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 ABSTRACT  

 

Biodiesel, a renewable fuel alternative, has rapidly increased in production and usage over the 

past decade serving as an environmentally friendly fuel source. However, dependent upon the 

source of its feedstock, biodiesel could contain sulfur (S) at levels that could pose significant 

environmental impacts. Biodiesel from waste grease (i.e., used vegetable oil), for example, 

usually possesses S higher than the specified quality standards for automotive fuels. In order to 

produce quality biodiesel from a variety of feedstocks and to continue to take steps towards the 

production of clean fuel, the present study aimed to identify the sulfur species in “low 

temperature” distillate fractions of biodiesel produced from waste grease so that strategic means 

to remove the S-containing impurities can be developed.  Solid phase extraction (SPE) was 

employed to separate and concentrate S-species in industrial samples of low temperature 

distillates of waste grease-based biodiesels. Organic solvents with different polarities were used 

to effectively separate polar S-species from non-polar fatty acids and other constituents, creating 

concentrated sulfur samples. The samples were then analyzed for total S contents. The most S-

concentrating samples were then analyzed using gas chromatography-mass spectrometry (GC-
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MS) to identify individual S-containing compounds. Two sulfur species were eventually 

identified in the biodiesel distillates: 5-butyl-dihydro-thiophenone, and 6-propyl-tetrahydro-

thiopyranone. The molecules are believed to have originally existed as the precursor molecule 4-

Mercapto-octanoic acid methyl ester. The results obtained from the present study provide a base 

for developing effective purification methods to remove S-containing impurities from waste 

grease-derived biodiesel.  
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CHAPTER 1 

INTRODUCTION 

 

1.1. Background and Significance 

Environmental pollution has become one of the biggest issues facing this planet. Pollution causes 

several health-related disorders and it is almost impossible to prevent exposures to the pollutants. 

The Environmental Protection Agency (EPA) reports that over 250 million tons of municipal 

solid waste were produced in 2010 in the United States alone (Environmental Protection Agency, 

2017). A large majority of oceans, lakes and other water sources are also polluted, with plastics 

being one of the largest contributors. As a result of pollution, it is estimated that approximately 

663 million people worldwide do not have access to clean drinking water (World Health 

Organization/United Nations International Children's Emergency Fund, 2015).  

 

Petroleum-based fuels are currently one of the leading fuel types in today’s global economy; 

unfortunately, these fuels have devastating and lasting effects on the environment.  Not only do 

they release harmful chemicals and greenhouse gases into the atmosphere and water supply, but 

also nonrenewable and as such, are limited in supply (Sundus and others, 2017). To reduce the 

detrimental effects of man-made pollution, many steps have been taken to limit dependence on 

petroleum and shift towards more beneficial fuel types (Agarwal and Dhar, 2015). One fuel, 

biodiesel, is environmentally friendly and has rapidly increased in popularity over the past few 
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years. However, biodiesel does have somewhat of a problem concerning its marketability as a 

fuel: its sulfur content (Ma and others, 2016).  

 

1.1.1 The Dangers of Sulfur 

While elemental sulfur is non-toxic, it is reactive, and some of the compounds it forms can be 

quite dangerous. When industrial petroleum containing sulfur is burned in the air, it forms sulfur 

dioxide. These sulfur dioxide molecules, in turn, react with water and oxygen molecules to form 

sulfuric and sulfurous acid, the components of acid rain. When acid rain falls, it does not only 

cause damage to buildings and other structures, but also lowers the pH of soil and smaller bodies 

of water; this largely affects living organisms in the vicinity that depend on vegetation for life, 

including humans (Environmental Protection Agency, 2017).  

 

Sulfur presence in petroleum can be just as detrimental to a vehicle’s condition as it is to a living 

organism’s health. As early as the 1950’s, researchers began noticing that sulfur can damage 

various parts of an engine. In one experiment, it was found that fuel with a high sulfur content 

can cause varying damage, including cylinder and ring wear (Jeffrey and others, 1951.) In 

addition to wear and tear of engines, sulfur can also increase the production of exhaust emissions 

in vehicles by interfering with the proper function of the catalytic converter, a device designed to 

minimize toxic emissions produced by vehicles. This is done by catalyzing a redox reaction and 

converting pollutants into less toxic compounds. If not functioning properly, these emissions 

(such as deadly carbon monoxide) can be detrimental to human health. In an experiment utilizing 

fuels with two different sulfur contents, the reduction in sulfur concentrations was accompanied 



 
 

3 
  

by a decrease in the mass of the exhaust emissions (Benson and others, 1991). The Society of 

Automotive Engineers confirmed those suggestions in a technical paper stating that reducing 

sulfur content can decrease particulate emission levels (Asaumi and others, 1992). The 

Manufacturers of Emission Controls Association released a study stating that sulfur presence in 

gasoline inhibits the emission control performance of catalytic technology (MECA, 2013). An 

increase in vehicle production of toxic emissions will further pollute the environment and 

ultimately affect human health if not properly dealt with.  

 

Because of its potential to cause long-term damage to vehicles, many laws exist to regulate sulfur 

content. If biodiesel is to remain a contender in the fight to reduce the use of petroleum diesel, 

the sulfur content must be significantly reduced to increase its marketability. Researchers at the 

United States Department of Agriculture (USDA) Eastern Regional Research Center (ERRC) 

have theorized that one possible way to reduce sulfur content would be to first identify the 

various sulfur compounds present within biodiesel, then subsequently removed from the fuel 

based on chemical composition.  

 

1.2 Hypothesis and Objectives 

1.2.1 Hypothesis  

Sulfur species found in the light fractional distillate (LFD) of biodiesel samples will be 

successfully identified using solid phase extraction (SPE), sulfur analysis, and mass spectrometry 

(MS).  
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1.2.2 Objective 

The main objective of this study is to utilize a variety of analytical techniques to identify the 

specific sulfur species found in LFD biodiesel for removal, thereby maximizing engine 

capability and minimizing environmental damage.  

 

1.2.3 Specific Objectives 

• Concentrate the sulfur species found in LFD of biodiesel.  

• Analyze the concentrated samples for approximate sulfur content.  

• Identify the various species found within LFD of biodiesel using mass spectrometry.  
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CHAPTER 2 

LITERATURE REVIEW 

 

Production of biodiesel serves as a means of creating a renewable fuel source and lowering toxic 

emissions associated with traditional petroleum diesel (Barik and Paul, 2017). Around the world, 

many nations are conducting more research, including feedstock studies in hopes to discover a 

cost-effective, environmentally-friendly source of biodiesel. One feedstock type that is among 

those being considered for biodiesel production is waste grease from restaurants (Kemper, 2009); 

these wastes are rapidly produced and serve no other purpose other than occupying space in 

landfills. These wastes have excellent lipid contents and possess great potential to serve as 

biodiesel feedstock, but cannot and will not be utilized unless they meet standards set by the 

American Society for Testing Materials. The following sections provide information on biodiesel 

as a whole, global production rates, various feedstock types, biodiesel standards, and a means of 

adhering to those standards.  

 

2.1 History of the Diesel Engine 

Petroleum begins as crude oil present beneath the earth’s surface, where it is removed and 

refined to meet fuel standards, and sold to the public (Math Pro Inc., 2011). Today, many 

engines utilize petroleum diesel as a preferred type of fuel, however the first diesel engines were 

actually powered by vegetable oil. The diesel engine in use today was first designed by Rudolf 

Diesel in 1890. Diesel was inspired by Nicholas Carnot, a French physicist behind the design of 
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today’s modern combustion engine, and sought to improve the engine’s efficiency. Diesel’s 

initial engine, powered by peanut oil, was first completed in 1893. Diesel continued his work, 

modifying his design and steadily improving upon its flaws up until his death in 1913 (The 

Editors of Encyclopædia Britannica, 2012). Rudolph diesel not only revolutionized the diesel 

engine but also had a hand in one of the earliest attempts at an alternative fuel source when he 

chose to use peanut oil in his engine. Unfortunately, in later designs, the oil from peanuts and 

other vegetables were incompatible with the engines due to their viscosity (Pacific Biodiesel, 

n.d.). In 1937, it was discovered that the process known as transesterification would give 

vegetable oils the necessary viscosity to be of use in diesel engines, paving the way for modern 

biodiesel production (Pacific Biodiesel, n.d.). 

 

2.2 Introduction to Alternative Fuels 

With crude oil reserves quickly depleting, global warming concerns growing, and gas prices on 

the rise, attention has once again been shifted towards the use of renewable fuel sources, also 

known as biofuels. Biofuels are, by definition, any fuel produced from a biological source. The 

term is commonly used to refer to liquid fuels produced from some type of biomass (Agarwal, 

2015). A number of different biofuel types are used today, including ethanol, methanol, 

biobutanol and biodiesel (Biofuels: What are they, 2017). Ethanol, methanol, and biobutanol are 

all alcohols and are produced during the fermentation of plant biomass (Agarwal and others, 

2015); these fuels have lower energy than traditional fuels and can be a challenge to use. 

Biodiesel is produced through transesterification, has a comparable energy to traditional 

petroleum diesel and produces far less environmentally-damaging compounds (Leung and others, 

2010). 
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2.3 Biodiesel 

2.3.1 Production in the U.S.  

Biodiesel is a renewable fuel alternative to traditional petroleum diesel fuel (Lim and others, 

2010). Defined by the National Biodiesel Board as “a fuel comprised of mono-alkyl esters of 

long chain fatty acids derived from vegetable oils or animal fats, designated B100, and meeting 

the requirements of ASTM D 6751” (Biodiesel.org, 2016), biodiesel is what some consider to be 

the next generation of fuel products.  The production of biodiesel is an attempt to not only 

alleviate the United States’ dependence on foreign fuel sources, but to also alleviate the 

detrimental effect traditional petroleum fuels have on our environment. Biodiesel can be 

produced from a wide variety of feedstocks (Lee and Lavoie, 2013) and is held to a very strict set 

of guidelines in order to meet proper fuel quality standards. According to the National Biodiesel 

Board of the U.S, biodiesel production has increased from 25 million to 2.1 billion gallons from 

the early 2000’s to late 2015 (Figure 2.1). The United States’ production of biodiesel continues 

to climb as the years go by; in 2011, 1 billion gallons were produced for the first time, marking a 

historic milestone.  In 2015, history was made, with over 2 billion gallons being produced. 

(Biodiesel.org, 2016.) As of September 2016, U.S. production of biodiesel was 135 million 

gallons (7 million less than August 2016), the majority of which occurred in the Midwest and 

sold as B100 (100% biodiesel) and blends. Soybean oil continues to be the largest feedstock with 

over 243,000 metric tons (537 million pounds) consumed in September 2016 (US Energy 

Information Administration, 2017). 
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In 2013, such a sufficient quantity of biodiesel was produced, that the Environmental Protection 

Agency (EPA) listed biodiesel as “the only EPA-designated advanced biofuel approved for 

commercial production.” The U.S. industry aims to produce 10% of the nation’s diesel fuel by 

2022. This not only holds positive effects for the environment, but also has the potential to 

significantly improve the U.S. economy. Continued production of biodiesel allows for a reduced 

dependence on foreign oil, freeing citizens from the ever-changing prices of the oil market. An 

increased production of biodiesel also provides an increase in the number of jobs; the industry 

currently supports over 48,000 jobs in a variety of departments, including manufacture, 

transportation, and agriculture. (Biodiesel.org, 2016.) 

 

 

Figure 2.1. Graph Illustrating Biodiesel/Renewable diesel production of the last 10 years 

(Biodiesel.org "Production Statistics", 2016). 
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2.3.2 Global Production 

Biodiesel production has also seen an increase in production globally; with one of the most 

recent booms in popularity occurring in the early 1990’s (Johnston and Holloway, 2007). A 

number of nations have begun to recognize biodiesel’s true environmental worth. Europe 

produced 2 billion liters from soy, rapeseed, mustard seed, and waste vegetable oils in 2004 

compared to the 100 million in the U.S. (The Worldwatch Institute, 2005). At the time, both the 

U.S. and European Union accounted for over 95% of the world’s biodiesel demand, while South 

Africa, Japan, Brazil, China, India, and many other industrious nations were developing their 

own biodiesel programs (Figure 2.2). A study conducted by Johnston and Holloway (2007) 

identified countries with the potential to rapidly increase their biodiesel programs, Malaysia, 

Indonesia, Argentina, The United States, and Brazil were listed as the top five. The five were 

selected in part due to the nations’ ability to grow two popular feedstock plants (soybeans and 

palm).   

 

Figure 2.2. Global biodiesel production potential based on lipid exports (Johnston and 

Holloway, 2007). 
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 In 2007, Nigeria, a very populated African nation, created its own biofuel program prompted by 

the Federal Government of Nigeria in 2005 (Abila, 2012.)  Nigeria began shifting towards clean-

burning energy sources in an effort to adhere to the United Nations’ Sustainable Development 

Goals. Nigeria potentially has a huge amount of biofuel available in the form of palm oil, 

Jatropha, and soy beans. These fuel options and many others are currently under investigation for 

utilization and mass production (Giwa and others, 2017). 

 

The United Kingdom has also begun increasing the use of biofuels over the last few years, as a 

means of reducing carbon dioxide emissions. Though current engine tests indicate somewhat of a 

loss of power as more biodiesel was incorporated into a fuel blend, current research is being 

conducted to optimize fuel efficiency; land capacity for growth of biofuel feedstock plants and 

lifecycle impacts of biodiesel are also being studied (Hammond and others, 2008). Since a 

biofuel is not considered beneficial if its production harms the environment at a greater rate than 

petroleum diesel, UK researchers must weigh the options and find an ideal way to incorporate 

biodiesel into the mainstream fuel industry while meeting agricultural and environmental 

standards (Hammond and others, 2008). 

 

Many Latin American countries have begun establishing biofuel programs in response to the 

successes of similar programs in Brazil, the European Union, and the United States (Janssen and 

Rutz, 2011). Colombia, Guatemala, Venezuela, and Costa Rica utilize bioethanol while 

Argentina has shifted towards using biodiesel. In 2008, Argentina became one of the five largest 

biodiesel producers in the world (Janssen and Rutz, 2011). Biofuels in Latin America are 
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produced primarily from plant oils, which has caused some concerns in expansion of the biofuel 

programs, mainly deforestation and land use (Janssen and Rutz, 2011). In order to meet the 

demand ever-expanding market for biodiesel, land must be set aside to grow these biofuel crops, 

which has its own environmental implications. Many feel as though forests and grasslands 

should not be destroyed to produce fuel (albeit, a clean-burning fuel) (Janssen and Rutz, 2011). 

 

2.4 Feedstock Type 

When comparing biodiesel production across the nations, one thing is certain: selection of a 

proper feedstock is critical to the program’s success. An ideal feedstock should be inexpensive to 

harvest and convert into biodiesel, produce a clean burning and efficient fuel, and have as little 

effect as possible on the environment (Barik and Paul, 2017). In today’s biodiesel market, there 

are several different types of feedstock in use, and can be grouped into three different 

classifications: first, second and third generation (Lee and Lavoie, 2013). First generation 

feedstocks are typically defined as a biomass (organic matter) that is more than often, edible at 

the time of fuel production. Second generation feedstocks include a wide variety of feedstocks, 

ranging from lignocellulosic biomass (dried plant matter) to waste cooking oils. What 

distinguishes second generation feedstocks from first generation feedstocks is that they are 

incapable of being consumed as food for humans or animals (Figure 2.3). Second generation 

feedstocks typically have been consumed to the point where only waste (or what would be 

considered waste) is remaining. Third generation feedstocks are defined as fuels produced from 

algal source (Lee and Lavoie, 2013). 
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Figure 2.3. Comparison of petroleum, 1st, and 2nd generation feedstocks (Naik and others, 

2009). 

 

2.4.1 First Generation Feedstocks 

When producing biodiesel using first generation feedstocks, the oils from the selected feedstock 

plant must be extracted (Schuchardt and others, 1998) and subjected to a chemical reaction 

known as “transesterification” (Figure 2.4). During transesterification, the triglycerides of the 

plant/seed oil are reacted with an alcohol (typically in excess) and typically utilizing a strong 

acid or base as a catalyst. Other catalysts including enzymes (such as lipase) and waste-derived 

catalysts (such as egg shells) have also been used in the production of biodiesel (Talha and 

others, 2016). The released free fatty acids form ester bonds with the alkyl group(s) and 
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(typically) become fatty acid monoesters (FAME) while the glyceride backbone combines with 

the hydroxyl groups to form glycerol, a harmless by-product of biodiesel (Schuchardt and others, 

1998). First generation feedstocks are commonly used in developing biodiesel programs 

internationally. Soybean oil is one of the most popular choices for biodiesel production due to its 

wide availability in quantities that are sufficient enough to support a national demand (Canakci 

and others, 2003), though some argue that soybean oil as a feedstock is counterproductive to the 

pro-environmental purpose of biodiesel production. In one study, biodiesel production using 

soybean oil required 27% more energy than the biodiesel product produced (Pimentel and others, 

2005). In addition, soybean oil is highly valued as a food product and thus, makes it difficult to 

produce biodiesel from while remaining as cost-effective as it is in the food industry (Canakci 

and Van Gerpen, 2001.) As mentioned previously, growing the amount of soybeans necessary to 

satisfy fuel industry needs requires large amounts of open land, which can result in deforestation 

and other forms of environmental damage (Janssen and Rutz, 2011). Soybean oil can be rather 

costly when compared to other oils; in 2012, it was priced at $1,180 per ton, whereas palm oil 

was priced at $931 per ton, canola oil at $1180 per ton, and Jatropha oil ranging from $350-500 

per ton (Lee and Lavoie, 2013.) As a result, many nations who utilize first-generation feedstocks 

are shifting to other plant oils.  

 

Figure 2.4. Transesterification reaction (Schuchardt and others, 1998). 
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In Malaysia, Jatropha oil has the potential to be an excellent biodiesel feedstock. Over 1.5 

million hectares (~ 9656.064 kilometers) of land are available for agricultural development, with 

some of the land having already been dedicated to Jatropha cultivation. Jatropha is also inedible 

so it does not have to compete with demand from the food industry (Syamsuddin and others, 

2015.) In India, a study by Tiwari and others (2007) was conducted to improve the yield of 

biodiesel from Jatropha oil. After optimization of the reaction, transesterification of Jatropha can 

yield over 99% biodiesel, which had functional properties similar to that of conventional 

petroleum diesel and adhered to American/European biodiesel standards (Tiwari and others, 

2007).  

 

Canola oil-based biodiesel has been shown to reduce carbon monoxide and unburned 

hydrocarbon emissions, but was found to raise nitrogen oxide emissions and slightly reduce 

engine performance (Ozsezen and others, 2009). Rubber seed oil is being considered as a 

potential non-edible feedstock for biodiesel in Nigeria (Ikwuagwu and others, 2000). Careful 

testing showed that rubber seed oil biodiesel has a FAME content of 97.7%, a lower water 

content than palm oil biodiesel and meets European standards for biofuels. Rubber seed is also 

relatively inexpensive in Thailand, making it a proper candidate for biodiesel production 

(Roschat and others, 2017). 

 

2.4.2 Second Generation Feedstocks 

While first generation feedstocks have been proven time and again to be efficient precursors to 

biodiesel, they are not without their drawbacks. Plant oils can be rather expensive, particularly if 



 
 

15 
  

they are of any use in the food industry, and land clearing can present a political and/or 

environmental barrier. It is at this point that many consider second generation feedstocks. Second 

generation feedstocks can be further classified into three subcategories: homogenous, quasi-

homogenous, and non-homogenous (Lavoie and others, 2011). Homogenous feedstocks can be 

somewhat expensive in comparison to quasi and non-homogenous feedstocks, with prices around 

$100 per 907.185 kg. Quasi-homogenous feedstocks can range from $60-$80, and non-

homogenous feedstocks can be close to $0 (Lavoie and others, 2011).  

 

Many have begun to identify food and grease waste as ideal second generation feedstocks; the 

biodiesel formed from used grease recovered from restaurants has been shown to burn cleaner 

than traditional petroleum diesel and is a fraction of the price (Mu and others, 2013). In a life 

cycle assessment of scum grease (home and restaurant greases that collect in water treatment 

facilities after they’ve been disposed of) to biodiesel conversion, it was found that scum grease 

has the least environmental impact when compared to petroleum diesel, soybean oil, and 

vegetable oil (Kulkarni and others, 2006). Scum sludge has also been found to contain several 

long chain fatty acids and a high calorific value (energy released as heat during combustion, 

particularly in fuels), ideal qualities when selecting a proper feedstock (Wang and others, 2016).  

Hundreds of thousands of tons of restaurant waste are produced annually in several countries 

across the globe. These wastes are inedible and account for much of landfill space; on some 

occasions, these wastes can form a barrier around plant roots and prevent plants from absorbing 

nutrients in soil and damage sewer systems (Capuano and others, 2017).  Using this waste as a 

feedstock will address and eliminate two immediate problems: the use of landfill space for 

dumping of waste grease and release of dangerous gases by traditional diesel fuel (Hums and 
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others, 2016). In Figure 2.5, the path from waste grease to biodiesel and the alternative path to 

landfill are illustrated.  

 

 

Figure 2.5. Grease trap waste to Biodiesel process (Hums and others, 2016). 

 

Some researchers may argue that though scum grease and other second generation feedstocks are 

inexpensive and there can be problems with the functionality of the biodiesel produced. Because 

second generation feedstocks are often blends from many different sources, it is often difficult to 

yield a high amount of biodiesel (due to interference with the transesterification reaction by 

impurities), separate impurities, and meet ASTM specifications (Canakci and others, 2008). 

Canola oil mixed with used cooking oil was shown to meet most standards when blended at 60% 

with petroleum diesel. When blended at a lower ratio, however, quality decreased (Issariyakul 
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and others, 2008). Waste palm oil methyl esters, though excellent in reducing toxic emissions, 

reduced engine performance (Ozsezen and others, 2009). Other researchers have found that by 

experimenting with methodology, solvents, and catalysts, it is possible to utilize these clean 

burning feedstocks without sacrificing performance.  By optimizing lipid extraction and 

purification, food waste can potentially serve as an ideal feedstock (Talebian-Kiakalaieh and 

others, 2013). According to Phan and others (2008), waste greases do somewhat decrease on 

engine capability when used alone, but when blended at an ideal ratio, the mixture can be used in 

an engine without decreasing its function. Waste fryer grease can yield over 90% biodiesel when 

a two stage acid and base catalysis is used over the traditional 1 stage catalysis in 

transesterification (Issariyakul and others, 2007). Some researchers assert that biodiesel from 

waste cooking oil gives better engine performance (Kulkarni and others, 2006). 

 

2.4.3 Third Generation Feedstocks 

Third generation feedstocks were once categorized alongside waste greases in second generation 

fuels. As time passed on and more research was conducted, it was revealed that algae can 

produce higher yields of biodiesel with lower input of resource (Third Generation Biofuels, 

2010.) Unlike first generation feedstocks, algae are not considered food or used in traditional 

food items, and thus, do not need to compete with the food industry for use. While second 

generation feedstocks have also addressed that issue, the technology for conversion to biodiesel 

from these feedstocks has not yet met commercial standards (Brennan and Owende, 2010). 

Algae have high lipid content and are able to yield a greater amount of oil than plants, due to 

their higher growth rates. Algae are relatively inexpensive to harvest, biologically efficient due 

to their use of solar power, and can actually utilize the carbon dioxide in the atmosphere, helping 
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alleviate the greenhouse gas problem plaguing our society (Ahmad and others, 2011). However, 

as with all good benefits, there are downsides to utilizing algae as well. It can be difficult to 

extract lipids from the algae without completely drying them, which can be a rather expensive 

process. In addition, algae require water to produce biodiesel constituents, and in nations where 

much of the water is frozen, production becomes challenging (Lee and Lavoie, 2013). 

 

2.5 Limitations on Sulfur Content 

The three generations of feedstock pose three different means of producing an alternative, 

renewable fuel in the form of biodiesel. Though each feedstock type is unique in composition 

and is environmentally friendly, it is only the second generation feedstocks that not only produce 

a functional biodiesel, but simultaneously recycle what would otherwise be considered waste in 

the process. Grease trap waste in particular, holds a massive amount of potential to be utilized as 

a feedstock for biodiesel; unfortunately, it cannot be made commercially available until it can 

meet the standards established by the American Society for Testing Materials (ASTM.) 

 

In 1898, the American Section of the International Association for Testing Materials was 

established with a set of goals in mind: “the development of international standards for materials 

and products (The History of ASTM International. N.d.) The organization sets standards for 

various materials and products used across the globe including biodiesel as a means of assuring 

the best quality of product possible. Such specifications include, but are not limited to: fuel 

standard, kinematic viscosity, carbon content, hydrogen content, and sulfur content (in parts per 

million.) (Alleman and others, 2016). When present in fuel, sulfur can have detrimental effects 
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on the environment and the vehicle itself. Sulfur interferes with the oxidizing agents present in 

the emission control system, reducing their effectiveness and releasing dangerous toxins into the 

atmosphere, including hydrocarbons and carbon monoxide (Stanislaus and others, 2010). In 

order to secure the use of grease trap waste as a feedstock source for biodiesel, sulfur content 

must be reduced to 15 ppm before it can be marketed, according to specification ASTM D6751 

(Table 2.1). Any biodiesel used in the United States should meet ASTM D6751 before blending 

(Alleman and others, 2016). 

 

Table 2.1. Select properties of Typical No. 2 Diesel and Biodiesel Fuels by ASTM International 

(Alleman and others, 2016). 
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The standard limit of 15 ppm was first established in 2002 by ASTM international. After some 

minor revisions and updates, the standard was finalized and has remained the ever since (Lin and 

others, 2011). At this level, emissions controls systems are able to function properly without 

releasing dangerous toxins. Current research is already being conducted to lower the sulfur 

content of grease trap waste and scum grease to suitable levels. Ma and others (2016) were able 

to develop a method for producing low-sulfur biodiesel; by utilizing a combination of solvent 

extraction and acid washing as well as reflux distillation and adsorptive desulfurization, 

approximately 70% of the biodiesel product was formed with less than 15 ppm sulfur content.  

 

This project employs biodiesel that has been subjected to vacuum distillation in a Wiped Film 

Evaporator (WFE.) Through the WFE process, researchers are able to reduce sulfur content from 

200-500 ppm to 80-250 ppm, however that alone is not sufficient enough to create marketable 

biodiesel from scum grease. This project is designed to identify an adequate strategy in 

identifying sulfur species and potentially hold the key to more efficient removal of sulfur from 

biodiesel. Researchers in the past, though skillful in their ability to yield a large quantity of 

biodiesel, have struggled with a means of reducing sulfur content to below 15 ppm. Bi and others 

(2015) were able to produce a quality biodiesel product but were unsuccessful in developing an 

optimized method of sulfur removal. A previous study conducted by Ma and others (2016) uses a 

combination of heptane extraction, reflux distillation, and adsorptive desulfurization to remove 

sulfur species from biodiesel, yet were unable to reduce sulfur concentration to below the ASTM 

standard for most of the samples. The researchers in the study noted that some of their removal 

methods may have been ineffective due to sulfur being present as an organosulfur species. With 

the ability to identify these species down to their molecular structures, removal methods could be 
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modified to include a wider variety of sulfur species such as organosulfur, thus removing the 

species and yielding a better biodiesel product. 
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CHAPTER 3 

MATERIALS AND METHODS 

 

All biodiesel samples used throughout the experiment were obtained from the laboratory of Dr. 

Richard Cairncross of Drexel University, Department of Chemical and Biological Engineering 

(Philadelphia, PA.). Samples of biodiesel began as trap grease of Philadelphia metropolitan-area 

restaurants collected at wastewater treatment facilities and subjected to distillation by wiped film 

evaporator at Drexel University.  

 

3.1 Solid Phase Extraction  

3.1.1 Loading  

SPE was performed using a Visiprep™ SPE Vacuum Manifold standard (St. Louis, MO) 12-port 

model and Thermo Scientific™ 10 g silica SPE cartridges (Waltham, MA).  The SPE cartridge 

was conditioned, first using 10 ml of ethyl acetate (allowing for the solvent to completely flow 

through the column) then hexane mixed with methylene chloride (CH2Cl2) in a 9:1 ratio. This 

ensures that the polar silica column in the cartridge will be able to properly adsorb the polar 

species. Three low temperature distillate fractions, designated B6, B8 and B9 were analyzed.  

Approximately 20 g of each biodiesel sample was weighed and loaded onto the column. A 

vacuum may be applied to expedite the elution process if the biodiesel samples do not efficiently 

elute through the cartridge.  
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3.1.2 Washing 

Upon completion of the loading step, the column was washed. Using six solvents ranging from 

lowest to highest in elution strength, the analytes were extracted from the stationary column in an 

increasing concentration, with the final solvent removing the highly polar sulfur species desired. 

In this experiment, the solvents of choice (listed in terms of increasing polarity) include a 9:1 

hexane-CH2Cl2 solution, a 1:1 hexane-CH2Cl2 solution, 100% CH2Cl2, ethyl acetate, methanol 

(MeOH), and acetone. To begin, 10 ml of the 9:1 hexane-CH2Cl2 solution were added to the 

same cartridge used in the loading step. While the solvent moved through the column (can be 

expedited with a vacuum pressure not to exceed 20 mmHg,) more polar analytes bonded to the 

column are removed and were collected in a sample tube. This step is repeated with the solvents 

in increasing elution strength, with each eluent being collected in its own sample vial. Upon 

completion, the cartridge is removed and discarded. The collected elution samples were then 

prepped for the final drying stage.    
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Figure 3.1. Movement of analytes during Solid Phase Extraction (Lucci and others, 2012). 

 

3.1.3  Drying  

All elution samples must have all solvent completely removed before they can be analyzed for 

the sulfur content. This was done for approximately 2 hours utilizing The Meyer N-evap nitrogen 

blower (Berlin, MA) at the USDA Eastern Regional Research Center. Tubes were placed in a hot 

water bath of 30°C to aid in solvent evaporation. 
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3.2 Sulfur Analysis  

The presence of sulfur in each sample was determined with a TS 3000 Total Sulfur Analyzer 

(Waltham, MA) connected to a TS-UV module and an Archie autosampler. The autosampler was 

calibrated using four AccuStandard (New Haven, CT) biodiesel standards at 0, 15, 30 and 75 

ppm. Standards were used to confirm accurate ppm and establish a calibration curve. The dried 

samples were transferred into 1.5 ml vials along with 1 ml of ethyl acetate per sample and loaded 

onto the autosampler platform. Then, 20 microliters (μl) samples were injected into the analyzer.  

The analyzer injected each biodiesel sample in triplicate and averaged the sulfur concentration 

for each sample.  

 

Figure 3.2. Sulfur analyzer schematic (TS 3000 Product Sheet). 
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3.3 Gas Chromatography and Mass Spectrometry 

3.3.1 Gas Chromatography 

Two types of GC detectors were used: a Flame Ionization Detector (FID) and a Pulsed Flame 

Photometric Detector (PFPD) for sulfur species.  

1. Using the FID, 1μl of SPE column fractions were analyzed on a capillary column 

(Phenomenex ZB-5ht, 30 m x 0.25 mm x 0.25 um film using an Agilent 6890 GC 

(Agilent Technologies, Palo Alto, CA, USA) fitted with a flame ionization detector. 

Column flow was set at 1.0ml/min using helium as carrier gas. A gradient 

temperature program starting at an initial temperature of 100ºC, held for 2 min 

before increasing to 190ºC at 30ºC per min after injection, then ramped to 210ºC at a 

rate of 1ºC per min followed by holding for 5 min provided separation of the 

components in 30 min. The injector was held at a temperature of 300°C and 

operated in the split mode with a flow of 10.0ml/min. The detector was held at 

250°C and fueled by hydrogen and air gases at 30 ml/min and 350 ml/min 

respectively.  

2. Using the PFPD, 1μl of SPE column fractions were analyzed on a capillary column 

(Phenomenex ZB-5ht, 30 m x 0.25 mm x 0.25 um) film using an HP 5890 series II 

GC (Agilent Technologies, Palo Alto, CA, USA) fitted with an 5380 pulse flame 

photometric detector (O I Analytical, Collese Station, TX, USA). Column flow was 

set at 1.0ml/min using helium as carrier gas. A gradient temperature program 

starting at an initial temperature of 100ºC, held for 2 min before increasing to 190ºC 

at 30ºC/min after injection, then ramped to 210ºC at a rate of 1ºC/min followed by 

holding for 5 min provided separation of the components in 30 min. The injector 
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was held at a temperature of 300˚C and operated in the split mode with a flow of 10 

ml/min. The detector was held at 250˚C and fueled by hydrogen and air gases 

optimized per the manufacturers specifications. A BG-12 purple optical filter and 

R1925 photomultiplier tube, specific to sulfur emissions were used. Carbon and 

sulfur gate parameters were 1 to 3 ms and 6 to 24 ms respectively. 

 

3.3.2 Mass Spectrometry 

During MS, 1μl of SPE column fractions were analyzed on a capillary column (Phenomenex 

ZB-5ht, 30 m x 0.25 mm x 1.0 um) film using an Agilent 7890 GC (Agilent Technologies, 

Palo Alto, CA, USA) coupled with an Agilent 5975 mass selective detector (MSD). Column 

flow was set at 1.0 ml/min using helium as carrier gas. A gradient temperature program 

starting at an initial temperature of 100ºC, held for 2 min before increasing to 190ºC at 

30ºC/min after injection, then ramped to 250ºC at a rate of 2ºC/min followed by holding for 5 

min provided separation of the components in 40 mins. The injector was held at a 

temperature of 300˚C and operated in the split mode with a flow of 10 mins. The mass 

transfer line was heated to 300˚C. The MSD source and quadrapole were heated to 250˚C and 

150˚C respectively. The ion scan range was 45 to 700 m/z. In the chemical ionization mode, 

methane was used as the reagent gas. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

 

This project focused on identifying the sulfur species in lightweight fractions of biodiesel for 

extraction. Solid phase extraction (SPE) has been used as a means of concentrating sulfur species 

present in biodiesel. Solvents ranging from least to most polar were used to effectively separate 

polar sulfur species from non-polar fatty acids and other constituents, creating a concentrated 

sulfur sample. Then, the samples were analyzed using a TS 3000 Total Sulfur Analyzer 

connected to a TS-UV module to determine sulfur concentration in parts per million. Finally, the 

specific sulfur molecules were determined using mass spectrometry. The identities of possible 

sulfur-bearing compounds in waste grease biodiesel have been determined.  Typically, three 

major temperature profiles were used to collect fractions separated by WFE.  These temperature 

profiles can be described, in general, as low, middle and high temperature distillates.  In this 

project, we studied the low temperature fraction which was subsequently evaluated by total 

sulfur analysis, SPE and GC-MS. 

 

Table 4.1 shows the initial mass, volume and sulfur concentrations of three different low 

temperature biodiesel fractions distilled by WFE.  These samples were shown to have an average 

of 42.34 ppm sulfur, which corresponds to an average of 1.06 mg of sulfur.  After proving that 

sulfur-bearing species exist in the samples, a systematic approach to identifying those species 

was employed.  To first evaluate the identity of the S-bearing species, it was imperative to 

determine if they could be separated chromatographically from other compounds.  To do this, 
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GC-S detection was used.  To detect sulfur species on GC, the molecules must be present in as 

little as 10 PPM.  Therefore, the sulfur concentrations for all three low temperature WFE 

distillates were eligible for GC-S analysis.   

 

Figure 4.1 shows that, although sulfur is present in the sample, according to total sulfur analysis, 

there are no peaks that correspond to sulfur detected by GC-S. The reason for this could be that 

the value for total sulfur is the combination of many different types of sulfur bearing compounds 

or that the concentration of sulfur-bearing compounds is below the detection limit of the GC-S 

detector. In either case, the amplification of the sulfur species is necessary; hence, the samples 

were subjected to solid phase extraction.   

 

 

Table 4.1. Initial Masses, Volumes, and Sulfur Concentrations of Biodiesel Samples 

 

 BD-6 Stock BD-8 Stock BD-9 Stock Average 

Mass (g) 25.13 25.58 24.20 24.97 (±0.51)  

Volume (ml) 28.23 28.70 27.19 28.04 (±0.57)  

[S] PPM 58.16 33.95 34.92 42.34 (±10.54) 

S mass (mg) 1.46 0.87 0.85 1.06  (±0.27) 
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Figure 4.1. GC-S of Stock biodiesel. 

 

Tables 4.2A-4.2C show the results of the SPE performed on three different low temperature 

distillate biodiesel fractions.  Each sample was extracted separately.  The expectation was that 

the sulfur-bearing species would bond to the stationary phase of the polar silica column while the 

nonpolar constituents (typically fatty acid methyl esters, or FAME) would elute.  Subsequently, 

the column was washed with 6 solvents to concentrate the sulfur-bearing species on the basis of 

polarity. The non-polar fractions accounted for 89.97(±0.78)% of the solid fractions.   
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Table 4.2A. Biodiesel Sample BD-6 fractionated by SPE. 

Fraction 

Designation 
BD-6 

Tube 

Mass (g) 

Tube+Elution 

mass (g) 

elution 

mass (g) 

Tube+Dry 

Mass (g) 

Dry 

Mass (g) 

Fraction 

of total 

mass (%) 

A Load 13.246 34.457 21.211 28.0546 14.8086 59.3% 

B 
Hex/CH2Cl2 

9:1 
13.303 26.72 13.417 20.673 7.37 29.5% 

C CH2/Cl2 1:1 13.243 23.518 10.275 14.4077 1.1647 4.7% 

D CH2Cl2 13.228 24.414 11.186 13.7875 0.5595 2.2% 

E Et. Ace 13.299 26.525 13.226 14.0659 0.7669 3.1% 

F MeOH 13.204 25.347 12.143 13.486 0.282 1.1% 

G Acetone 13.304 25.727 12.423 13.336 0.032 0.1% 

TOTAL 24.9517 100% 

 

Table 4.2B. Biodiesel Sample BD-8 fractionated by SPE. 

Fraction 

Designation 
BD-8 

Tube 

Mass 

(g) 

Tube+Elution 

mass (g) 
elution 

mass (g) 
Tube+Dry 

Mass (g) 
Dry 

Mass (g) 

Fraction 

of total 

mass 

(%) 

A Load 13.264 35.443 22.179 29.0258 15.7618 62.1% 

B 
Hex/CH2Cl2 

9:1 
13.204 25.822 12.618 20.3868 7.1828 28.3% 

C CH2/Cl2 1:1 13.307 22.268 8.961 14.5035 1.1965 4.7% 
D CH2Cl2 13.097 21.78 8.683 13.4862 0.3892 1.5% 
E Et. Ace 13.177 26.047 12.87 13.7845 0.6075 2.4% 
F MeOH 13.277 25.91 12.633 13.536 0.259 1.0% 
G Acetone 13.254 24.546 11.292 13.288 0.034 0.1% 

TOTAL 25.3968 100% 
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Table 4.2C. Biodiesel Sample BD-9 fractionated by SPE. 

Fraction 

Designation 
BD-9 

Tube 

Mass 

(g) 

Tube+Elution 

mass (g) 
elution 

mass (g) 
Tube+Dry 

Mass (g) 
Dry 

Mass (g) 

Fraction 

of total 

mass 

(%) 

A Load 13.178 33.959 20.781 27.4955 14.3175 59.3% 

B 
Hex/CH2Cl2 

9:1 
13.269 25.535 12.266 20.8488 7.5798 31.4% 

C CH2/Cl2 1:1 13.29 23.297 10.007 14.6069 1.3169 5.5% 
D CH2Cl2 13.256 23.242 9.986 13.7016 0.4456 1.8% 
E Et. Ace 13.228 27.284 14.056 13.66 0.432 1.8% 
F MeOH 13.221 23.161 9.94 13.2831 0.0621 0.3% 
G Acetone 13.2 23.754 10.554 13.2279 0.0279 0.1% 

TOTAL 24.1539 100% 

 

The fractions were then analyzed for sulfur concentration in PPM and recorded in Tables 4.3A-

4.3C.  Based on the mg of S (Table 4.1) present in each of the stock solutions, only 

54.97(±10.18)% of the S could be accounted for in the eluted samples based on mass balance.  

This could be the manifestation of experimental error or a lot of the sulfur-bearing species could 

remain on the column. In all three biodiesel samples, elutions E and F contained the highest 

concentration (ppm) of sulfur and were, therefore, the best candidates for analysis by GC-S. 

 

Table 4.3A. Sulfur concentrations and mass for Biodiesel sample BD-6. 

Fraction 

Designation 

[S] Dry  

PPM 

based on dry 

mass (mg)  

based on dry 

volume (mg) 

% of initial S 

A 12.13 0.179628318 0.20183 12.29% 

B 13.01 0.0958837 0.107734 6.56% 

C 24.62 0.028674914 0.032219 1.96% 

D 34.84 0.01949298 0.021902 1.3% 

E 248.4 0.19049796 0.214043 13.0% 

F 233.56 0.06586392 0.074004 4.5% 

G 55.51 0.00177632 0.001996 0.1% 

  0.580041792 0.651732 39.69% 
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Table 4.3B. Sulfur concentrations and mass for Biodiesel sample BD-8. 

 

 

Table 4.3C. Sulfur concentrations and mass for biodiesel sample BD-9. 

Fraction 

Designation 
[S] Dry  

PPM 
based on dry 

mass (mg)  
based on dry 

volume (mg) 
% of initial S 

A 22.94 0.328443 0.369038 38.86% 
B 22.45 0.170167 0.191198 20.13% 
C 20.2 0.026601 0.029889 3.15% 
D 14.88 0.006631 0.00745 0.8% 
E 107.39 0.046392 0.052126 5.5% 
F 71.22 0.004423 0.004969 0.5% 
G 5.31 0.000148 0.000166 0.0% 

  TOTAL 0.583 0.655 68.94% 

 

The samples were first analyzed by GC-FID for method development and to validate that the 

samples were correlated with expected and known chromatograms for biodiesel.   The samples 

were then transferred to the GC-S detector where peaks correlating to sulfur-bearing species 

were detected (Figures 4.2A and 4.2B).  There appeared to be approximately 6 peaks 

representative of sulfur-bearing species present in the sample.    

Transferring the sample from the GC-S to GC-MS proved more problematic than originally 

expected. During MS analysis, samples were injected into the instrument, ionized, and 

Fraction 

Designation 
[S] Dry  

PPM 
based on dry 

mass (mg)  
based on dry 

volume (mg) 
% of initial S 

A 14.17 0.223345 0.250949 25.72% 
B 15.01 0.107814 0.121139 12.42% 
C 20.72 0.024791 0.027856 2.85% 
D 20.41 0.007944 0.008925 0.9% 
E 128.83 0.078264 0.087937 9.0% 
F 179.51 0.046493 0.052239 5.4% 
G 12.61 0.000429 0.000482 0.0% 

  0.488651 0.549046 56.27% 
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fractionated.  The instrument detects the ionized species and suggests structural matches from the 

MS library.  However, the MS detector is not as sensitive as the GC-S and, therefore, some of the 

smaller sulfur bearing molecules could not be analyzed by MS with confidence.  Of the SPE 

fractions analyzed by GC, the most promising peak was eluted at 4.8 mins.  This peak was 

present in all 3 of the low temperature distillate samples studied in this project. 

 

Figure 4.2A. Chromatograph of Biodiesel Sample BD-8 fraction E. The top chromatograph 

shows sulfur peaks while the bottom shows carbon peaks. 
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Figure 4.2B. Chromatograph of Biodiesel Sample BD-8 fraction F. The top chromatograph 

shows sulfur peaks while the bottom shows carbon peaks 

 

Attempts to determine the structural identity of the molecule that eluted at 4.8 mins by GC 

analysis was performed by two type of mass spectroscopy techniques:  Chemical ionization (CI) 

and Electron Ionization (EI).  CI is an ionization technique is a lower energy process than 

electron EI, yielding less or, sometimes, no fragmentation.  As a result of the low degree of 

fragmentation, a typical CI spectra has an easily identifiable protonated molecule peak 

[M+1]+ which allows for determination of molecular mass of the parent compound.  Conversely, 

when EI is employed, the energy from the bombarding electrons is so great that the entire 

molecule is fragmented, leaving little chance for identifiable molecular ion peak.  However, 

extensive fragmentation that results from EI is useful for the structure determination of unknown 

compounds. Figure 4.3 shows the results of the MS spectra for CI (top) and EI (bottom) 

techniques.  In the CI spectra, 159.1 and represents the protonated molecular weight [M+1] of 

the sulfur-bearing species.  The EI spectra shows only a small peak for at 158 because very little 

https://en.wikipedia.org/wiki/Ionization
https://en.wikipedia.org/wiki/Molecular_mass
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of the molecular ion still exists.  Instead, it shows other molecular weights that represent ionated 

fractions of the molecule that have been used theoretically identify the molecule as 5-butyl-

dihydro-thiophen-2-one.  

 

 

 

Figure 4.3. Parent and daughter ions of 5-butyl-dihydro-thiophen-2-one (as determined by top 

chemical ionization and bottom electron ionization mass spectroscopy).  
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Figure 4.4 is a proposed mechanism for the formation of the two sulfur bearing species via the 

intramolecular formation of a thioester.   It is reasonable to assume that fatty acid species in 

various forms exist in all restaurant waste grease products.  4-Mercapto-octonoic acid methyl 

ester is an ester of a short chain fatty acid that is likely formed from the chemical degradation of 

a longer polyunsaturated fatty acid.   Sulfur is theoretically added to unsaturated fatty acid by 

reacting with subterranean hydrogen sulfide (H2S) gas or by chemical exchange with the sulfur 

atoms indigenous to foods such as onions and garlic that are likely present in trap grease.  

Therefore, 4-Mercapto-octanoic acid methyl ester is believed to be the precursor to either 5-

butyl-dihydro-thiophen-2-one or 6-Propyl-tetrahydro-thiopyran-2-one dependent on the position 

of the SH group along the hydrocarbon backbone. 

 

  

Figure 4.4. The three species: 5-butyl-dihydro-thiophen-2-one, 4-Mercapto-octanoic acid methyl 

ester, and 6-Propyl-tetrahydro-thiopyran-2-one were found to be the molecules represented by 

the peaks found in GCMS.  
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CHAPTER 5 

CONCLUSION 

 

The information provided in this study has not only shed a bit of light on the methodology 

used in sulfur analysis, but has also highlighted a few sulfur species that could potentially be 

found in many other biodiesel fuels. Data concerning identification of specific compounds 

containing sulfur is relatively new to the biodiesel industry, with little to no available 

information in the area. By being able to successfully characterize just a small number of 

compounds, my research has paved the way for a multitude of experiments regarding sulfur 

removal and yielding a cleaner biodiesel product.  

 

Though sulfur species were found on the biodiesel as intended by the experiment, some 

difficulties were encountered. Using the N-evap nitrogen blower to completely dry out the 

samples after SPE proved to be somewhat of a challenge, as a sample with solvent remaining 

can skew the results of the sulfur analysis stage. The availability of low temperature biodiesel 

distillate was also an obstacle encountered. Often times, there was only enough sample to 

perform 1 replicate of SPE, making it difficult to duplicate and confirm results with that 

particular sample.  

 

 In future experiments of a similar nature, researchers aim to minimize the number of 

solvents used in solid phase extraction and obtain a larger quantity of the sulfur containing 

fractions. SPE, though an effective process, can still be optimized. A method should be 

developed to eliminate the use of methanol, acetone, and the hexane/methylene chloride 1:1 
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mixture, as these steps do not contribute as much to the concentration of sulfur species as the 

other solvents used. The solvents also have a tendency to produce unnecessary peaks during 

GC, making interpretation of chromatographs a bit more difficult. Though gas 

chromatography utilizes a small injection size, a larger stock would allow for a greater 

quantity of biodiesel to undergo solid phase extraction, which in turn provides a greater 

volume of the polar fractions containing sulfur. This larger fraction will in theory, have a 

higher sulfur concentration and produce a greater signal during GCMS.  

 

It is the hope of the researchers in this lab that through the identification of sulfur species 

found in biodiesel samples, we will be able to develop a more efficient method for sulfur 

removal that is expected to be species-specific. By targeting individual species such as 

thioesters and thiols, the removal will occur quickly, effectively, and at as low of a cost as 

possible. The method that is developed should also utilize as little solvent as possible, as a 

greater amount of chemical use allows for error and contamination of the final product. 

Ideally, this method of sulfur removal will not affect the yield of biodiesel product, improve 

the marketability of biodiesel and further increase its usage over traditional petroleum diesel.  

 

 

 

 

 

 



 
 

40 
  

REFERENCES 

 

1. Abila, N. (2012). Biofuels development and adoption in Nigeria: Synthesis of drivers, 

incentives and enablers. Energy Policy, 43, 387-395. doi:10.1016/j.enpol.2012.01.019 

2. Agarwal, A. K., and Dhar, A. (2015). Biofuels and the Hybrid Fuel Sector. Proceedings 

of the Indian National Science Academy, 81(4). doi:10.16943/ptinsa/2015/v81i4/48296 

3. Ahmad, A., Yasin, N. M., Derek, C., and Lim, J. (2011). Microalgae as a sustainable 

energy source for biodiesel production: A review. Renewable and Sustainable Energy 

Reviews, 15(1), 584-593. doi:10.1016/j.rser.2010.09.018 

4. Alleman, T. L., Mccormick, R. L., Christensen, E. D., Fioroni, G., Moriarty., K., and 

Yanowitz, J. (2016). Biodiesel Handling and Use Guide (Fifth Edition). 

doi:10.2172/1332064 

5. Asaumi, Y., Shintani, M., and Watanabe, Y., "Effects of Fuel Properties on Diesel 

Engine Exhaust Emission Characteristics," SAE Technical Paper 922214, 1992, 

doi:10.4271/922214. 

6. Barik, S., and Paul, K. K. (2017). Potential reuse of kitchen food waste. Journal of 

Environmental Chemical Engineering, 5(1), 196-204. doi:10.1016/j.jece.2016.11.026 

7. Benson, J., Burns, V., Koehl, W., Gorse, R., Painter, L., Hochhauser, A., Reuter, R., 

"Effects of Gasoline Sulfur Level on Mass Exhaust Emissions - Auto/Oil Air Quality 

Improvement Research Program," SAE Technical Paper 912323, 1991, 

doi:10.4271/912323. 



 
 

41 
  

8. Bi, C., Min, M., Nie, Y., Xie, Q., Lu, Q., Deng, X., . . . Ruan, R. (2015). Process 

development for scum to biodiesel conversion. Bioresource Technology, 185, 185-193. 

doi:10.1016/j.biortech.2015.01.081 

9. Biodiesel.org. “Biodiesel Basics.” (2016). Biodiesel: America’s Advanced Biofuel, 2016. 

http://biodiesel.org/what-is-biodiesel/biodiesel-basics. 

10. Biodiesel.org Production Statistics. (2016). http://biodiesel.org/production/production-

statistic 

11. Biofuels: What are they? (n.d.). Retrieved March 09, 2017, from http://biofuel.org.uk/  

12. Bioresource Technology, 204, 89-97. doi:10.1016/j.biortech.2015.12.063 

13. Brennan, L., and Owende, P. (2010). Biofuels from microalgae—A review of 

technologies for production, processing, and extractions of biofuels and co-products. 

Renewable and Sustainable Energy Reviews, 14(2), 557-577. 

doi:10.1016/j.rser.2009.10.009 

14. Canakci, M., and Gerpen, J. H. (2003). Comparison Of Engine Performance And 

Emissions For Petroleum Diesel Fuel, Yellow Grease Biodiesel, And Soybean Oil 

Biodiesel. Transactions of the ASAE, 46(4), 937-944. doi:10.13031/2013.13948 

15. Canakci, M., and Van Gerpen, J. (2001). "Biodiesel Production From Oils And Fats With 

High Free Fatty Acids." Transactions of the ASAE 44.6 (2001): n. pag. Web. 

16. Canakci, M., and Sanli, H. (2008). Biodiesel production from various feedstocks and 

their effects on the fuel properties. Journal of Industrial Microbiology and Biotechnology, 

35(5), 431-441. doi:10.1007/s10295-008-0337-6 



 
 

42 
  

17. Capuano, D., Costa, M., Fraia, S. D., Massarotti, N., and Vanoli, L. (2017). Direct use of 

waste vegetable oil in internal combustion engines. Renewable and Sustainable Energy 

Reviews, 69, 759-770. doi:10.1016/j.rser.2016.11.016 

18. Environmental Protection Agency. (2017, February 10). Advancing Sustainable Materials 

Management: Facts and Figures Report. Retrieved March 18, 2017, from 

https://www.epa.gov/smm/advancing-sustainable-materials-management-facts-and-

figures-report  

19. Environmental Protection Agency. (2017, March 01). What is Acid Rain? Retrieved 

March 18, 2017, from https://www.epa.gov/acidrain/what-acid-rain  

20. Giwa, A., Alabi, A., Yusuf, A., and Olukan, T. (2017). A comprehensive review on 

biomass and solar energy for sustainable energy generation in Nigeria. Renewable and 

Sustainable Energy Reviews, 69, 620-641. doi:10.1016/j.rser.2016.11.160 

21. Hammond, G., Kallu, S., and Mcmanus, M. (2008). Development of biofuels for the UK 

automotive market. Applied Energy, 85(6), 506-515. doi:10.1016/j.apenergy.2007.09.005 

22. Hums, M. E., Cairncross, R. A., and Spatari, S. (2016). Life-Cycle Assessment of 

Biodiesel Produced from Grease Trap Waste. Environmental Science and Technology, 

50(5), 2718-2726. doi:10.1021/acs.est.5b02667 

23. Ikwuagwu, O., Ononogbu, I., and Njoku, O. (2000). Production of biodiesel using rubber 

[Hevea brasiliensis (Kunth. Muell.)] seed oil. Industrial Crops and Products, 12(1), 57-

62. doi:10.1016/s0926-6690(99)00068-0 

24. Issariyakul, T., Kulkarni, M. G., Meher, L. C., Dalai, A. K., and Bakhshi, N. N. (2008). 

Biodiesel production from mixtures of canola oil and used cooking oil. Chemical 

Engineering Journal, 140(1-3), 77-85. doi:10.1016/j.cej.2007.09.008 



 
 

43 
  

25. Issariyakul, T., Mangesh G. Kulkarni, Ajay K. Dalai, and Narendra N. Bakhshi. 

"Production of biodiesel from waste fryer grease using mixed methanol/ethanol system." 

Fuel Processing Technology 88.5 (2007): 429-36. Web. 

26. Janssen, R., and Rutz, D. D. (2011). Sustainability of biofuels in Latin America: Risks 

and opportunities. Energy Policy, 39(10), 5717-5725. doi:10.1016/j.enpol.2011.01.047 

27. Jeffrey, R., Duckworth, J., and Cay, E., "EFFECTS OF SULFUR IN MOTOR 

GASOLINE ON ENGINE OPERATION," SAE Technical Paper 510179, 1951, 

doi:10.4271/510179. 

28. Johnston, M., and Holloway, T. (2007). A Global Comparison of National Biodiesel 

Production Potentials. Environmental Science and Technology, 41(23), 7967-7973. 

doi:10.1021/es062459k 

29. Kemper, T. Low cost feedstock processing alternatives.  2009 National Biodiesel 

Conference and Expo, National Biodiesel Board, Jefferson City, MO. 2009. 

30. Kulkarni, Mangesh G., and Ajay K. Dalai. "Waste Cooking Oil: An Economical Source 

for Biodiesel:  A Review." Industrial and Engineering Chemistry Research 45.9 (2006): 

2901-913. Web. 

31. Lavoie, J., Beauchet, R., Berberi, V., and Chornet, M. (2011). Biorefining 

Lignocellulosic Biomass via the Feedstock Impregnation Rapid and Sequential Steam 

Treatment. Biofuel's Engineering Process Technology. doi:10.5772/18186 

32. Lee, R. A., and Lavoie, J. (2013). From first- to third-generation biofuels: Challenges of 

producing a commodity from a biomass of increasing complexity. Animal Frontiers, 3(2), 

6-11. doi:10.2527/af.2013-0010  



 
 

44 
  

33. Leung, D. Y., Wu, X., and Leung, M. (2010). A review on biodiesel production using 

catalyzed transesterification [Abstract]. Applied Energy, 87(4), 1083-1095. 

doi:10.1016/j.apenergy.2009.10.006 

34. Lim, S., and Teong, L. K. (2010). Recent trends, opportunities and challenges of 

biodiesel in Malaysia: An overview. Renewable and Sustainable Energy Reviews, 14(3), 

938-954. doi:10.1016/j.rser.2009.10.027 

35. Lin, L., Cunshan, Z., Vittayapadung, S., Xiangqian, S., and Mingdong, D. (2011). 

Opportunities and challenges for biodiesel fuel. Applied Energy, 88(4), 1020-1031. 

doi:10.1016/j.apenergy.2010.09.029 

36. Lucci, P., Pacetti, D., Frega, N. G., and Núñez, O. (2012). Current Trends in Sample 
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