM D 5504, ASTM D 5623, and ASTM

D 7011.
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ASTM # Title Application

D 4045-99 Sulfur in petroleum products by Injection by syringe 20 ppb to 10 ppm by weight of
hydrogenolysis and rateo- sulfur in liquids into a lead acetate paper tape H,S
metric colorimetry. analyzer equipped with a hydrogen reaction

furnace.

D 2420-96 Hydrogen sulfide in liquefied Manual pass/fail test for ppm of sulfur using lead
petroleum (LP) gases (lead acetate paper tape.
acetate method).

D 4323-97 Hydrogen sulfide in the atmos-  Covers 1 to 3000 ppb by volume of H,S in air using
phere by rate of change of a lead acetate H,S analyzer.
reflectance.

D 4468-95 Total sulfur in gaseous fuels by  Covers 1 ppb to 20 ppm by volume of sulfur in
hydrogenolysis and rateo- gaseous fuels using a lead acetate H,S analyzer
metric colorimetry. equipped with hydrogen reaction furnace.

D 4810-94 Hydrogen sulfide in natural gas ~ Covers .5 ppm to 40 % H,S in natural gas using
using length-of-stain detector lead acetate in glass tubes. (commonly referred to
tubes. the Drager test)

D 4084-94 Analysis of hydrogen sulfide in- Covers 1ppm to 16ppm (up to 100 % using dilution
gaseous fuels (lead acetate methods) by volume of sulfur in gaseous fuels
reaction rate method). using a lead acetate H,S analyzer.

D 5504-98 Standard test method for deter-  Covers 0.07 ppm to 690 ppm of individual sulfur
mination of sulfur compounds  compounds in gaseous fuels including natural gas,
in natural gas and gaseous using sulfur chemiluminescence.
fuels by gas chromatography
and chemiluminescence.

D 5623-99 Standard test method for sulfur  Covers 0.07 to 690 ppm of individual sulfur

(1999) compounds in light petroleum  compounds in light petroleum gases using sulfur
liquids by gas chromatography  chemiluminescence.
and sulfur selective detection.

Figure 5.2 Some of the standard sulfur measurement methods adopted by ASTM (GAS
Inc., 2004)

In order to investigate the oxidation pathway of organic sulfur compounds in the new
system, a series of experiments were conducted using the modified desulfurization

process with KO, as oxidant on different samples, including a premixed solution of
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model sulfur compounds including benzothiophene, dibenzothiophene, and 4, 6-dimethyl
dibenzothiophene; a solution of benzothiophene sulfone; a solution of dibenzothiophene
sulfone; and also some of the commercial fuels including JP-8, MGO, sour diesel and

also residual fuel oils.

During the experiment, it was found that the intensity of model sulfur compounds were
significantly reduced after the oxidation process even if the total sulfur concentration did
not change. A test was done to examine if there was inorganic sulfur compounds, for
instance, sulfate in the sample after oxidation. Based on the results, it is believed that
sulfate could be one of the products. While sulfate is not detectable by GC-SCD and
could deposit on the GC column, samples after oxidation process were washed with water

to lower down sulfate and other ions concentrations.

In this chapter, qualitative analyses on the sulfur species using HP-6890 Series gas
chromatograph equipped with Sievers model 355B Sulfur Chemiluminescence Detector
purchased from Agilent Technologies Inc., Santa Clara, California are discussed. Also,
the oxidation mechanism of organic sulfur compounds using potassium superoxide is

proposed.

170



5.2 Materials

Model sulfur compounds used in this study including benzothiophene, benzothiophene
sulfone (BTO), dibenzothiophene, dibenzothiophene sulfone (DBTO), 4, 6-dimethyl
dibenzothiophene were obtained from Sigma-Aldrich Co. Solvents for model sulfur
compounds solutions preparation (toluene and n-decane) and solvent used for sulfones
extraction (acetonitrile) were obtained from VWR Inc. Oxidant potassium superoxide,
acid catalysts including glacial acetic acid and trifluoroacetic acid, and phase transfer
catalyst tetraoctylammonium bromide were obtained from Sigma-Aldrich Co., while
tetraoctylammonium fluoride was synthesized by halogen exchange process (Dermeik et
al., 1989). Ionic liquid 1-butyl-3-methylimidazolium hexafluoro-phosphate [BMIM][PFs],

was obtained from Sigma-Aldrich Co.

Three diesel fuels, including JP-8 with 780 ppm,, sulfur content received from Army
Research Laboratory; MGO with sulfur 1600 ppm,, content received from Navy Station;
and sour diesel with 8100 ppm,, sulfur content received from Golden Eagle Oil Refinery
Inc., were used as the mid-distillate feedstock. Two residual oil samples, RO-6 received
from Eco Energy Solutions Inc.; and IFO received from Intelligent Energy Inc., were

used as the heavy-distillate feedstock.
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5.3 Experimental Procedure

5.3.1 Preparation of Model Sulfur Compound Solutions

Sample 1: Known amount of BT, DBT and 4, 6 DMDBT model sulfur compounds
were dissolved into a solvent mixture with 30% wt. toluene and 70% wt. n-decane
to make a stock solution with approximately 300 ppm,, BT, 300 ppm,, DBT, and

400 ppm,, 4, 6(DMDBT, giving a total of 1000 ppmy, sulfur content.

Sample 2: Known amount of BTO model sulfur compound was dissolved into a
solvent mixture with 30% wt. toluene and 70% wt. n-decane to make a stock

solution with approximately 1000 ppm,, sulfur content.

Sample 3: Known amount of DBTO model sulfur compound was dissolved into a

solvent mixture with 30% wt. toluene and 70% wt. n-decane to make a stock

solution with approximately 1000 ppm,, sulfur content.
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5.3.2 Desulfurization of Feedstock

To avoid potential contamination of sulfur compounds from other reactants, sulfur
containing ionic liquids including 1-ethyl-3-methyl-imidazolium ethylsulfate
[EMIM][EtSO4] and 1,2,3-trimethylimidazolium methyl-sulfate [TMIM][MeSO4]
were not used in this study. Instead, 1-butyl-3-methylimidazolium hexafluoro-
phosphate [BMIM][PFs] was employed. It is known that ionic liquid can extract a
portion of sulfone from oil samples. To minimize the extraction effect of sulfur
compounds by ionic liquid, the dosage of ionic liquid is reduced to 1 gram without

significant loss of desulfurization efficiency with a 180 minutes reaction time.

Based on the optimal condition discussed in Chapter 3, Section 3.4, 0.7 gram of
potassium superoxide was first mixed with 1 gram of selected ionic liquid
[BMIM][PF¢] and 0.1 gram of tetraoctyl-ammonium fluoride (TOAF) to produce
mixture A; 10 grams of the selected model sulfur compounds solution as described
in Chapter 5, Section 5.3.1, or selected fuel sample such as JP-8, MGO, sour diesel,
RO-6 or IFO, were mixed with 2 grams of acetic acid to produce mixture B.
Mixture A was then slowly added to mixture B, and the resulting mixture was

heated up to 70°C and stirred for 180 minutes. Emulsion formed after the treatment

process was separated by centrifugation. Oil phase was collected and extracted with
acetonitrile. Total sulfur content of acetonitrile-extracted oil phase was analyzed by

the Sulfur-in-Oil Analyzer.
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5.3.3 Analytical Method

The total sulfur concentration of the fuel samples was determined according to
ASTM D4294 and ISO 8754. Sulfur-in-Oil Analyzer (SLFA-20), manufactured by
Horiba Inc. was used to measure total sulfur content of samples based on non-
dispersive X-ray fluorescence. Sulfur-in-Oil Analyzer is applicable for samples

with total sulfur as high as 5% wt., with a detection limit of 20ppm.

Identification of organic sulfur compounds was carried out by HP-6890 Series GC
equipped with Sievers 355B SCD (GC-SCD). The GC capillary column was

equipped with a 30m x 0.32mm HP-5 fused silica column with 0.25pum film

thickness.

To separate different compounds, a specified column temperature profile based on

Andari et al. (1996) was applied. The column temperature started at 35°C and was
gradually increased to 70°C at a rate of 10°C per minute. Then, the temperature was
increased to 280°C at a rate of 3°C per minute. The column temperature was kept at
280°C for another 2.5 minutes to vaporize the remaining hydrocarbon. Ultra high

purity helium (carrier gas) was supplied at a constant pressure of 60 psig. Ultra high

purity hydrogen (fuel) was supplied at constant pressures of 40 psig.
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The SCD furnace temperature was set at 800°C with air flow of 5.8mL per minute

and hydrogen flow of 100mL per min. Ultra high purity oxygen was supplied to the
ozone generator with flow rate of 60 mL/min with a constant pressure of 60 psig at

25°C. The injected volume of sample was 1 pL with appropriate dilution to 50 ppm,,

to 100 ppmy, total sulfur concentrations.

Sample
Furnace

Ozone
Oven = 800C  Generator

Carrier gas
{Helium)

Capillary Column

Figure 5.3 Block diagram of GC-SCD setup
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5.3.4 Estimation of Retention Time of Different OSCs

An initial test was conducted to illustrate the retention time of three model
compounds namely BT, DBT and 4, 6 DMDBT. Although similar operating
conditions were used as reported by Andari et al. (1996), the retention times of the
model sulfur compounds reported in this study (Table 5.2) were of significantly
different. Andari et al. used an earlier GC model HP 5890 series II using a methyl
silicon fused capillary column, while this study used a HP-6890 Series GC with
HP-5 fused silica capillary column. Both columns are very similar except for their

polarities, which could explain the difference in retention time.

Based on Cheng et al. (2005), it would be reasonable to assume that the retention
times for different columns with similar properties follow a linear regression. A plot
of experimental retention time from this study versus a retention time reported by
Andari et al for the three model sulfur compounds is shown in Figure 5.4. The
estimated retention time for several organic sulfur compounds are presented in

Tables 5.1 and 5.2.
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Figure 5.4 Experimental retention time versus reference retention time of model sulfur
compounds BT, DBT and 4, 6 DMDBT

Table 5.1 Calculated retention time of various BT and DBT derivatives

Retention Time, min
Andari et al., 1996 Estimated
C2 benzothiophenes 37.68 —39.45 16.27-17.70
C3 benzothiophenes 41.11-43.45 19.05 -20.94
C4 benzothiophenes 43.83 —48.73 21.25-2522
C5 benzothiophenes 49.25-51.33 25.64 —27.32
C6 benzothiophenes 51.79 — 55.80 27.69 —30.94
C7 benzothiophenes 56.31 —57.78 31.35-32.54
C8 benzothiophenes 58.18 —59.87 32.86 —34.23
C1 di-benzothiophene 56.09 — 57.52 31.17-32.33
C2 di-benzothiophene 59.52 - 61.64 33.73 -35.67
C3 di-benzothiophene 62.17 — 64.95 36.09 —38.34
C4 di-benzothiophene 65.47 — 68.27 38.77—41.03
C5 di-benzothiophene 69.44 — 69.78 41.98 —42.25
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Table 5.2 Calculated retention time of various OSCs

Retention Time, min

Andari et al., 1996 From this study Estimated

thiophene 5.52 1.12 1.06

2-methyl thiophene 9.06 2.20 2.26
2-ethyl thiophene 22.29 3.37

2, 5-dimethyl thiophene 23.47 3.47
3-tert-butyl thiophene 25.75 3.60

2, 3, 4-tri-methyl thiophene 25.99 3.73
1, 3-dithiacyclopentane 26.73 3.89
1-heptane thiol 26.99 4.05

1, 4-butane dithiol 28.58 4.24
2-methyl 5-propyl thiophene 30.28 4.48
2-n-butyl thiophene 31.31 4.57

2, 5-diethyl thiophene 33.85 4.66
3-n-butyl thiophene 34.16 4.75

3, 4-diethyl thiophene 35.16 4.96

2, 3, 4, 5 tetra-methyl thiophene 3945 5.29
n-butyl sulfide 45.68 5.96

ethyl phenyl thiophene 25.75 6.62

1, 5-pentane dithiol 25.99 6.81
1-octane thiol 26.73 7.41

benzyl methyl sulfide 26.99 7.62
benzothiophene 28.58 8.89 8.91
1-nonane thiol 30.28 10.28

1, 6-hexane dithiol 31.31 11.12
5-methyl benzothiophene 33.85 13.17
3-methyl benzothiophene 34.16 13.42
1-decane thiol 35.16 14.23
3, 5-dimethyl benzothiophene 39.45 17.70
di-phenyl sulfide 45.68 22.75
benzyl phenyl sulfide 50.11 26.33
di-benzothiophene 52.25 28.08 28.06
di-benzyl sulfide 54.54 29.92

4, 6-dimethyl dibenzothiophene 59.61 34.01 34.02
thianthrene 59.72 34.11

2, 8-dimethyl dibenzothiophene 61.1 35.23
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5.4 Results and Discussion

5.4.1 Model Sulfur Compounds Identification

Figures 5.5 and 5.6 depict the GC-SCD chromatograms of BT, DBT and 4, 6
DMDBT before and after the oxidative desulfurization treatment using KO, as
oxidant. It can be observed that the retention times for the oxidized products of BT,
DBT and 4,6DMDBT identified as BTO, DBTO, and 4, 6 DMDBTO, respectively,

shifted to the right.

Nevertheless, the intensity of the peaks are significantly reduced even the total
sulfur concentration measured by Sulfur-in-Oil Analyzer did not show significant
difference. One of the hypotheses is that superoxide might be able to oxidize

organic sulfur compounds to inorganic sulfate.

Due to the fact that GC-SCD is not capable of identifying sulfate ion, experiments
were conducted to examine if there was inorganic sulfate present in the sample after
oxidation. The sample was extracted with deionized water (DW) to possibly
partition sulfate ion. Addition of 0.5 gram barium chloride and precipitation of
barium sulfate indicated the presence of sulfate ion. Measurement of total sulfur
concentration before (1037 ppmy,) and after water extraction (568 ppm,) indicate

that nearly 54% of total sulfur was extracted.
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Figure 5.5 GC-SCD chromatogram of sample with BT, DBT and 4, 6 DMDBT before
oxidation process
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Figure 5.6 GC-SCD chromatogram of sample with BT, DBT and 4, 6 DMDBT after
oxidation process

To determine the possible oxidation of sulfones, oxidation studies were conducted
for BTO and DBTO separately. The chromatograms BTO and DBTO before and

after the oxidation process are shown in Figure 5.7 through Figure 5.10.
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Figure 5.7 GC-SCD chromatogram of sample with BTO before oxidation process

uy.

104

100+

min

Figure 5.8 GC-SCD chromatogram of sample with BTO after oxidation process
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Figure 5.9 GC-SCD chromatogram of sample with DBTO before oxidation process
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Figure 5.10 GC-SCD chromatogram of sample with DBTO after oxidation process

Figure 5.8 shows that the BTO peak was significantly reduced after oxidation.
Furthermore, the chromatogram shows the presence of other organic sulfur
compounds. The major peak was identified as DBTO. Some other smaller peaks
could be alkyl benzothiophenes, alkyl dibenzothiophenes, or other higher molecular

weight OSCs.

It was also observed that the peak intensity of DBTO after oxidation (Figure 5.10)
1s much lower compared to that before oxidation (Figure 5.9). However, the total
sulfur content measured by the Sulfur-in-Oil Analyser did not show significant
change. Therefore, each sample was extracted with water and precipitated with
barium chloride. The total sulfur concentration of each sample was measure before
and after water extraction. The results indicate that the total sulfur concentration for
BTO was reduced from 983 ppmy, to 129 ppm,, (87%) and for DBTO from 1080
ppmy, to 393 ppm,, (64%). It can thus be postulated that the oxidation process bas

relatively less impact on DBTO than BTO.
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As suggested by Oae et al. (1981), Chang et al. (1989), Afanas’ev (1989) and Kim
et al. (1990), superoxides could oxidize organic sulfur compounds to sulfonic acids,
amides, and also inorganic sulfate. Figure 5.11 illustrates some of the chemical

reactions between OSCs and superoxide suggested by Afanas’ev (1989).

In either the UAOD system or the modified UAOD system, OSCs are
stoichiometrically converted to sulfones as the final oxidized products. However, in
this study, 13% of BT and 36% of DBT were converted to correcponding sulfones,
and the rest (87% and 64%, respectively) were converted to sulfate which can be

extracted by DW.

Oxddation of Thiols
2ESH+ 305 =2 RS0+ RS0y + HaO

Oxidation of Disulfides
2ESSR + 505 = 2RSS0y + 2R’ 5057

Oxidation of N-(2-hydroxy-phenyl)-IN-Phenylthioureas

Figure 5.11 Chemical reactions between OSCs and superoxide anion (Afanas’ev, 1989)
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5.4.2 Characterization of Untreated Diesel Samples

As discussed in Chapter 5.3.4 and Chapter 5.4.1, some of the model sulfur
compounds and their retention times were identified by GC-SCD analysis or
estimated through linear regression. The calculated retention time listed on Table
5.1 and Table 5.2 were used to predict the possible species of unknown organic
sulfur compounds presented in the samples. This is especially important to identify
the refractory compounds in the oxidative desulfurization process with the
application of superoxide. Those compounds are some of the most common OSCs
found in diesel and other petroleum fuel oil. By identifying the retention times of
different OSCs in the fuel samples through GC-SCD analysis, it is possible to

characterize the sulfur content in the samples.

Figure 5.12 shows the GC-SCD chromatogram of various model sulfur compounds
including thiophene, 2-methyl thiophene, benzothiophene, benzothiophene sulfone,
dibenzothiophene, 4, 6-dimethyl dibenzothiophene and dibenzothiophene sulfone.
From the chromatograph, the retention times of different OSCs are listed as follow:
T at 1.06 minutes, 2MT at 2.26 minutes, BT at 8.89 minutes, BTO at 23.31 minutes,

DBT at 28.08 minutes, 4,6-DMDBT at 34.01 minutes, and DBTO at 38.92 minutes.
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Figure 5.12 GC-SCD chromatogram of various model sulfur compounds

The OSCs compositions of different diesel fuels, including JP-8, MGO and sour
diesel were separated, as illustrated in the GC-SCD chromatograms (Figure 5.13).
As discussed in Chapter 1, the OSCs in diesel samples are primarily comprised of
cyclic sulfide derivates, thiophene derivates, benzothiophene derivates and
dibenzothiophene derivates. The OSCs constituents shown in these chromatograms

may be identified with reference to Tables 5.1 and 5.2.
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Figure 5.13 GC-SCD chromatogram of various diesel samples

It can be observed in Figure 5.13, JP-8 contains mainly BT and its derivates,
together with a small fraction of sulfides, thiols and thiophenes; MGO contains
mainly DBTs, some BTs, and a small fraction of sulfides, thiols and thiophenes;

and sour diesel contains mainly DBTs and some BTs.
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5.4.3 Characterization of Desulfurized Diesel Samples

Oxidative desulfurization with the application of potassium superoxide was applied
to each of the diesel sample including JP-8, MGO and sour diesel as stated in
Chapter 5.3.2. The sulfur to oxidant ratios applied for JP-8, MGO, and sour diesel

were 1:29, 1:14 and 1:2.7 respectively.

To prevent damaging the GC-SCD by acids, salts and other ions, the samples were
washed with DW after oxidation, so as to remove ions and other water soluble
compounds from the sample. The samples were then injected into the GC-SCD to
determine the change in sulfur species composition after oxidation. The oxidized
diesel samples were extracted with acetonitrile to remove sulfone formed. The
extracted diesel samples were injected into the GC-SCD again to show the

remaining sulfur species.

The GC-SCD chromatograms for JP-8, MGO and sour diesel at different stages are

illustrated in Figures 5.14, 5.15 and 5.16, respectively. Total sulfur contents in each

stage were measured by the Sulfur-in-Oil Analyser, as recorded in Table 5.3.
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Table 5.3 Total sulfur content for various diesel samples in different stages

. . Sy After Washing After Extraction
Original | After Oxidation (with DW) (with acetonitrile)
[S], ppmy | [S].ppmy | A[S], % | [S], ppmy | A[S], % | [S],ppmy | A[S], %
JP-8 782 724 7.4 358 54.2 <20 > 98
MGO 1631 1547 5.1 1252 232 28 98.3
Sour 8117 7869 3.1 7166 6.8 554 93.2
Diesel

* A[S] represents percentage change in sulfur content

As can be seen in Table 5.3, the total sulfur content in all three diesel samples were
significantly reduced by washing with DW after oxidation. This indicates the
formation of water soluble sulfur compounds after oxidation. Among the three
diesel fuels, JP-8 exhibited the highest removal of sulfur content, while sour diesel
showed the lowest. There are two possible reasons for this result. The applied
oxidant to sulfur ratio for JP-8 was the highest, thus further oxidation would have
been possible. Furthermore, it was demonstrated in the model sulfur compound
studies that higher percentage of BT can be oxidized to sulfone as compared with
DBT under identical treatment conditions. The sulfur contents in JP-8 are mostly
BT derivatives, while in sour diesel there are mostly DBT derivatives and thus more
water soluble sulfur compounds (sulfate) could be formed from JP-8. Thus, higher

degree of sulfur removal can be achieved by washing the oxidized JP-8.
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As illustrated in the GC-SCD chromatogram (Figure 5.14-a), the major OSCs in
original JP-8 are benzothiophene derivates (C1BT to C4BT) such as 3-methyl
benzothiophene and 3, 5-dimethyl benzothiophene, together with sulfides, thiols,
and thiophenes derivates. As observed in Figure 5.14-b, the chromatogram peaks
for oxidized JP-8 are shifted to the right showing that OSCs are oxidized to
molecules with longer retention time, which are expected to be the corresponding

sulfones of the original OSCs.

Two major peaks can be seen in the chromatogram of extracted JP-8. They are
identified as DBT and 4, 6DMDBT. In the chromatogram of untreated JP-8 (Figure
5.14-a), these two peaks were practically non-existent, however, it seems that these
two compounds are formed during the oxidation process (Figure 5.14-b), and are

not removed during the extraction process.

In our studies, ultralow sulfur diesel can be produced from JP-8 by a single
desulfurization process with the application of superoxide. A further polished
product, theoretically “zero sulfur” diesel, could possibly be achieved by a post
treatment. Due to the fact that the amount of ionic liquid applied is less than the
optimal condition (Table 3.17), the desulfurization efficiency could be further

improved by simply increasing the dosage of ionic liquid.
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Figure 5.14 GC-SCD chromatogram of JP-8 at different stages of the process
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Figure 5.15 GC-SCD chromatogram of MGO at different stages of the process
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MGO contains a variety of sulfur species, from thiophenes to dibenzothiophene
derivates, as illustrated in its GC-SCD chromatogram shown in Figure 5.15-a. The
majority of OSCs in original MGO are dibenzothiophene derivates (C1DBT to

C5DBT), together with benzothiophene derivates (C1BT to C8BT).

The peaks of the chromatogram for oxidized MGO (Figure 5.15-b) are shifted to the
right showing that OSCs are oxidized to molecules with longer retention time, and
are expected to be the corresponding sulfones of the original OSCs. However, the
peaks’ intensities of the smaller sulfones, such as thiophene sulfone and
benzothiophene sulfones, are much lower than expected. This observation concurs
with the chromatograms in the model sulfur compound studies and the JP-8 diesel
study shown in Figure 5.6 and Figure 5.14-b, respectively, can be hypothesized that
smaller OSCs such as thiophenes and benzothiophenes can be oxidized to inorganic
sulfur compounds such as sulfate ion, which can simply be removed by washing

with water.

It is observed that the sulfur species remaining the extracted MGO (Figure 5.15-c)
are mainly substituted DBT derivates. The total sulfur content in the extracted
MGO is 28 ppmy, (Figure 5.15-c). Although this amount is higher than the ULSD
requirement, the desulfurization efficiency can be improved by increasing ionic
liquid dosage, as demonstrated in Chapter 3, Section 3.3.4, so as to achieve the

ULSD standard.
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Figure 5.16 GC-SCD chromatogram of sour diesel at different stages of the process

193



Similar to MGO, sour diesel contains a variety of sulfur species as shown in Figure
5.16-a. Sour diesel contains mainly dibenzothiophene derivates (C1DBT to
C5DBT), together with highly substituted benzothiophene derivates (C3BT to
C8BT). Only trace amount of straight chain sulfides, thiols or thiophenes can be

found in the sour diesel sample.

For the oxidized sour diesel, peaks of its chromatogram shifted to the right (Figure
5.16-b). It shows that OSCs are oxidized to the corresponding sulfones. The
chromatogram peaks’ intensities of sulfones in the oxidized sample are similar to
those of the original sulfur compounds in the untreated sample. As listed in Table
5.3, only 7% of the sulfur content in the oxidized sour diesel can be removed by
washing with DW. This is possibly due to the fact that the oxidant to sulfur ratio
applied was too low and as a result further oxidation of sulfones yielded

insignificant amount of sulfate.

The final sulfur content in the primary treated sour diesel was 554 ppmy. As
observed in the chromatogram (Figure 5.17-a), the remaining sulfur contents are
presumably highly substituted DBT and other larger sulfur compounds. A secondary
treatment with same the procedure (oxidation followed by extraction) was applied
to the treated sour diesel to remove the remaining sulfur compounds. The
chromatograms of sour diesel at different stages of the secondary treatment are

illustrated in Figures 5.17-a to 5.17-c.
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As illustrated in Figures 5.17-a and 5.17-b, the chromatogram peaks shift to the
right after the reoxidation process. It shows that the highly substituted DBTs
remaining in the primary treated sour diesel can be oxidized to the corresponding
sulfones in the secondary treatment process as shown in Figure 5.17-c. The sulfur
content of the secondary treated sour diesel can be lowered to less than 20 ppm.
Thus, two consecutive treatments of the oxidative desulfurization process with the
application of KO, as oxidant can result end product which would be in compliance

with ULSD.

From the chromatogram in Figure 5.17-c, it can be seen that there are several OSCs
remaining the secondary treated sour diesel. These OSCs are possibly highly
substituted DBTs (C2DBT or above). Further treatment may be required to produce

“zero sulfur” diesel.

The chromatogram peaks’ intensities of sulfones in the oxidized sour diesel sample
(Figure 5.16-b) are similar to those of the original sample (Figure 5.16-a). As listed
in Table 5.3, only 6.8% of the sulfur content in the oxidized sour diesel can be
removed by washing with DW. This is possibly because of low oxidant to sulfur
ratio which caused further oxidation of sulfones to sulfate insignificant. Besides,
further oxidation of highly substituted highly substituted OSCs may prove difficult

due to their steric hindrance effect (Kimintarachat et al., 2006).
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5.4.4 Characterization of Heavy-Distillates

Generally speaking, the major sulfur species in heavy-distillate are alkyl
benzothiophene derivates, dibenzothiophene derivatives, benzonaphtho-thiophene
derivatives and phenanthro-thiophene derivatives. Having GC-SCD chromatograms,
some of the OSCs in the two heavy distillate samples, RO-6 and IFO, could be

identified with reference to Table 5.1 and Table 5.2.
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Figure 5.18 GC-SCD chromatograms of two untreated heavy distillates
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According to the chromatograms of the untreated RO-6 and IFO illustrated in
Figure 5.18, significant portion of the peaks having larger retention time than Ts,
BTs and DBTs. Having longer retention time, these peaks are possibly highly
substituted DBTs (C5DBT) or sulfur containing polycyclic aromatic hydrocarbons
(PAHs) such as benzonaphtho-thiophene derivatives and phenanthro-thiophene
derivatives as demonstrated in a microcoulometric sulfur detector (MCD)

chromatogram shown in Figure 5.19.
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Figure 5.19 Typical GC-MCD chromatogram of vacuum gas oil (Drushel, 1969)

The oxidative desulfurization process with the application of KO, was applied to
RO-6 and IFO with sulfur to oxidant ratios at 1:2.6. The GC-SCD chromatograms

for RO-6 and IFO are illustrated in Figure 5.20 and Figure 5.21, respectively.
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Figure 5.20 GC-SCD chromatogram of treated RO-6 at different stages of the process
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Figure 5.21 GC-SCD chromatogram of treated IFO at different stages of the process
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As illustrated in Figure 5.20-a, the major OSCs in untreated RO-6 are highly
substituted DBTs (C6DBT) or sulfur containing PAHs. It also contains smaller
sulfur compounds including Ts, BTs, and DBTs. As can be seen, upon oxidation
(Figure 5.20-b) and extraction (Figure 5.20-c), most of the peaks for the smaller
OSCs are removed. However, majority of the larger OSCs remain in the sample as
demonstrated in the chromatograms. Some of these compounds could be refractory

which cannot be oxidized or extracted.

Compared with RO-6, IFO contains a larger portion of benzothiophenes and
dibenzothiophenes derivatives. These OSCs are removed upon oxidation and

extraction. However, the remaining portions are not susceptible to oxidation.

As can be seen in Figures 5.20 and 5.21, the sulfur contents in the treated samples
are mainly larger OSCs such as C5DBT, benzonaphtho-thiophene derivatives and
phenanthro-thiophene derivatives. RO-6 appears more difficult to desulfurize due to
high content of these compounds. As discussed in Chapter 4, RO-6 can be
desulfurized by approximately 50%, while IFO can be desulfurized up to 80%.
Comparatively, sour diesel can be desulfurized by more than 95% with the same
oxidant to sulfur ratio. Besides the difference in original sulfur species in the
samples, other properties such as viscosity and presence of inhibitors in heavy

distillates could also reduce the process efficiency.
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Asphaltene content in heavy distillates could be one of the major factors affecting
the desulfurization efficiency. Asphaltenes are considered as radical inhibitors by
terminating free radical reactions through recombination and disproportionation
(Bukowski et al., 1983). Asphaltenes can also suppress radical chain formation and
the catalytic decomposition of organic sulfur compounds by peroxides and

hydroperoxides (Herrington, 2004).

Upon oxidation, asphaltene could be converted to carboids (Yen, 1974). This could
lead to asphaltene precipitation, flocculation and agglomeration (Margaril et al.,
1971; Wattana et al, 2005). Thus, oil samples could show incompatibility towards

refinery process involving oxidation (Speight, 2004).
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5.5 Mechanism of Inorganic Sulfate Formation

As discussed in Chapter 4, third generation of UAOD process cannot treat heavy
distillates due to heavy precipitation and agglomeration of asphaltenes during the
treatment process. By utilizing superoxide in the modified UAOD process, asphaltenes
precipitation can be greatly reduced. Formation of carboids is still observed (carboids are
toluene insoluble portion). This could be another reason for the low desulfurization

efficiency of heavy distillates.

Similar to the studies for the model compounds and the diesel samples, chromatogram
peaks of benzothiophene derivatives and some of the dibenzothiophene derivatives are
significantly reduced after oxidation. It is predicted that benzothiophene and
dibenzothiophene derivatives could possibly be further oxidized or reacted forming other

compounds.

One of the possible mechanisms for the disappearance of BT and DBT is further
oxidation of the oxidized products. A few studies demonstrate that BT and DBT can be
oxidized to the corresponding sulfones, and the sulfones can be oxidized to sulfonic acids,
sulfites and sulfates through radical reactions initiated by hydroxyl radicals or photolysis
(Andersson et al., 1992; Kim et al.,, 2003; Shiraishi et al., 2003). The oxidation
mechanism for BTO and DBTO are illustrated in Figure 5.22 and Figure 5.23,

respectively. By employing the superoxide radial in the modified UAOD process,
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decomposition of BT and DBT derivatives could follow a similar radical reaction as

described above.
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Figure 5.22 Possible BT destruction pathways by OH radicals (Kim et al., 2003)

S04H
deactivation
O\ HO
\S.f 503 Soz SO‘:
(I 2= O

Figure 5.23 Photolysis of DBTO (Shiraishi et al., 2003)
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5.6 Summary and Conclusion

With the aid of Gas Chromatography equipped with sulfur chemiluminescence detector,
this study aimed as fingerprinting organic sulfur compounds in different fuel samples and
also the oxidation products by the modified UAOD process with the application of
superoxide. This information could provide a better understanding of the OSCs oxidation
pathway, so as to predict the mechanism of the treatment process. Using GC-SCD to
characterize sulfur species in oil sample is one of the standard test methods approved by

ASTM.

In the model sulfur compounds studies, it was demonstrated that the modified UAOD
process with superoxides can oxidize different organic sulfur compounds, including
benzothiophene, dibenzothiophene and 4, 6 dimethyldibenzothiophene, to the
corresponding sulfones. It was further demonstrated that the resulting water soluble

inorganic sulfur compounds can be extracted and removed.

Two sulfone model compounds, benzothiophene sulfone and dibenzothiophene sulfone,
were used to determine the oxidation by-product by the modified UAOD process with the
application of superoxide. In the oxidation of benzothiophene sulfone, dibenzothiophene
sulfone was recognized as a major by-product. The chromatogram shows several
unidentifiable small peaks. Similarly, investigation of oxidation by-product was
conducted on dibenzothiophene sulfone. It appears that dibenzothiophene sulfone was

partially oxidized to form inorganic sulfate.
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Three diesel samples, namely JP-8, MGO and sour diesel, were used in the diesel fuel
studies. From the GC-SCD chromatograms, it was found out that JP-8 contains mainly
benzothiophene derivatives, while MGO and sour diesel contain mainly
dibenzothiophene derivatives. In all three cases, benzothiophene derivatives were mostly
removed by the modified UAOD process with superoxide. Less than 28 ppm, of
dibenzothiophene derivatives were found in desulfurized JP-8 and desulfurized MGO.
Depending upon the selection of ionic liquids and oxidant dosage, both JP-9 and MGO

were desulfurized to ultralow sulfur diesel standard.

It was demonstrated that with the application of relatively low oxidant to sulfur ratio,
sour diesel was desulfurized to 554 ppm,,. The remaining sulfur content was mostly
dibenzothiophene derivatives. Further oxidation and extraction (secondary treatment) of
the sour diesel lowered the sulfur content to less than 20 ppm,,. Only trace amounts of

alkyl substituted dibenzothiophene derivatives remained in the sample.

RO-6 and IFO were used as the heavy-distillate samples in this study. Results indicated
that the major components of heavy-distillates (RO-6 and IFO), mainly dibenzothiophene
derivatives (C5DBT), benzonaphtho-thiophene derivatives and phenanthro-thiophene
derivatives, were not removed in the treatment process. However, the process effectively

removed benzothiophenes and lighter dibenzothiophenes (C1DBT to C4DBT).
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Increasing superoxide dosage could be possible to increase desulfurization efficiencies of
heavy distillates. However, high dosage of oxidant could affect the stability of asphaltene
colloidal system causing heavy deposition. Further experiments are required to examine
the optimal conditions to desulfurize heavy distillates. More sulfur markers are required

to fingerprint the unidentified compounds.

It was demonstrated that sulfones of benzothiophenes and sulfones of dibenzothiophenes
could be further oxidized to different compounds including sulfur-containing inorganic
compounds such as sulfates and sulfites. Further studies using ion chromatography can

quantitate sulfates and sulfites and other sulfur-containing ions.

In general, due to the formation of sulfonic acid, sulfites and sulfates, the sample’s sulfur
content can be removed by water extraction. This could reduce the use of chemical
solvents such as acetonitrile or adsorbent such as alumina. Further studies should be

conducted to identify the intermediate products to verify the hypothesis.

Due to the column temperature profile setting, some of the heavier fraction of OSCs
including benzonaphtho-thiophene derivatives, phenanthro-thiophene derivatives and
sulfur containing asphaltenes may not be shown in the GC-SCD chromatograms. Further

studies are needed to resolve this problem.
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CHAPTER 6: CONCEPTUAL MODEL FOR THE MODIFIED UAOD
DESULFURIZATION PROCESS

6.1 Introduction

In the modified UAOD process with the application of superoxide, it is demonstrated that
organic sulfur compounds can be oxidized with the aid of acid catalysis and phase
transfer catalysis in a tri-phase system. Multiple oxidant species including superoxide
radical, hydroxyl radical, hydrogen peroxide, singlet oxygen and peracid are produced by
superoxide radicals with the application of acid catalysis. With both quaternary
ammonium salt and ionic liquids as phase transfer catalysts, multi-ion pairing enhances
the efficiency of active oxygen transfer to the organic phase, leading to the improvement
of overall desulfurization efficiency. Unlike the previous generations of UAOD process,
the modified UAOD process with the application of superoxide can oxidize certain OSCs

to inorganic sulfur compounds.

In this chapter, the mechanism of the modified UAOD process using superoxide is

developed based on the batch studies for various model sulfur compounds, mid-distillates

and heavy distillates discussed in the previous chapters.
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6.2 Model Overview

The modified UAOD process using superoxide employed the following components:
solid oxidant, phase transfer catalyst, ionic liquid and acid catalyst. The process was
carried out with continuous mixing of three phases: solid phase, polar phase and non-
polar phase. The solid phase includes the solid oxidant — potassium superoxide. The polar
phase includes acid catalysts and ionic liquid. The non-polar phase (or the organic phase)
includes the organic liquid which contains organic sulfur compounds targeted to be
removed. The conceptual model for the process was developed with twelve following

steps (Figure 6.1).

Step 1: In the presence of potassium superoxide, KO,, and quaternary ammonium salt,

[Q"X'], with lipophilic cation and hydrophilic anion, superoxide anion is released as

[Q"0].

Step 2: Anions of acid catalysts, including acetic acid [CH3;COOH] and trifluoroacetic
acid [CF;COOH], are extracted by [Q'X] forming [Q 'CH3;COO7] and [Q CF;COO].
The process is known as Stark’s extraction mechanism as discussed in Chapter 2.
Fluoride ion is selected as the counter ion [X'] in the quaternary ammonium salt due to its
low lipophilicity and stability towards strong oxidants. The lipophilicities of the anions
are in the following order: MnO4 > ClO4 > SCN" > 1 > CIOs" > NOs;” > Br > CN > Cl >

HSO4 > CH;COO™ > F~ > SO,* > COs> > PO,> (Dehmlow et al., 1993).
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Step 3: In the mixture of [QO;] and acid, hydrogen peroxide and other active oxygen

species are generated.

Step 4: Hydrogen peroxide can react with [Q"CH3;COO] and [Q'CF;COO] generating

peroxyacetate: [Q " CH3;COOO] and trifluoroperacetate: [Q CF3;COOO].

Step 5: With tetraoctylammonium ion as the lipophilic cation, the active nucleophile

anions are transferred to the non-polar phase in the form of [Q"0,™], [Q"CH3;COOO] and

[Q"CF3;CO00] without losing their activities.

Step 6: The active nucleophile anions, [CH;COOO] and [CF;COOQ7] in the organic

phase oxidize the organic sulfur compounds to the corresponding sulfones.

Step 7: Superoxide radicals in the organic phase can oxidize some of the organic sulfur
compounds into a radical form of the corresponding sulfone anion, which can be further

oxidized to inorganic sulfur compounds.

Step 8: After oxidation, the reduced form of the ion pairs, [Q"CH;COO7] and

[Q"CF3;COO], return to the polar phase.

Step 9: Ionic liquid provides another mean of active anion extraction, resulting

enhancement of phase transfer catalysis. With appropriate alkyl sulfate ion [RSO47] as the

counter ion, alkyl persulfate anion [RSOg™-] can be produced by reacting with superoxide

radical.
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Step 10: Similar to quaternary ammonium cation, alkyl methylimidazolium [RMIM']
type of ionic liquid can serve as a phase transfer catalyst which can transfer [RSOg™] to

the organic phase in the form of [RMIM RSO ].

Step 11: [RMIM'RSOg¢™] can oxidize organic sulfur compounds to the corresponding

sulfones or inorganic sulfate as described in Step 6 and 7.

Step 12: The reduced form of [RMIM RSO, ] returns to the polar phase for reactivation

in the catalysis cycle.

(11)

2RMIM "RSO; -+RS » R+ 2RMIM™ RSO,

— 0,50, +R<™ 0'RsO; -+0'0; -2 RS+ 20°0; -

RSO, +20'CH,c00 0 RS+ 20" CH,CO00

Mon-polar Phase

o @ ® 7 b phae ® 6 42
y
(3);;3 H,0,+ Q*CchOO‘%vHZO L Q'CH,C000"
s HX + Q'CH,c00™ —®  OX + CH,COOH
S KO, +Q'X" . KX+Q0; —
RMIM RSO, - © O; -+ RMIM*RSO;

Figure 6.1 Conceptual model of 4™ generation UAOD process
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6.3 Summary

In this chapter, a conceptual model of the modified UAOD process with the application
of superoxide is developed consisting of twelve steps. They include: (1) extraction of
superoxide radical by phase transfer catalyst; (2) extraction of anion from acid catalysts;
(3) generation of active oxygen species from superoxide; (4) generation of peroxyacetic
acid; (5) transfer of active nucleophiles to organic phase; (6) oxidation of organic sulfur
compounds by peroxyacetic acid; (7) oxidation of organic sulfur compounds by
superoxide radical; (8) regeneration of catalysts in the polar phase; (9) oxidation of ionic
liquid anion to form alkyl persulfate anion; (10) transfer of alkyl persulfate anion to
organic phase; (11) oxidation of organic sulfur by alkyl persulfate anion; and (12)

regeneration of ionic liquid’s ion pair.
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CHAPTER 7: CONCLUSION AND RECOMMENDATIONS

7.1 Summary and Conclusion

With the tightened environmental regulations on sulfur content of fuels including diesel
and residual fuel oil, an advance desulfurization method is required to produce ultralow
sulfur diesel fuel with sulfur content less than 15 ppm,, and low sulfur residual fuel oil
with sulfur content less than 5000 ppm,,. The 31 generation UAOD process is capable of
producing ultralow sulfur diesel at low temperature and ambient pressure. However, the
requirement for high dosage of oxidant and high energy consumption diminish its
economical viability. Additionally, previous generations of UAOD could cause heavy
precipitation of asphaltene, thus are considered not applicable to desulfurize residual fuel
oil. Therefore, this research developed a 4t generation UAOD, called the modified

UAOD process with the application of superoxide, summarized in the ensuing paragraphs.

It was demonstrated that oxidation of more than 97% of various model compounds
including thiophene derivatives, benzothiophene derivatives, and dibenzothiophene
derivatives can be achieved by the 4™ generation UAOD process at low oxidant to sulfur
ratio. Together with a post treatment to remove sulfones by either liquid-liquid extraction
or solid adsorption, the process can be used to produce ultralow sulfur diesel. This

process can also be used to achieve up to 80% desulfurization on residual fuel oil.
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The 4™ generation UAOD is designed with the following essential components: oxidation;
phase transfer catalysis; acid catalysis; and ultrasonication. Quaternary ammonium salt
and ionic liquid are used as phase transfer catalysts to extract active oxidant (superoxide)
to the organic phase. Specific type of solid oxidant, such as metallic superoxide, KO, is
used to oxidize organic sulfur compounds. Acetic acid and trifluoroacetic acid are used
together with mixing and/or ultrasonication to enhance the oxidation process. The major

concepts and important points from the experiments are discussed below.

1. Oxidant selection is one of the major issues in the development of the 4™ generation
UAOD. In the previous generations of UAOD, diluted (0.3% to 30% wt) hydrogen
peroxide was used as oxidant to oxidize organic sulfur compounds. However, high
dosage (greater than 1:100 of sulfur to oxidant ratio) of oxidant was required to achieve
95% desulfurization. In order to reduce the dosage of oxidant, a stable oxidant with high
purity is required. Therefore, solid oxidants including potassium permanganate, sodium
superoxide, and potassium superoxide were investigated. However, in the 4™ generation
of UAOD process using potassium superoxide, only 1:30 of sulfur to oxidant ratio is
required to achieve 95% desulfurization of various OSCs. At low sulfur to oxidant ratio
of 1:4, potassium superoxide can still achieve 90% oxidization of organic sulfur

compounds.
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Superoxide can also achieve a faster desulfurization as compared with hydrogen peroxide.
For instance, 80% to 90% desulfurization for various model sulfur compounds including
T, 2MT, BT, 2MBT, DBT and 4,6DMDBT can be achieved using potassium superoxide
within reaction period of 60 minutes,, while it requires 100 minutes to achieve the same
desulfurization efficiencies by hydrogen peroxide (Cheng et al., 2009). It is because free
radical oxidation by superoxide anion is stronger than chemical oxidation by hydrogen

peroxide.

2. Phase transfer catalysts applied includes both quaternary ammonium salt and ionic
liquid. Quaternary ammonium salt can extract superoxide anion from solid phase to
liquid phases. Quaternary ammonium salt reduced the surface tension between phases,
and facilitates oxidant into the organic phase. Selection of counter ion in quaternary
ammonium salt is important because it can affect active nucleophile anions extraction
efficiency. Highly lipophobic ion such as fluoride ion, can effectively suppress the degree
of hydration around active nucleophile anions to achieve better phase transfer. Due to its
stability against strong oxidants, no halogenated by-products would be formed during the
process. Therefore, quaternary ammonium fluoride is selected as one of the phase transfer

agents in the 4™ generation UAOD.

3. ITonic liquid is the second phase transfer catalyst applied in the process. Similar to

quaternary ammonium salt, ionic liquid can extract active nucleophile anions into organic

phase so as to oxidize organic sulfur compounds. Due to the thermostability,

215



chemostability, and low vapor pressure, ionic liquids are considered as new generation of
green solvents and catalysts. However, certain types of ionic liquids are susceptible to
decomposition with the use of strong oxidant and ultrasonication. For example, one of the
most common types of ionic liquid, hexafluorophosphate [PFs] anion based ionic liquids
could be oxidized by strong oxidant such as hydrogen peroxide, or decomposed under
ultrasonication. Corrosive fume of hydrogen fluoride is reported as one of the major

product from [PFs] degradation.

Ionic liquids with alkylsulfate as anion are considerably more stable and relatively low in
toxicity, and therefore as a substitute to [PF¢] based ionic liquid, the following four
compounds were selected in this study: 1-ethyl-3-methylimidazolium ethylsulfate
[EMIM][EtSOy4], 1,2,3-trimethylimidazolium methylsulfate [TMIM][MeSO4], and
tributylmethyl-phosphonium methylsulfate [TMBP][MeSO4]. Among these ionic liquids,
[EMIM][EtSO4] demonstrated ease of application, excellent catalytic performance and

achieved greater than 98% desulfurization efficiency in the model sulfur compound study.

4. Acetic acid and trifluoroacetic acid applied in the 4™ generation of UAOD can be
oxidized to peracetic acid and trifluoroperacetic acid, respectively. With the aid of phase
transfer catalysts, the peracids generated were able to oxidize organic sulfur compounds

in the oil phase.

216



5. Ultrasonication used in these desulfurization studies provided local high temperature
and pressure, causing decomposition of OSCs. Desulfurization efficiency of 95% was
achieved after 2 hours of reaction time. Furthermore, 98% efficiency was reached by

increasing the reaction time by 10 minutes.

6. It was demonstrated in the model sulfur compounds studies that the 4™ generation
UAOD can oxidize various organic sulfur compounds including thiophene (T), 2-methyl
thiophene (2MT), Dbenzothiophene (BT), 2-methyl benzothiophene (2BT),
dibenzothiophene (DBT), and 4, 6-dimethyl dibenzo-thiophene (4,6DMDBT). From the
results of kinetic studies, it was demonstrated that the oxidation efficiencies of the tested
model sulfur compounds decrease in the following order: BT > 2MBT > DBT > 4,

6DMDBT > T > 2MT.

7. It was concluded that high energy consumption by ultrasonication could limit the
applications of the 4™ generation UAOD. Preliminary studies were conducted using
ultraviolet assisted desulfurization process as an alternative enhancement process to
ultrasonication. The results demonstrated this process can reduce energy consumption by

85%. Ultraviolet irradiation could be a possible alternative to ultrasonication.
8. To demonstrate the applicability of the 4™ generation UAOD process to real fuels,

various fuels including JP-8, MGO, sour diesel, RO-6 and IFO were tested. It was

demonstrated that ultralow sulfur diesel can be produced from these fuels. The process
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can achieve 95% desulfurization on mid-distillates even at sulfur to oxidant ratio of 1:2.8.

For heavy distillates, a maximum of 80% desulfurization can be achieved.

9. From the results of gas chromatography with sulfur chemiluminescence detector (GC-
SCD), it was shown that condensed ring structured sulfur compounds including alkyl-
substituted DBTs, benzonaphtho-thiophene derivatives and phenanthro-thiophene

derivatives are the major sulfur constituents in the desulfurized fuel samples.

10. From the GC-SCD chromatograms, it was determined that the 4 generation UAOD
can oxidize some of the organic sulfur compounds to compounds other than sulfones. The
most likely products are inorganic sulfur compounds. A possible mechanistic explanation
would be that radical reactions initiated by superoxide anion can convert organic sulfur

compounds such as BT and DBT to inorganic sulfur compounds.

11. A conceptual model for the 4™ generation UAOD process was developed with the
following twelve steps: (1) extraction of superoxide radical by phase transfer catalyst; (2)
extraction of anion from acid catalysts; (3) generation of active oxygen species from
superoxide; (4) generation of peroxyacetic acid; (5) transfer of active nucleophiles to
organic phase; (6) oxidation of organic sulfur compounds by peroxyacetic acid; (7)
oxidation of organic sulfur compounds by superoxide radical; (8) regeneration of
catalysts in the polar phase; (9) oxidation of ionic liquid anion to form alkyl persulfate
anion; (10) transfer of alkyl persulfate anion to organic phase; (11) oxidation of organic

sulfur by alkyl persulfate anion; and (12) regeneration of ionic liquid’s ion pair.
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12. Based on bench scale studies, a simplified cost evaluation for different generations of
UAOQD processes is illustrated in Table 7.1. It is demonstrated that the total chemical cost

for the 4™ generation UAOD is considerably less than others.

1st Generation 2nd Generation 3rd Generation 4th Generation

UAOD UAOD UAOD UAOD
Price Dosage Cost Dosage Cost Dosage Cost Dosage Cost
($/ke) (8 ® (® ® (® ® (& ®
H,0; (30%) 452 10 4.52 10 4.52 5 2.26
KO, 718 0.7 0.5
TMC 884 0.1 0.09 0.1 0.09
HAc 30.92 1.4 0.04 1.9 0.06
TFA 216 0.6 0.13 0.1 0.02
QBr 2875 0.1 0.29
QF 3528 0.1 0.35 0.6 2.12 0.1 0.35
IL 245 10 2.45 5 1.23
Total 10.2 4.90 10.2 4.96 17.6 7.00 7.8 2.16

Table 7.1 Chemical cost comparison of different UAOD generations to desulfurize 10
grams sample with 1000ppm,, DBT in bench scale study

13. A schematic diagram of the 4™ generation UAOD process is illustrated in Figure 7.1.
A premixer was used to mix phase transfer catalysts including ionic liquid and quaternary
ammonium salt with potassium superoxide in order to release superoxide anion in the

liquid phase. Fuel oil was subsequently mixed with acid catalysts, superoxide and phase
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transfer catalysts in the main reactor to achieve OSCs oxidation at 70°C and ambient

pressure. A phase separation vessel was used to separate fuel oil from the polar phase
which contained mainly the spent catalysts. Solvent acetonitrile was then used for sulfone
extraction. Desulfurized fuel oil was separated from spent solvent. Spent solvent was

regenerated via distillation. Regenerated solvent was reused for sulfone extraction.
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Figure 7.1 Schematic diagram of the 4 generation UAOD process
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7.2 Recommendations for Future Work

Conduct bench-scale completely mixed flow reactor (CMFR) studies to further refine the

4™ generation UAOD process. Some of the most significant issues are discussed below.

1. Enhanced treatment of heavy distillates. It was shown that the 4t generation UAOD
process can achieve greater than 95% desulfurization for various mid-distillates.
However, only a maximum of 80% desulfurization can be achieved for heavy-distillates.
Therefore, it is important to improve desulfurization efficiency for heavy-distillates. A
pre-treatment step to remove asphaltenes from heavy distillates could be one possible
method. To reach this goal, it is necessary to identify and quantify the remaining sulfur

compounds in heavy-distillates in order to implement the required treatment steps.

2. It was proposed that the 4™ generation UAOD process can oxidize some organic sulfur
compounds such as benzothiophenes and dibenzothiophenes to multiple products
including sulfones and inorganic sulfur compounds. To design an effective post-treatment
step, it is important to qualitatively and quantitatively determine the organic and
inorganic sulfur compounds as well as other by-products at each step of treatment. This
can be accomplished by: 1) gas chromatography equipped with sulfur chemiluminescence
detector can be used to detect organic sulfur compounds, ii) ion chromatograph equipped

with pulsed electrochemical detector can be used to detect inorganic sulfate or sulfite
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ions, and 1iii) gas chromatography equipped with mass spectrometer can be used to

identify organic products.

3. Investigate the applicability of ultraviolet irradiation for desulfurization of OSCs. It
was demonstrated in the preliminary studies that ultrasonication process could cost 15
times more than that of UV irradiation. Accordingly, UV assisted oxidative
desulfurization process could potentially be one of the next generations of desulfurization

treatment technologies.

Addition of solid catalyst such as titanium (IV) oxide which can increase free radical

generation under UV irradiation should also be considered in the future development.

4. Solar power would be another alternative for desulfurization of OSCs. Demonstrated in
a recent publication (Shiraishi et al., 2003), dibenzothiophene sulfuroxide can be
photolysed to biphenyls and inorganic sulfur compounds with the application of xenon

lamp (A > 300 nm). Therefore, photo-irradiation could be used as a possible post

treatment step for the 4™ generation UAOD process.

5. With the addition of potassium superoxide, various potassium salts could be

generated. It is important to investigate the fate of potassium in the process. Recovery of

potassium should also be considered in the future investigations.
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6. Greener chemicals, including oxidants, solvents and catalysts should be investigated

in the future development.

7. Conduct pilot-scale studies to optimize the process efficiency and assess its

economical viability.
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