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ABSTRACT 

Diesel particulate matter (PM) is classified by the EPA as carcinogenic, with the 

transportation sector largely responsible these emissions within the United States.  

Biodiesel (B100) is derived from renewable sources, providing similar chemical 

composition to diesel fuel and is in the current diesel supply up to 5% across the nation.  

However, biodiesel has an inherent oxidation issue due to the unique mixture of fatty 

acid methyl ester (FAME) molecules present in the biodiesel that are not in diesel.  

Biodiesel oxidation can only be delayed, and the inevitable process results in changes 

to the original fuel composition that may alter emissions profiles.  There have been 

limited studies on the effect of oxidized biodiesel fuel on PM emissions, and with 

increasing biodiesel production volumes, it is important to assess due to possible 

adverse human health effects.  In this study, it was hypothesized that the change in fuel 

composition due to oxidation would lead to lower PM emissions because the presence 

of more fuel oxygen molecules and secondary oxidation products would enhance self-

combustion characteristics.  In this study, PM mass generated from a light-duty diesel 

engine running on three different fuel types—pure (“neat”) B100 biodiesel, pure B0 

diesel, and B20 (20% v/v biodiesel blend with diesel)—was quantified and compared to 

the PM mass (and concentrations) from repeated emissions testing using artificially 

oxidized B100 and B20 biodiesel as the fuel source.  B100 fuel was heated at 110oC for 

5, 10, and 20 hours (“oxidation states” 3, 2, and 1, respectively), verifying the extent of 

fuel oxidation by building an apparatus (Biodiesel Oxidation Stability Surveyor, BOSS) 

that quantified the biodiesel fuel’s oxidative stability using a method equivalent to 

standard methods for determining the biofuel’s induction period.  Induction period 

increased linearly with time spent under the artificial oxidation conditions.  A custom, 

load-based steady-state modal drive cycle was specially developed for emissions testing 

each neat and oxidized B100 and B20 fuel type in a light-duty diesel engine 

dynamometer. Observed changes in PM mass with increased fuel oxidation time 

occurred only for B20 fuel with a 51 ±13% decrease.  Fuel properties such as cetane 

number, biodiesel content, density, and total aromatics were compared between neat 

and oxidized B20 and B100 samples.  Cetane number increased 7% from 66.8 to 71.7 

from B100 neat to B100 OX1 (20hrs) and density increased from 0.709g/cm3 to 

0.723g/cm3.  Chemical analysis of the biodiesel fuels by gas chromatography mass 

spectrometry (GCMS) quantified individual FAME compounds to determine key 

species involved in fuel oxidation.  B100 FAME concentration widely varied, however, 

the B20 fuel blend showed that 20 hour artificial oxidation treatment decreased 

concentrations of the unsaturated FAMEs for C18:3n3, C18:2 cis-9,12, C18:1 (both cis- 

and trans- isomers) by 41.7 ±3.5%, 33.25 ±8.8%, and 21.9 ±6.9% relative to their initial 

concentration in the unoxidized fuel, respectively, in general agreement with literature 

values.  The findings of this study help contribute a better understanding of oxidation 

effects on biodiesel fuel and link together fuel properties, chemical composition, and 

particulate emissions whereas most literature excludes detailed analysis of biodiesel 

fuel composition and associated emissions effects. 
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CHAPTER 1: INTRODUCTION AND BACKGROUND 

 

1.1 Purpose of Research 

Biodiesel is a liquid transportation fuel that exists as an alternative to 

conventional petroleum diesel.  Biodiesel offers potential emission reductions for 

hydrocarbons (HC), carbon monoxide (CO), and particulate matter (PM), but with a 

notable increase in oxides of nitrogen (NOx) emissions when compared to diesel fuel.[1]  

Due to the Energy Independence and Security Act (EISA) of 2007, which included the 

expansion of the Renewable Fuel Standard, biodiesel was given major incentive to be 

used in the transportation fuel market.  Even though the EISA set target production 

volumes, in reality, biodiesel production in the U.S. has truly been increasing from 

2011 to present day, with soybean dominating as the main “feedstock”, or source, of 

the fuel.[2]   However, biodiesel has a different chemical composition than diesel fuel, 

with a mixture of fatty acid methyl ester (FAME) compounds replacing the typical 

hydrocarbon chain molecules found in petroleum diesel fuel.  Due to the chemical 

properties and molecular arrangement of the FAMEs, biodiesel fuel is susceptible to 

oxidative degradation (oxidation) in many ways, including contact with atmospheric 

oxygen, excess heat, or even contact with certain metals such as copper or brass (a 

copper-rich alloy metal).[3] 

Literature has shown that there has been evidence of oxidized biodiesel sold at 

retail stations in the United States that failed the oxidative stability specifications set for 

commercial fuel products by the American Society for Testing and Materials 
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(ASTM).[4-8]  It is important to note that oxidation of biodiesel cannot be prevented; it 

will inevitably occur, and the use of antioxidants only delays the start of the oxidation 

process.[9,10,11]  The fuel will ultimately not meet specification after some period if not 

used, or even if stored in proper conditions.  Storing in proper conditions still can only 

postpone oxidative degradation, like the purpose of using antioxidants.  Negotiating the 

rate of oxidation is the only precaution that may be taken at present to preserve the 

original fuel composition and properties. 

While there is a high volume of studies focused on the oxidative storage 

stability of biodiesel (12-20), there are limited studies on the effects of oxidized biodiesel 

fuel on particle phase and particulate matter (PM) emissions.[12,20]  PM is a complex 

mixture of microscopic particles which has been classified as carcinogenic[22,31] to 

humans and linked to various respiratory diseases[22,31].  Fine PM has particle 

aerodynamic diameters of 2.5µm (micrometers) or less; this small particle size allows 

deeper penetration into areas of the lungs, posing a risk to human health.[22,31] Due to 

this gap in the scientific research on PM emissions from combustion of biodiesel[12,20] 

this study examines the effects of artificial oxidation of biodiesel fuel on PM emissions 

and the FAME composition.  Likewise, because evidence displayed in literature has 

shown biodiesel dispensed at commercial retail stations is oxidized, coupled with the 

inevitability of biodiesel to oxidize and degrade over time, further investigation should 

be taken in order to better understand the implications that plant-based biodiesel may 

have on the health of the population given that the transportation sector is responsible 

for most diesel exhaust emissions.[22] 
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1.2 Background: Biodiesel Chemical Composition and Properties 

Biodiesel is a type of liquid transportation fuel used in internal combustion 

engines that has similar characteristics of conventional petroleum diesel.  It is an 

alternative to diesel and completely miscible in any volumetric blend level. Biodiesel is 

derived from either animal fats or plant oils, called a feedstock.  The dominant 

feedstocks in the United States and Europe are soybean and rapeseed, respectively. 

[20,24] Pure biodiesel (denoted as B100) is produced by a process called 

transesterification, which takes the oils or fats and converts them to a usable liquid fuel.  

Transesterification converts the triglycerides in the feedstocks into fatty acid methyl 

esters, or FAMEs.  This is done by reaction with an alcohol, typically methanol, and a 

base catalyst such as potassium hydroxide to produce a mixture of fatty acid methyl 

esters and glycerol as a by-product.[20,24]  One mole of triglyceride and three moles of 

methanol create 1 mol of glycerol and 3 mols of FAMEs.[3]  It is very important to note 

that the composition of the biodiesel (i.e. relative proportions of individual FAMEs) 

after transesterification of the virgin plant oil (or animal fat) is linked to the 

composition of the original feedstock.[23,25,26] 

Biodiesel, when blended with petrodiesel, also contains a variety of alkane 

species that derive from the diesel fuel.  However, B100 contains no alkanes, it is a 

mixture of FAME species, primarily methyl palmitate (C16:0), methyl stearate (C18:0), 

methyl oleate (C18:1), methyl linoleate (C18:2), and methyl linolenate (C18:3).  Table 

1 displays the chemical properties for the typical fatty acid species found in the methyl 
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esters of biodiesel.  In the FAMEs shorthand name, the number following the C 

indicates the number of carbons in the fatty acid chain, while the other value represents 

the number of double bonds within the compound.  For example, methyl linoleate has 

19 carbons total (18 in the chain in addition to a methyl group) and two double bonds, 

indicated by the notation C18:3.  Depending on the feedstock, longer chain lengths and 

various degrees of unsaturation are present in the FAME mixture.[17]  Due to such 

differences in biodiesel composition, it is important to report the composition of the 

fuel before it is combusted for experimental studies, as emissions are affected by the 

original starting fuel composition.  Limited studies in the literature report the detailed 

chemical composition of the fuel used in emission testing experimentation. 
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Table 1: Main fatty acid groups normally found in biodiesel fuel.  From Hoekman et al. 

(2011).[23] 

Compound 

Name  
Formal Name 

Molecula

r 

Formula 

Abbrev 

Molecular 

Weight 

(g/mol) 

Structure 

Palmitic 

Acid  

Hexadecanoic 

acid 
C16H32O2 C16:0 256 

 

Stearic 

Acid 

Octadecanoic 

acid 
C18H36O2 C18:0 284 

 

Oleic Acid 

cis-9-

octadecadienoic 

acid  

C18H34O2 C18:1 282 

 

Linoleic 

Acid 

cis-9,12-

octadecadienoic 

acid 

C18H32O2 C18:2 280 

 

Linolenic 

Acid 

cis-9,12,15-

octadecatrienoic 

acid 

C18H30O2 C18:3 278 

 

 

 

1.3 Biodiesel Emissions and the Effects on Human Health 

It is known that vehicle tailpipe (or engine) emissions are related to variables 

such as engine operating conditions (RPM, torque, load) and temperature, but more 

importantly, the actual chemical composition of the fuel.[2]   For example, it has been 

found that using soybean, rapeseed, and animal fat-derived biodiesel results in a 15%, 

12%, and 3% increase in NOx emissions when compared to diesel fuel.[1]  It is evident 

that biodiesel composition has an effect on emissions, but many other test conditions 

related to the engine and sampling instruments, as well as environmental factors, can 

impact the ability to obtain repeatable results from one scientific study to the next. 
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Biodiesel emissions relative to diesel show a decrease in CO, HC, and PM and 

an increase in NOx.
 [1,26,28,29]  A report issued by the EPA concluded that this trend is 

consistent with increasing biodiesel content.[1]  However, a statistical study was 

performed on literature behind these findings, indicating a lot of variability in the data 

points for blends after the B20 level.[29]  It should also be noted that studies reviewed in 

the EPA report [1] were based on older model (1990’s) heavy-duty vehicles, and that 

resulting compiled data was extremely variable due to researchers using different drive 

cycles and testing conditions (i.e., no consistency).  It can be concluded from the data 

that effects of biodiesel blend levels greater than B20 need to be investigated further to 

reach any conclusive evidence on the effect of biodiesel blending on emission levels. 

Vehicle emissions not only contribute to global greenhouse gas emissions,[30] 

but also have an impact on human health.[21,31,33] A specific chemical species of concern 

is particulate matter.  Particulate matter is a complex mixture of microscopically-sized 

particles, and are classified as PM10 or PM2.5.
[22]  For example, PM2.5 classifies 

particulate mass with particle diameters less than 2.5 micrometers.[22]  PM is associated 

with various health effects ranging from stroke, respiratory infections, and chronic 

bronchitis.[22]  Diesel exhaust PM is classified as carcinogenic by the International 

Agency for Research on Cancer.[31]  

Analysis of particulate matter from vehicle exhaust is an important aspect 

pertaining to human health that should be continuously studied, especially taking into 

consideration the variability in data on PM emissions. [1] Also, there are contradictory 

studies regarding whether pure B100 biodiesel emissions are more toxic than diesel 
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emissions.[21,33]  Biodiesel is now present at 5% (v/v) in the on-road diesel fuel supply, 

and has now introduced more organic components to exhaust emissions which can lead 

to different toxic activity potential.[21,33]  It is important to extensively study multiple 

aspects of the biodiesel fuel to reduce harm to human health.  This includes the 

oxidation effects on FAME composition and how this may change emissions profiles. 

 

1.4 Oxidative Stability of Biodiesel 

 

1.4.1 ASTM Method and Oxidative Stability  

Commercial B100 biodiesel and biodiesel blends ranging from B2-B20 must 

pass a set of quality control parameters outlined in the American Society for Testing 

and Materials (ASTM) method D6751 and D7467, respectively, prior to USA highway 

use.  This includes but is not limited to various parameters such as viscosity, flash 

point, sulfur content, cloud point, distillation temperature, acid value, peroxide value, 

and oxidative stability. ASTM measures oxidative stability for B100 and biodiesel 

blends by means of a European method EN15751 (or EN14112).[34,35]  This method 

suggests (or almost requires) use of a commercially available instrument called the 

Rancimat (Model 893, Metrohm).  This device takes a sample of biodiesel, heats it at 

110oC, and bubbles or percolates dehumidified, purified ambient air at 10L/hr through 

the B100 sample that is contained in a closed reaction vessel.[35]  As the sample is 

heated and air is flowing into the fuel sample, volatile acids that evaporate are 

transferred to a conductivity cell containing pure water kept at a constant room 

temperature, where the relative concentration of dissolved volatiles are measured using 
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a conductivity probe. [35] The time it takes from the start of the test until the time that 

the conductivity starts to exponentially increase is what is referred to as the induction 

period (IP) of the fuel.  The exponential increase in conductivity is due to the formation 

of volatile acidic primary and secondary oxidation products, indicating the oxidation 

process is well in effect.  The maximum test duration by this “Rancimat” instrument 

method is 48 hours[35] for fuels that may exhibit an extremely high oxidative stability.  

For B100, a three-hour minimum requirement must be met, while a six-hour minimum 

requirement is set for B6-B20 blends (v/v) according to the EN14112 and EN15751 

methods.[34,35]  Figure 1 is an example of what the plot of conductivity (y-axis) over 

time (x-axis) would look like after a test has been conducted.  The intersection of the 

two linear portions of the curve indicates the maximum in conductivity change, or the 

induction period (IP) of the fuel sample.   

 

Figure 1:  Typical conductivity plot described in EN15751.[35]  The intersection of the dashed lines 

extending from the linear segments of the curve represents the induction period (6.33 hours) 
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1.4.2 Inherent Biodiesel Properties that Influence Oxidation 

Because of the existence of unsaturated FAMES, biodiesel is susceptible to 

oxidative degradation during storage from contact with headspace air, as well as 

conditions involving any excess heat, pressure, or contact with certain metals.[12]  

Biodiesel is susceptible to autoxidation as well due to its inherent composition and 

hydrolyzes when in contact with water.[12]  Atmospheric oxygen, a di-radical,  is able to 

attack the reactive sites of the FAMES, with reactivity based on the degree of 

unsaturation (number of double bonds); more specifically, the number of allylic and 

bis-allylic sites present in the FAME species.[26]  An allylic site refers to the carbon 

atom that is adjacent to a carbon with a double bond, while bis-allylic sites refer to a 

carbon atom adjacent to two separate carbons which each have a double bond.[13]  It is 

important to know the chemical composition of these fuels to relate which FAMEs 

contribute more to the overall oxidative process.  Composition of biodiesel also 

contains fully saturated FAMEs (i.e. no double bonds, see Table 1). 

 

1.4.3 Oxidation Mechanisms and Products Formed 

There are three phases of biodiesel oxidation.  Figure 2 from Christensen and 

McCormick (2014)[3] displays the three phases for the oxidation of polyunsaturated 

FAMEs in biodiesel and the family of products formed.  The first phase is the depletion 

of any antioxidant present in the fuel, during which O2 consumption by the unsaturated 

FAMEs is minimal due to the antioxidant reacting first, postponing the oxidation 

process. Concentrations of unsaturated FAMEs start to decrease over this time period, 
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leading into Phase 2.  Phase 2 is the point where the concentration of the antioxidant is 

so low that oxygen consumption via reaction with unsaturated FAMEs begins to 

increase exponentially; oxidation of the existing unsaturated FAMEs occurs to form 

primary (1o) oxidation products, mainly hydroperoxides, within the fuel. [12,13,19]     

 

Figure 2: The three phases of oxidation for polyunsaturated FAMES.[3] 

The diatomic oxygen molecules attacking the reactive allylic and bis-allylic 

sites within the fatty acid chain of the FAMEs in Phase 2 creates a propagating chain 

reaction mechanism that continues to oxidize any remaining unsaturated FAMEs and 

form more hydroperoxides and peroxy free radicals.  Phase 3 begins when the 

formation of hydroperoxides starts to slow down, and secondary (2o) oxidation products 

begin to form.  These are the volatile and non-volatile, smaller molecular weight 

products such as free acids, ketones, and alcohols.[12,13,19]  Polymers and higher 

molecular weight compounds also form, which can result in a variety of complications 
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when trying to use as liquid fuel in an engine such as clogged fuel filters, fouled fuel 

injectors, and deposit formation in the engine combustion cylinder.[12] Vinyl 

polymerization is possible but a much less likely mechanism for the formation of 

oligomers as well as other higher molecular weight compounds that derive from the 

original fatty acid methyl esters present in the starting fuel composition.[12]   By this 

point in the oxidation process, the original fuel composition has changed drastically as 

a result of oxidation mechanisms and results from inherent compositional reactivity. 

The numbers of bis-allylic sites (i.e. configuration) as well as the number of 

double bonds (i.e. unsaturation) present in the olefinic fatty acid chain are the two main 

factors behind increased susceptibility to oxidative degradation.    However, it is not 

just unsaturated compounds that have negative compositional effects on B100 fuel.  For 

instance, saturated fatty acids and shorter chain hydrocarbons are more prone to 

crystallization from their inherent structural configuration, which ends up leading to 

more engine performance issues and fuel filter clogging.[12] Trace metals such as 

copper (Cu), iron (Fe), Nickel (Ni), and Tin (Sn) have all enhanced oxidation effects as 

well, acting as chelating agents.[12] 

 

1.4.3a Primary (1o) Oxidation Product Formation 

Formation of primary oxidation products (i.e. hydroperoxides and carbon free-

radicals) happens in three steps: initiation, propagation, and termination.  The initiation 

step is where a hydrogen atom is removed from a FAME molecule at the bis-allylic 

site, which yields a carbon free radical that can combine with diatomic atmospheric 
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oxygen in order to form a peroxy free radical. In turn, the peroxy free radical combines 

with another hydrogen molecule obtained from the next FAME molecule to produce 

hydroperoxides and a third carbon free radical.  This continues a propagation chain 

reaction mechanism until the termination step is reached when two carbon free radicals 

interact to form other stable products.  The concentration of hydroperoxides remains 

low until the induction period (IP) is over.[12] Concentrations rapidly increase from this 

point and typically either peak then plateau or will peak and then decrease.[12] 

 

1.4.3b Secondary (2o) Oxidation Product Formation 

The hydroperoxides decompose via rearrangement, fission, and dimerization 

mechanisms.  Ultimately, this decomposition forms a variety of secondary oxidation 

products such as aldehydes (hexanal, pentane, 2,4-heptadienal), carboxylic acids, and 

ketones through other reaction mechanisms, namely dehydration, chain cleavage, and 

cyclization.[12]  Increase in fuel acidity is always a result, leading to shorter (C8-C12) 

chain fatty acids.  As oxidation reaches its greatest extent, oxidative polymerization 

occurs and leads to the formation of higher molecular weight products and 

sediment.[12,13] The more polyunsaturated the fatty acid chains of the methyl esters, the 

more enhanced oxidative polymerization occurs.[12]  It should be noted that WVO 

(waste vegetable oil) used as a biodiesel feedstock has been exposed to high 

temperatures while being used for its original cooking purposes and can already contain 

carbonyl compounds and other oxidation products in the feedstock oil composition 

prior to transesterification to manufacture the biodiesel fuel. 
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1.4.4 Antioxidants  

To combat the issue of biodiesel oxidative stability, antioxidants were 

developed to prolong oxidation, as it cannot be prevented.  If, typically, fuel samples 

fail the minimum induction period requirement, antioxidants are then added to the fuel 

to meet specification.[3]  There are two types of antioxidants: natural and synthetic, 

which may be used in combinations or as individual compounds.[10,11,36,37,38,39]  Natural 

antioxidants include compounds such as tocopherols, carotenes, ascorbic acid and 

natural antioxidants from the feedstock, whereas synthetic antioxidants include 

compounds such as butylated hydroxy-toluene (BHT), butylated hydroxyanisole 

(BHA), and tert-butylhydroquinone (TBHQ), typically used in varying concentrations 

in the range of 1,000-2,000ppm.[10,11,36,37,38,39]  Generally, antioxidants do improve 

biodiesel fuel storage stability[10,11,36,37] but have been shown to have variable effects on 

different types of emissions.[10,11,36,37]  

Knowing that emission levels can change depending on the chemical 

composition of the fuel, it is important to protect the fuel composition by adding an 

antioxidant.  However, the addition of an antioxidant might have its own emission 

effects or display no change.  Combustion products formed due to the presence of a 

new compound (or compounds) in the starting fuel (i.e., antioxidants) could alter 

emissions.  Although antioxidants may be designed to help inhibit the degradation of 

the fuel during storage by increasing the oxidation stability of the fuel components, 
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literature shows that antioxidants added to biodiesel have mixed effects on the exhaust 

emissions, such as a reduction in NOx, with increases in HC and CO emissions when 

compared to fuels without these antioxidants.[10,11,35]  There is  a tradeoff  between 

emissions and oxidative stability of biodiesel fuel when adding antioxidants.  Some 

studies have found that certain antioxidants have minimal effect on storage stability, 

while others do.[12] Similarly, specific combinations of synthetic antioxidants work 

better for some neat (pure) biodiesel fuels as opposed to biodiesel blends.[12] 

 

1.5 Oxidized Biodiesel Emissions Studies 

While there are several studies available in literature on oxidation and storage 

stability effects on biodiesel, [13,15,19,40,41] limited literature exists on the effects that this 

biodiesel oxidation mechanism has on PM emissions when tested in an internal 

combustion engine.  Van Gerpen & Monyem (2001)[41] used a turbocharged, direct-

injection engine and ran B0 neat, B100 neat, and an oxidized B100 fuel through a 

steady-state, load-based emissions test at 100% and 20% load, testing three different 

injection timings to see the effect on various exhaust emissions and performance 

measurements.[41] Oxidized B100 emissions decreased for CO and HC, but increased 

for NOx compared to neat B100.  The cetane value increased for oxidized biodiesel, 

along with a decrease in heating value (the amount of heat released during the 

combustion of a specific amount).  

Similarly, Pattamaprom et al. (2012)[42] used oxidized B100 biodiesel (by 

storing the fuel) and compared various emissions and performance parameters to that of  
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B0 diesel, confirming an increase in cetane number, a decrease in heating value and a 

clear reduction in CO and smoke emissions for the oxidized fuel when compared to B0.  

Fuel consumption also increased as the fuel was oxidized. 

There have been a handful of studies on the emissions of oxidized biodiesel 

compared to neat B100 and B0 fuels.[20,28,41,43]  However, no PM results have been 

reported so far for oxidized B100 biodiesel fuel, or any oxidized biodiesel blends.  

Knowing diesel has carcinogenic properties and biodiesel potentially has enhanced 

exhaust toxicity, it is important to study and quantify PM mass generated from oxidized 

biodiesel fuel blends to see if the fuel’s inherent composition issues affects emissions 

profiles enough to raise concern about health effects. 

 

 

CHAPTER 2: RESEARCH HYPOTHESES 

This thesis addresses the following two hypotheses: 

 

 

2.1 Hypothesis 1: Oxidized Fuel Results in a Lower Mass of Exhaust Particle 

Phase PM 

With more oxygen present in the fuel components from oxidation,[16]  it is 

hypothesized that particulate matter emissions will decrease due to the effect of better 

combustion from more oxygen-rich sites present in the fuel droplets as it is sprayed from 

the injector into the combustion cylinder of a compression-ignition engine.  This 

hypothesis assumes fuel viscosity does not drastically change compared to unoxidized 

fuel, as less mass of fuel may be sprayed into the cylinder at higher viscosities. 
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Furthermore, oxidized fuel composition reacts to form more lower molecular weight 

compounds, [13] which may have higher vapor pressures that would allow them to stay in 

the gas phase in the exhaust, lowering PM mass generated by oxidized B100 biodiesel 

fuel when compared to neat B0 biodiesel (e.g., petrodiesel).   

 

2.2 Hypothesis 2: Lower PM Emissions from Oxidized Fuel Due to Decrease in 

Concentrations of Unsaturated FAMEs 

It is further hypothesized that if lower PM emissions occur from oxidized 

biodiesel fuel (when compared to unoxidized fuel), that it will be due to the presence of 

abundant unsaturated FAMEs present in the starting neat fuel composition.  Original fuel 

and varying artificially oxidized fuel compositions can be analyzed for changes in 

concentrations of unsaturated FAMEs resulting from increased oxidation time.  

Decreases in certain unsaturated FAME species may potentially influence the combustion 

properties of the fuel (in combination with oxidation products), resulting in changes for 

oxidized biodiesel PM emissions.  
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CHAPTER 3: EXPERIMENTAL METHODS 

3.1 Overview 

Pure B100 biodiesel derived from waste vegetable oil was analyzed to determine 

the Induction Period (IP) of the neat fuel.  This was achieved by constructing an 

apparatus that accelerated oxidation conditions of a B100 fuel sample similar to the 

commercial Rancimat instrument (Metrohm Instruments), following the same EN15751 

oxidative stability method requirements.  The accuracy and reproducibility of the 

apparatus was verified using separate B100 fuel samples obtained from a commercial 

laboratory that already had quantified their induction periods using a commercial 

Rancimat instrument.  Large volumes of B100 neat fuel enough for emissions testing 

were subsequently thermally oxidized to three different levels—5 hours (OX3), 10 

hours (OX2), and 20 hours (OX1).  Samples of the large-scale oxidized fuels were 

analyzed on the small-scale apparatus to verify that they were truly oxidized and failed 

(or were close to failing) the 3-hour minimum induction period requirement for the 

oxidative stability specification set for B100 fuels in ASTMD6751.[7] 

Particulate matter emissions were generated from the combustion of these three 

oxidized B100 samples as well as the unoxidized B100 and pure diesel (B0) fuels using 

a Volkswagen light-duty diesel engine (on an Armfield CM-12 dynamometer).  Fuels 

were combusted using a custom, load-based, steady-state drive cycle with 9 different 

“modes”, or RPM levels, with 10-minute sampling of each mode.  The emissions tests 

were conducted on B0 and B100 fuels.  Further, in order to have a representative test 

with a realistic blend percentage that is used in on-road vehicles, neat and oxidized 
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20% (v/v) biodiesel blends were combusted in the same manner.  A custom emissions 

testing system developed previously in the UVM Transportation Air Quality 

Laboratory (TAQ Lab), including a dilution air system to introduce clean, dry air into 

the raw exhaust was used to capture the PM emissions from the different fuel 

compositions.[44]  

A dilution manifold sampling system allowed simultaneous collection of diluted 

exhaust from multiple instruments that represented more realistic conditions as if the 

tailpipe exhaust has been able to disburse into ambient air.  Raw tailpipe emissions 

were sampled simultaneously with the diluted emission, with the focus on capturing 

particulate matter on Teflon-coated filters in 47mm stainless steel filter holders 

connected to pumps that pulled a constant flow of raw exhaust air.  Total PM mass 

collected on the filters for both the diluted and raw exhaust samples was 

gravimetrically quantified using a microbalance scale with temperature and humidity 

control for each fuel type to determine potential changes in PM mass related to the time 

the biodiesel fuel spent under oxidation conditions.  

Gas chromatography coupled with mass spectrometry was used in order to 

analyze the B100 and B20 neat and oxidized fuel samples that were used in emissions 

testing.  GC methods were developed to quantify the concentrations of 10 different 

fatty acid methyl esters (FAMEs) present in the fuel.  The change in individual FAME 

concentrations with the increase in time spent under oxidation conditions was examined 

to explain potential changes observed in PM emissions between the different fuel 

compositions. 
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3.2 Obtaining Fuel for Studies 

3.2.1 B100 Biodiesel 

Approximately 30 gallons of B100 biodiesel was collected in 5-gallon high-

density polyethylene (HDPE) containers (courtesy of the Environmental Health and 

Safety department at the University of Vermont) from White Mountain Biodiesel 

(WMBD), a company located in North Haverhill, New Hampshire.  Generously 

donated, the feedstock of this commercially sold biodiesel liquid transportation fuel is 

waste vegetable oil (WVO).  An antioxidant is used in their fuel, namely the 

commercial antioxidant BioExtend30, which is a blend of synthetic and natural 

antioxidants. 

A certificate of analysis (CoA) for the fuel was provided; it should be noted that 

not all production requirements met specifications set by ASTM D6751.  Appendix A 

contains the CoA provided by WMBD for the WVO B100 fuel but displays no results 

for oxidative stability and the fuel failed the acid value requirement.  For the acid value 

test, a maximum of 0.50 mgKOH/g of sample is allowed (via titration) and the WMBD 

B100 fuel displays a value of 0.52mg KOH/g having a negligible effect on study 

purposes.  This was the only source of neat B100 biodiesel available within reasonable 

driving distance and therefore was used for the study.  The failed acid value test result 

poses some potential issues when analyzing the oxidative stability of the fuel and 

questioning validity in compositional changes, as the B100 neat fuel was already not 

within ASTM specifications.  The failed acid value test is a prime example of the 
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inconsistency in production quality of biodiesel fuel from waste oils.  It is a good 

reason why it is necessary to look at the effects of biodiesel oxidative stability on 

vehicle emissions and try to understand the full emissions profile from various 

compositional states.  

Prior to driving to the WMBD facility location, all the containers and caps to 

hold the dispensed biodiesel fuel were pre-cleaned with warm water and soap, rinsed 

thoroughly and excessively with water, followed by a final small volume of deionized 

(DI) water and left to dry before a 1:1 (v/v) hexanes:acetone solvent mixture was used 

as a final rinse.  Dickson data loggers were calibrated using their corresponding 

software and kept with the fuel since the moment it was dispensed from the facility’s 

pumps in order to keep track of temperature and percent relative humidity.  Pre-

cautions were taken to ensure that the biodiesel was not contaminated by any of the 

collection equipment. Since the HDPE containers were clear (not colored), the fuel was 

kept in secondary dark, plastic containers with the lids covered to prevent any photo-

catalytic effects (along with the %RH and temperature loggers from site collection).  

Once back to the UVM Transportation Air Quality (TAQ) Lab in Burlington, Vermont, 

the collected B100 biodiesel was kept at ambient room conditions until used in 

emissions testing. 

 

3.2.2 B0 Diesel 

Using DOT (Department of Transportation) approved, yellow, 5-gallon collection 

containers, collections of pure diesel fuel were made from Maplefields gas station 
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located on Williston Road in South Burlington, Vermont.  The volume of B0 collected 

was approximately 25 gallons.  This specific station was chosen because, prior to the 

collection of the 25 gallons, a small sample was taken and checked for its biodiesel 

content using the IROX-D by Grabner Instruments (Vienna, Austria-see detail in 

Section 3.2.3 below).  With the analysis results indicating no biodiesel present at the 

time of sampling, large volumes were subsequently collected within the same day.  

Fuel characteristics and results from using the IROX-D to analyze the B0 (as well as 

B20 neat, B100 neat, and B100 oxidized) fuel samples is discussed in Chapter 4. 

Similar to the cleaning procedure of the B100 containers, the B0 collection 

containers were also pre-cleaned with warm water, soap, DI water, and a final solvent 

rinse (1:1) of hexanes and acetone.  Diesel fuel was stored at ambient room conditions 

along with a Dickson data logger to record temperature and percent relative humidity in 

the same manner as the biodiesel fuel. 

 

3.2.3 Fuel Sample Characteristics measured using IROX-D 

 

The Grabner Instruments IROX-D uses mid-FTIR spectroscopy to measure the 

infrared absorption characteristics of a 15mL fuel sample over a mid-range wavelength 

range, allowing percentages of various constituents (all at their own at specific 

wavelengths) to be generated (via Beer’s Law).  The IROX-DIESEL uses a Michelson 

interferometer, which splits a beam of infrared light into two parts and later recombines 

them after both have traveled their respective optical pathways.[45]  The light source is 

collimated by a mirror and split, with one beam reflected by a fixed mirror while the 
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other reflected by a scanning mirror.  They combine again in the beam splitter and travel 

through a 0.1mm measuring cell containing the biodiesel (or diesel) fuel sample.  The 

light is directed by another mirror which allows it to collimate and hit the infrared (IR) 

detector.  The detector intensity values are stored, and a Fourier-transform is performed 

on the generated sample IR spectrum for the entire 650cm-1 to 3100cm-1 wavenumber 

range.  A total of 3,420 points are used to calculate concentration(s) of components 

within the sample.  A mirror scanning length of 1.2mm results in a resolution of 5cm-1 for 

the instrument, which is strong resolution but not necessarily research grade.  The 

instrument uses several filters of different wavelengths in order to estimate different 

characteristics of the fuel sample. 

Sample analysis protocol involved an initial calibration of the instrument for a 

spectrum that serves as a baseline (or blank).  N-hexanes was used to calibrate the 

instrument in between every fuel sample analysis on the IROX in order to clean out the 

sample cell and prevent sample carryover.  This helped serve as a quality 

control/assurance measure.   It should be noted that a separate density meter is included 

in the instrument to report fuel density.  Table 2 lists the fuel samples analyzed by the 

IROX-D for the following characteristics: biodiesel % (v/v), density, cetane number, and 

% total aromatics.  Results on fuel sample characteristics are found in Chapter 4.1. 
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Table 2: Fuel samples sequence for IROX-D analysis. 

Sample Type Sample Name Date/Time 

Calibration cal. n-hex 13:01/ 27OCT2017 

Sample B0 NEAT 13:13/ 27OCT2017 

Blank n-hex 13:28/ 27OCT2017 

Sample B0 NEAT 13:34/ 27OCT2017 

Blank n-hex 13:39/ 27OCT2017 

Calibration cal. n-hex 13:30/ 29OCT2017 

Sample B100 NEAT 13:32/ 29OCT2017 

Blank n-hex 13:36/ 29OCT2017 

Sample B100 NEAT 14:08/ 29OCT2017 

Blank n-hex 14:22/ 29OCT2017 

Calibration cal. n-hex 14:11/ 31OCT2017 

Sample B100 OX3 14:16/ 31OCT2017 

Blank n-hex 14:23/ 31OCT2017 

Sample B100 OX2 14:29/ 31OCT2017 

Blank n-hex 14:33/ 31OCT2017 

Sample B100 OX1 14:38/ 31OCT2017 

Blank n-hex 14:43/ 31OCT2017 

 

In the case of the biodiesel content mentioned in Section 3.2.2, the absorption 

characteristics of the sample at the 1745cm-1 (i.e. the carbonyl C=O stretch) peak are 

examined in order to generate % v/v biodiesel content for the diesel, B20 and B100 

biodiesel fuel (neat and oxidized).  Because the IROX-D does not measure a biodiesel 

content above 30% (v/v), a dilution step is necessary when analyzing B100 fuel samples 
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on this instrument.  Volumetric pipets were used to dilute fuel samples in a 1:4 ratio with 

n-hexanes (the compound used for instrument calibration). 

Similar to the carbonyl C=O stretch peak for biodiesel FAME content evaluation, 

the aromatic content of the fuel sample can be determined by looking at the strong 

absorption bands in the range of 650cm-1 to 800cm-1, as well as weak absorption bands 

near 3050cm-1.  Although PAH compounds have absorption bands in this same range, 

they also contain an additional peak around 1600cm-1.  Cetane improvers are chemicals 

related to the cetane number of a fuel, which is a measurement to indicate how easily a 

fuel will self-ignite (the higher the number, the better ignition properties the fuel 

possesses).  The IROX-D uses peaks at 1275cm-1 and 1635cm-1 to quantify cetane 

number.[52]    B0 and B100 samples run in duplicate (n=2), while B20 neat, B20 oxidized, 

and B100 oxidized samples were only analyzed once due to available sample volume 

constraints on the blended and oxidized fuels.  Values were averaged and standard 

deviations, relative standard deviations, and RSD were computed and are reported in 

Section 4.1. 

 

3.3 Small Scale Oxidation of B100 Biodiesel 

 

3.3.1 Design of the Biodiesel Oxidation Stability Surveyor (B.O.S.S.) 

As mentioned previously, pure B100 biodiesel fuel must meet a 3 hour oxidation 

stability requirement before it is commercially available, and is usually tested with the 

Rancimat instrument (made by Metrohm) under method EN15751.[35]  The basic 

principle is as follows: a 7.5-gram sample of biodiesel in a reaction vessel (with 
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specific dimensions) is heated under accelerated conditions which includes a 

temperature of 110oC and excess air bubbling through the sample at 10 liters per hour. 

The volatile compounds in the headspace are transferred into DI water contained within 

a cell of specific dimensions, where the solution’s conductivity is continuously being 

measured.  The time which passes between when the conductivity measurement starts 

and when formation of oxidation products (indicated by an exponential increase in 

conductivity) occurs is known as the induction period (IP).  B100 biodiesel must have a 

minimum induction period of 3 hours in order to meet specifications for commercial 

sale and on-road use. 

The Rancimat instrument was too costly for this project, so the Biodiesel 

Oxidative Stability Surveyor (BOSS) was built with undergraduate student Markus 

Ingelsson to mimic the same fundamental principles used by the Rancimat and 

EN15751 in order to quantify the induction period of the neat and oxidized B100 fuels 

before testing.  See Figure 3 for a schematic of the instrument.   
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Figure 3: Schematic of BOSS apparatus individual components.  Figure by Markus Ingelsson. 

In Figure 3 there is a (1.) rotary vane sampling pump (Allegro Industries, P/N 

9801-88 Series) used to supply air flow which is first passed through a (2.) silica gel 

desiccant tube followed by a (3.) hydrocarbon trap filled with activated charcoal 

(Restek, Cat. No. 22013) to remove any atmospheric moisture and potential 

hydrocarbons, respectively, from the oil within the pump.  Following the hydrocarbon 

trap is a (4.) HEPA filter (Pall Corporation, HEPA Capsule, lot # FQ8026).   To control 

flow rate, a (5.) needle valve (Nupro Company) comes before a (6.) digital flow meter 

(TSI Inc., 4100 Series, model 4140D) with an inlet filter used to set the flow rate to the 

correct value of approximately 0.167mL/min (+/- 0.10).  A (7.) custom heating 

chamber was constructed using an aluminum can wrapped in insulated heat tape 

connected to a (8.) 120V temperature controller combination (Brisk Heat, model 

HSTAT0514004).  A custom-made borosilicate glass sample (9.) reaction vessel 
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resembling a test tube with a side arm sat inside the heated chamber with a 

thermocouple touching the bottom of the tube (making sure to be touching the sample) 

that allowed temperature to be recorded.  A custom-built PID (proportional-integral-

derivative) controller was connected to the other side of the thermocouple and used to 

keep a constant 110oC fuel sample temperature, as accurately as possible (using a 

control loop feedback), while the temperature probe was used to measure the fuel 

sample temperature and relay it back to recording software (Pasco Scientific, 

CAPSTONE Software).  A piece of polyfluorinated tubing was used to connect to the 

side arm of the sample vessel and transfer the volatiles from the headspace to the 

conductivity cell.  A custom borosilicate glass (11) conductivity cell was built by 

Angela Gatesy at the UVM Glass Shop to be as close to the Rancimat conductivity cell 

dimensions as possible, as well as the custom-made sample tube with sidearm.  A (10.) 

conductivity probe (Pasco GLX Explorer model) was then inserted into the exact same 

depth every time within the conductivity cell containing 60mL of DI water.  The 

conductivity cell was created with a water jacket so that water circulated around the cell 

to keep the DI water and dissolved volatiles inside the cell at a constant 25o C.  A (12.) 

recirculating bath (Fisher Scientific, Isotemp 3016) was used to achieve this.  The 

meter and conductivity probe (Pasco GLX Explorer model) was nearby and connected 

to a Dell Latitude laptop running Pasco Scientific CAPSTONE software, which enabled 

continuous recording (1Hz) of the conductivity of the water over time as well as the 

temperature of the sample measured by the temperature probe.  A two-point calibration 

system for the conductivity probe was performed before every test using two different 
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concentrations of potassium chloride, 50 and 250 microsiemens per centimeter 

(µS/cm).  A picture of the BOSS apparatus set up in a fume hood (for safety and 

ventilation purposes) can be found in Appendix B3. 

Time would start to be recorded once the 7.5g (+/- 0.1g) fuel sample was 

introduced to the reaction tube at 110oC.  Temperature and conductivity were recorded 

in real time; once the conductivity exceeded 200µS/cm (set by EN15751) the 

experiment was stopped.  The induction period would then be determined using a code 

written in MATLAB (Mathworks, Inc.) that identified the point in time of the biggest 

increase in conductivity occurs (i.e. the maximum of the second derivative).  The 

identified time denotes the induction period of the sample, indicating appreciable 

formation of primary oxidation products.  Figure 4 below shows an example of one 

completed BOSS test, with raw data shown for conductivity measurements over time 

spent under accelerated conditions for a typical B100 fuel sample that met the 3hr 

minimum set by ASTM. 

 

Figure 4:  Typical B100 fuel sample conductivity plot after oxidative stability analysis using the BOSS. 
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3.3.2 BOSS Data Analysis Methodology and Interpretation of MATLAB Code 

The BOSS data is analyzed to calculate fuel IP using a code written in MATLAB 

software.  The code imports the Pasco CAPSTONE data (time vs. conductivity, as well 

as temperature from the heating chamber) and fits a 5th degree polynomial to the data 

using the MATLAB ‘POLYFIT’ function which turns out to be the most appropriate 

for the shape of the conductivity curves. This new curve is plotted over time using the 

‘POLYVAL’ function.  Next, the first derivative of the fitted polynomial is taken using 

the ‘POLYDER’ function, which returns the equation coefficients and allows a first 

derivative curve to be plotted over the testing time interval.  Then the ‘POLYDER’ 

function is applied again to the first derivative, which yields the second derivative 

equation and coefficients.  The second derivative is plotted for the testing time interval.  

Lastly (see Figure 5), a maximum y-value in that second derivative curve is then 

identified, and the corresponding x-value (i.e. time, in hours) is then generated on 

screen and reported as the induction period (i.e. the maximum in the second derivative 

where conductivity began to exponentially increase).  Since no automatic curve fitting 

function could be used, this approach was used.  See Appendix B for the MATLAB 

code used for neat fuel samples and details on BOSS instrument validation.  Appendix 

B1 also contains the various conductivity plots used for this part of experimentation 

and a picture of the BOSS set up prior to performing a test. 

Figure 5 shows a fully analyzed sample: in this case, a neat B100 sample which 

was used for instrument accuracy testing described in Section 3.3.2a.  The original raw 



30 

 

data and fitted polynomial curve, first derivative curve, second derivative curve are 

plotted, and a vertical line is shown to represent the point in time on the x-axis where 

the maximum in the second derivative has been identified.  Values are exported for 

further analysis after induction period (IP) values are generated by the MATLAB code. 

 

Figure 5: Output from the completed polynomial derivation code for a neat B100 fuel sample.  The blue 

vertical line shows the IP = 4.13 for this sample. 

 

3.3.2a BOSS Instrument Validation & Data Analysis Methodology 

Iowa Central Fuel Laboratory (IFCL) was contacted and was able to send five 

samples which they had already quantified for induction period using a commercial 

Rancimat instrument.  With the known induction periods and replicates of the neat fuel 

samples analyzed by ICFL, the BOSS was able to be tested and sample IP validated by 

reproduction of the results obtained using the Rancimat.  Test sample IDs, number of 

replicates tested on the BOSS, known Rancimat induction periods, and other details on 
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B100 fuel samples used for instrument validation testing can be found in Table 3.  

Duplicate testing at minimum was conducted for each Iowa Central Fuels Lab test 

sample, except for three replicates performed for “UVM Transportation Sample #5” 

and “UVM Transportation Sample #1”.  Note that one of the five samples collected is 

not shown (University of Vermont Transportation Sample #3) as it was not tested due 

to time constraints.  Final reported values for induction periods are the averages of 

replicate samples, with standard deviation and RSD computed (reported in Chapter 4). 

Experimental technique was optimized and it was determined that the BOSS was 

suitable to quantify the induction period of the Iowa Central Fuels Lab biodiesel 

samples, with an average percent error between all samples being less than 37% 

(excluding one outlier) from the true value (i.e., the Rancimat instrument), and a 

maximum percent relative standard deviation (RSD) less than 22% for all samples.  

These results are discussed in detail in Section 4.2.   
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Table 3: Names and related details for samples used in validating the accuracy of the BOSS 

when compared to previously tested fuel on the Rancimat instrument. 

Sample 

Identification 

Number of 

Tests (n) 

Conducted 

on the 

BOSS 

Known 

Induction 

Period 

(hours) 

using 

Rancimat 

Analysis 

Method 

Storage 

Conditions 

Volume 

Received 

(mL) 

University of 

Vermont 

Transportation 

Sample #1 

n=2 6.62 EN15751 

No light 

exposure, 

refrigerated 

30 

University of 

Vermont 

Transportation 

Sample #2 

n=3 7.89 EN15751 30 

University of 

Vermont 

Transportation 

Sample #4 

n=2 8.4 EN15751 30 

University of 

Vermont 

Transportation 

Sample #5 

n=3 9.6 EN15751 30 

 

 

3.3.2b Confirming B100 Neat Oxidation Stability using the BOSS 

Fuel that was obtained from White Mountain Biodiesel was then analyzed to 

determine its induction period using the BOSS.  Four oxidation stability tests using neat 

B100 from White Mountain Biodiesel (n=4) were conducted on the BOSS, with 

induction period values having the mean, standard deviation, and RSD computed.  The 

original IP at the time the fuel was produced is missing from the CoA, and that is why 

so many replicates were performed to quantify the IP using the BOSS.  It was necessary 
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to quantify the IP using the BOSS to see if the fuel had become more oxidized, as it sat 

prior to the large-scale oxidation of fuel volumes for emissions testing.  This BOSS-

measured induction period will serve as the official IP of the neat fuel for this study. 

 

3.4 Large Scale Oxidation and Biodiesel Blending for Emissions Testing 

After volumes that were needed for emissions testing had been determined, 

approximately 3.5L of fuel was then put into pre-cleaned 4L Erlenmeyer flasks and on 

top of heating/stir plates, with a Teflon stir bar placed inside each flask.  These 

individual flasks were then heated at 110oC (measured with a thermometer) for either 5, 

10, and 20 hours, referred to as “oxidation states” 3, 2, and 1, respectively (OX3, OX2, 

OX1).  Multiple flasks, referred to as “batches”, made up the total volume of fuel for 

each oxidized fuel type.  Batches were combined and stored in clean, 5-gallon HDPE 

(high-density polyethylene) containers before emissions testing.  In order to make B20 

blends of the neat and oxidized fuels, inversion mixing was used and the required 

volume of B100 fuel (either neat or the three oxidation states) was measured using 

graduated cylinders and then added to the correct volume of diesel fuel to obtain the 

final B20 volume needed to complete each B20 test.  This technique was used as 100% 

biodiesel typically has a higher specific gravity than diesel fuel samples, so splash 

blending with inversion mixing was most appropriate.  The oxidized fuel batches used 

for emissions testing did not get a constant flow of air through the batches, which 

changes the extent of oxidation for individual 4L batches.  It was necessary to quantify 
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the IP for B100 OX1, OX2, and OX3 to ensure that the fuels still oxidized to levels 

exceeding the 3-hour induction period ASTM specifications. 

 

3.4.1 Confirming Oxidation in Large Scale Samples with the BOSS  

Aliquots of oxidized fuel were taken from the combined batches making up the 

different B100 oxidation levels of the fuel intended for use in emissions testing.  These 

sub-samples were analyzed on the BOSS to determine the induction period of these 

oxidized fuels in order to confirm that they were truly failing the specification criteria 

for oxidation stability of B100 fuel, as required by ASTMD6751.[8] Table 4 shows the 

test information for the oxidized fuels analyzed on the BOSS, as well as the unoxidized 

(or “neat”) White Mountain Biodiesel B100 fuel.  It was necessary to make sure that 

induction period values were lower than the minimum requirement listed in ASTM 

D6751 B100 Biodiesel specifications (3 hours) to capture different oxidation 

compositions of the original fuel. 

 

Table 4:  Number of tests conducted on the BOSS for large-scale oxidized fuel volumes. 

Sample 

Identification 

Number of Tests (n) 

Conducted on the BOSS 

Prior Time Spent 

under Oxidation 

Conditions 

B100 Neat n=4 0 

B100 OX3 n=2 5 

B100 OX2 n=2 10 

B100 OX1 n=2 20 
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3.4.2 Data Analysis Methodology for Oxidized Fuels BOSS Tests  

  Once the data was processed, there was a clear difference in the shape of the 

BOSS conductivity curve for a fuel sample that had already been oxidized (Figure 6, 

below) when compared to a fuel that is was neat and met the specification (Figure 5, 

Section 3.3.2).  Instead of a polynomial shape, an exponential curve is generated for the 

oxidized fuel.  Figure 6 (below) is an example, showing the raw data generated from 

testing the oxidation stability of B100 OX3 (5 hours; replicate 1) using the BOSS.   

 

 

Figure 6: Output from the completed MATLAB exponential derivation code for an oxidized (5hours, 

OX3) B100 fuel sample.  IP was determined to be 1.8 hours for this sample. 

The shape of the curve in Figure 6 showing conductivity measurements over time 

is significantly different from what was displayed in Figure 5.  This required a change 

in the analysis code, replacing the initial ‘POLYFIT’ function with a normal ‘FIT’ 

function using a second-degree exponential curve.  Instead of using ‘POLYDER’ to 
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find the first and second derivatives, the function ‘DIFFERENTIATE’ was used 

instead (twice in order to get the second derivative).  This was the only change to the 

original code used for the neat fuels, as MATLAB does not have an automatic curve 

fitting tool (for oxidized fuels MATLAB code, see Appendix C).  This approach was 

applied to only the oxidized samples mentioned in Table 4.  Examples of conductivity 

plots for the oxidized samples can be found in Appendix C1.  All the final induction 

period values were averaged for each fuel type.  Standard deviation and RSD were 

calculated between replicates (duplicates, or triplicates in the case of B100 neat). 

 

3.5 Emissions Testing 

3.5.1 The “Pyramid Drive Cycle” 

A steady-state drive cycle was developed in order to study the particulate matter 

emissions from the oxidized biodiesel fuel using a 1.9 liter, 4-cylinder, naturally 

aspirated Volkswagen light-duty diesel engine.  The engine was stationed on a 

dynamometer with a Klam K40 retarder and allows reproducible operating cycles to be 

programed (Armfield CM-12 model).  The cycle developed for this study is a load-

based drive cycle with nine “modes”, each corresponding to varying levels of power, 

achieved by controlling brake and throttle settings using Armfield software to achieve a 

desired engine power output.  Modes 1-4 progressively increase in these measurements 

until finally a maximum is reached at Mode 5.  The cycle then decreases from Modes 

6-9 in reverse order, as seen going from Modes 1-4 (see Figure 7).  This is where the 

name “Pyramid Drive Cycle” (PDC) comes from, as the matching of power output for 
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Modes 1 and 9, 2 and 8, 3 and 7, and finally Modes 4 and 6 result in a cycle profile that 

is like the shape of a pyramid.  Figure 7 depicts the pyramidal shape and shows a 

comparison of measured engine power output (kilowatts) over time (minutes) for a 

series of tests (numbers 12-22) conducted using the PDC drive cycle.  In the figure, 

each “mode” is separated by a vertical red bar every nine minutes.  Good consistency in 

reproducing engine power output values as shown in Figure 7 indicates reasonable 

repeatability from tests PDC12-PDC22 conducted using the various neat and oxidized 

WMBD biodiesel fuels. 

 

 

Figure 7: The Pyramid Drive Cycle (PDC) is represented in this MATLAB plot of power output over 

time for a series of emissions tests (PDC12-22).  The name of the steady-state drive cycle came from the 

distinct shape represented in the graph.  Figure by Markus Ingelsson. 

In order to ensure that the drive cycle would be reproducible from test to test, 

Amfield CM-12 Software was used to schedule and control the timing and output of the 

various engine operating parameters for each specific mode.  Each mode was designed 
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to last nine minutes and would change automatically after programmed into the 

software.  Prior to running the PDC cycle, a ten-minute engine “warm up” was 

scheduled to get the engine up to its normal operating temperature, resulting in a total 

testing time of approximately 83 minutes.  Figure 7 shows that the drive cycle was well 

controlled and easily reproduced, allowing emissions tests to proceed.  All tests 

occurred at ambient laboratory temperature and humidity. 

 

3.5.2 Overview of Instruments, Flow Rates, and the Dilution System 

Seen below, Figure 8 displays the entire emissions testing setup and documents 

the various flow rates for each instrument and pump in the system setup.  Having a 

drive cycle developed, various real-time and non-real-time instruments and techniques 

were used to capture generated particulate and gaseous tailpipe emissions resulting 

from the scheduled drive cycle operating on a specific biodiesel fuel compositions 

(neat, OX1, OX2, and OX3) for the B100 and B20 blends (v/v) with no. 2 diesel fuel.  

At the tailpipe, a T-shaped connection directed exhaust either to the dilution manifold 

(via a stainless-steel Y-shaped connection port) or to a raw exhaust transfer line.  The 

emissions testing experiments in its entirety was intended to sample both pure raw 

exhaust in addition to exhaust that has passed through a dilution system in order to 

better represent realistic conditions for a human breathing in exhaust particles and gases 

after having disbursed into the ambient air. The diluted exhaust was raw exhaust that 

passed through a single-stage mini-diluter where exhaust mixed with ambient outdoor 

air (heated to 30oC) and that was filtered with silica gel to remove atmospheric 
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moisture and cleansed of any hydrocarbon contamination (using an activated charcoal 

filter).  A specific dilution ratio was to be set and monitored using orifice meters that 

measured 1 Hertz (Hz) flow rates at both the inlet of the dilution air and the outlet of 

the diluted exhaust.  Despite best efforts, the dilution ratio was not constant throughout 

the entire test sequence as discussed with the diluted PM Fiberfilm filter data in Section 

4.5. 
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Figure 8: Diagram of emissions testing setup, including instruments and corresponding flow rates.  

Original figure made by Jim Dunshee of the TAQ Lab and altered to reflect current setup configuration.  

Note Dilution Air Inlet is heated at 30oC and Aerosol Inlet is heated at 110oC. 

Real-time instruments for particle measurements included the Scanning Mobile 

Particle Sizer (SMPS) from TSI Inc. with a long DMA and Ultrafine Condensation 

Particle Counter (Model 3025A) to examine particle size distributions and total particle 
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number and TSI Electrical Aerosol Detector (EAD) from TSI as well (Model 3070A, 

Electric Aerosol Detector).  Other instruments used to measure particle characteristics 

and mass included ethanol impingers, PM filter holders, and the three-stage impactor 

(3DRUM) which essentially sorted particles into three size fractions. Real-time 

instruments used to measure gas phase emissions included two CO2 analyzers to monitor 

relative CO2 concentrations (%) in both the raw exhaust and diluted exhaust for dilution 

ratio confirmation and computation, and the 5-GAS instrument (by Autologic) to measure 

relative concentration of CO2, CO, hydrocarbons, NOx, and O2.  Instruments sampling 

diluted exhaust were the SMPS, EAD, 3DRUM, one CO2 analyzer, and one PM filter.  

Instruments and apparatuses sampling raw exhaust included the 5GAS, one CO2 

analyzer, one PM filter trap, and a set (i.e., two single) of Teflon impinger bottles filled 

with ethanol (EtOH).  The impinger bottles percolated raw exhaust in the ethanol, 

depositing PM within the liquid so that it could later be used for health studies.  Data 

analysis here focused on the PM gravimetric mass collected on both the raw and diluted 

Teflon Fiberfilm filters, and how this relates to original fuel composition and fuel 

oxidation extent, as determined by gas chromatography mass spectrometry.  There was 

also a scale underneath the fuel tank that measured the change in weight of the pre-

emissions test and post-emissions test in order to calculate fuel consumption for each 

type of fuel tested. 
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3.5.3 PM Filter Setup 

To reiterate, the main focus of this study was capturing particulate matter on the 

Teflon-coated glass fiber filters (“Fiberfilm” or FF for short by Pall Gelman Industries, 

T60A20 for both the raw exhaust and the diluted exhaust).  Therefore, details on 

specific operating details about the real-time instruments have been left out of this 

thesis.  As seen in Figure 8, the diluted exhaust filter holder was connected to the 

dilution manifold at port B, whereas the raw filter was sampling pure, undiluted, raw 

exhaust.  Each 47mm stainless steel filter holder contained an inlet and outlet which 

allowed exhaust particles to pass through and be captured on the filter. The filter 

housing was assembled with stainless steel and contains a metal screen on which a 

Teflon FF filter rests so that PM may deposit onto it with proper flow rate pulling raw 

exhaust through the filter apparatus.  Filters were carefully inserted using dull-tipped 

forceps after being pre-weighed using a microbalance (Cahn Microbalance, model C-

33) that was set up within a temperature and humidity-controlled chamber (Coy 

Laboratories).  One had to ensure to handle the filters very carefully and not pierce the 

filter while working with the dull-tipped forceps.  Each whole filter holder apparatus 

was cleaned using multiple solvent baths of both acetone and hexanes to remove 

contaminants before a pre-weighed filter was loaded at the beginning of every 

emissions test.  Each PDC test had two filters, each with a unique identification 

number, for collecting the diluted and raw exhaust samples.  When the test was 

completed, filters were put carefully into aluminum foil-coated petri dishes, with the 
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dull side of the forceps touching filter edges only and allowed to equilibrate in the Coy 

chamber for at least 24 hours before being post-weighed. 

 

3.5.4 Quality Control and Quality Assurance 

Prior to starting the engine scheduler and having the engine start, a series of blank 

instrument tests were performed.  At the very beginning of the emissions testing 

sequence, meaning (before any actual emissions tests start), an engine blank (called 

“pre-engine blank”) was performed to ensure that the dilution system was providing 

clean air throughout what would be the duration of a full PDC emissions test.  An 

engine blank involves running all instruments while connected to the sampling tunnel, 

but without starting the engine.  Similarly, at the end of the test sequence, a final post-

engine blank was performed in order to ensure nothing about the instrumentation and 

dilution system setup would contaminate or jeopardize the quality of tests performed. 

Aside from engine blanks, instrument and tunnel blanks were performed (pre- and 

post-blanks) during each individual PDC test.  For instrument blanks, real-time particle 

instruments were connected to HEPA filters to sample clean ambient air for 10 minutes, 

while unconnected from the sampling manifold.  Instrument blanks were followed by a 

tunnel blank.  Tunnel blanks occurred when instruments were connected to the 

sampling manifold and exhaust pipe at their respective positions with the engine off 

and helped ensured that the dilution system (and air intake tubing) was clean and free 

from particles prior to starting the Pyramid Drive Cycle (PDC). Both instrument and 
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tunnel blanks were deemed acceptable once no particles were being measured for the 

duration of the 10 minutes. 

Log-sheets were filled out and constantly monitored and evaluated at the 

beginning, during, and at the end of each PDC test in the emissions testing sequence.  

This ensured that variables such as scan rates, magnehelic differential pressure 

readings, rotameter flow rates, and start/stop times were monitored and recorded.  

Other parameters, such as exhaust temperature, dilution air inlet temperature, heat 

transfer line temperature, coolant temperature was also monitored closely, using both 

LabVIEW and the Armfield CM-12 software.  Examples of all log-sheets used during 

each test can be found in the Appendix D-H.  Implementing the use of log-sheets 

during experimental testing helped the reproducibility between experimental 

methodology when performing tests on different days, and further insured that 

instruments, the experimenters, and engine operated in a consistent manner between 

emissions tests, especially replicate runs.  It also helped track and eliminate human 

error when, for example, when multiple tests were performed in a single day. 

Engine oil, oil filters, and fuel filters were also switched whenever a change of 

fuel composition was going to be used for the next emissions test.  Logs were kept 

when the oil was changed and the filter was replaced, as well as the fuel filter being 

used.  The compiled data is available in a log-sheet located in Appendix I.  Changing 

the engine oil and replacing the oil and fuel filters helped eliminate different fuel 

composition contamination when taking samples of the fuel prior to and after an 

emissions test was performed, due to diesel engines’ recirculation of excess fuel via 
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return lines.  Chemical analysis would be compromised if this step was not instated in 

the overall routine of the emissions experimentation.   

 

3.5.5 Testing Sequence and Timeline 

Because a reliable drive cycle was developed, it was necessary to organize a 

series of the test to be completed.  Each test had a unique name identification that 

summarized certain descriptive aspects of the fuel being tested.  For example, Table 5 

below gives the test ID’s, test dates and recorded temperature and relative humidity for 

each of the PDC tests.  One test ID reads “PDC_03_BLANK_19JUL2017_1_NA”.  

PDC indicates that the test is conducted using the pyramid drive cycle, with the number 

03 being the overall sequential test #, the word “BLANK” indicating that it is an engine 

blank test (or would be replaced by the words B20, B100, or B0 to indicate fuel type if 

not running an engine blank), followed by the date the test was performed, followed by 

a number indicating the test number on that specific date, and finally ending with an 

“NA” for the description of the fuel’s oxidation state (NA means not available as an 

engine blank requires no fuel to be used and therefore oxidation is not an applicable 

parameter; the abbreviation “NA” could also be substituted with the numbers 1-3 to 

describe the fuel’s oxidation state).  Oxidation state 1, 2, and 3 (i.e. OX1, OX2, and 

OX3) describe fuel that was oxidized under thermally accelerated conditions for 20, 10 

and 5 hours, respectively.  It should be noted that PDC_01 and PDC_02 are not 

included as they were initial practice emissions tests in order to have gotten familiar 

with the sampling protocol and instruments, and PDC_10 & PDC_13 are not included 
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as there was a fuel return line break and tests were not completed.  An engine blank 

was conducted at the beginning and end of the entirety of the tests completed for this 

study. 
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Table 5: Emissions testing sequence including dates and ambient weather conditions recorded 

before the start of testing.  “NA” indicates a neat fuel was tested. 

Test ID 

“PDC_test#_FuelBlend_date_dailyrepli

cate#_OxidationLevel#” 

Date of 

Performed 

Test 

Temp (oC) 

Relative 

Humidity 

(%) 

PDC_03_BLANK_19JULY2017_1_NA 7/19/2017 30 42 

PDC_04_B000_21JULY2017_1_NA 7/21/2017 24 56 

PDC_05_B000_21JULY2017_2_NA 7/21/2017 14 46 

PDC_06_BLANK_27JULY2017_1_NA 7/27/2017 24 67 

PDC_07_B100_28JULY2017_1_NA 7/28/2017 23 53 

PDC_08_B100_28JULY2017_2_NA 7/28/2017 24 49 

PDC_11_B20_12MAR2018_1_NA 03/12/2018 3 No data 

PDC_12_B020_13MAR2018_1_NA 3/13/2018 3 No data 

PDC_14_B020_15MAR2018_1_OX1 3/15/2018 3.5 No data 

PDC_15_B020_15MAR2018_2_OX1 3/15/2018 3.5 No data 

PDC_16_B100_16MAR2018_1_OX1 3/16/2018 8 No data 

PDC_17_B100_17MAR2018_1_OX1 3/17/2018 3.5 No data 

PDC_18_B100_18MAR2018_1_OX3 3/18/2018 2.5 No data 

PDC_19_B100_18MAR2018_2_OX3 3/18/2018 -4 No data 

PDC_20_B100_24MAR2018_1_NA 3/24/2018 0 No data 

PDC_21_B20_24MAR2018_2_OX2 3/24/2018 -4 No data 

PDC_22_B000_25MAR2018_1_NA 3/25/2018 3 No data 

PDC_23_BLANK_28MAR2018_1_NA 3/28/2018 10 No data 

 

 

3.5.6 Fuel Subsamples for Chemical Composition Analysis 

Aliquots from each fuel used in emissions testing were taken before the start of 

each of the 22 emissions tests (excluding engine blanks), placed into pre-cleaned vials 
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and stored at 4oC in order to keep stable for future chemical analysis.  These 

subsamples were later analyzed using GCMS, as described in Section 3.6. 

 

 

3.5.7 Experimental Emissions Testing Errors 

Several errors occurred throughout the emissions testing sequence.  One issue was 

that half of the emissions tests were conducted in the summer of 2017, while the other 

half were collected in the winter, during March of 2018.  Ambient temperature and 

humidity conditions were different, which may have influenced particle formation, 

potentially affecting overall PM filter reproducibility and results.  This also changed how 

the engine would perform under cold and warm starts, which is related to the cool-down 

time between engine uses.  The engine would take longer to reach the same operating 

temperature during the winter versus the summer. 

The main reason for this lag in time was due to the learning curve of having a 

two-person operation of the full emissions cycle testing.  It should ideally be done with at 

least four to five people.  In addition to this hindrance, the biodiesel that had been used in 

the Summer 2017 emissions testing was accidentally left in the engine for a long period 

of time and destroyed the fuel return lines, resulting in an immediate stop to testing.  

Once new fuel return lines were added, testing resumed.  Throughout the entirety of 

testing, some instruments also failed to collect data during certain tests while some 

instruments (such as the EAD) were not even connected for the 2017 test portion.  

Sometimes, the quartz fiber filter that was used to prevent clogging of real-time gas 

emissions instruments would end up clogging and affecting results for that instrument.  
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There were numerous issues, and any experiment with significant experimental emissions 

testing issues was not factored into data analysis. 

Table 6 shows the number of tests conducted for each fuel type compared to 

Table 7 which shows the number of tests whose PM filter data was analyzed and 

reported in Chapter 4.  Oxidation time does not apply to pure diesel so “N/A” indicates 

not available.  Due to the experimental errors mentioned in the previous section, some 

runs were not chosen for data analysis.  A total of three engine blanks were analyzed 

(PDC #03, #06, #23) out of four conducted, for example.  B2O OX2 (20hr) fuel 

volumes were low and resulted in only one test being conducted. 

 

Table 6: Number of runs conducted for 2017-2018 emissions testing 

Time Spent 

Under 

Oxidation 

Conditions 

(hours) 

Number of Runs Conducted in 2017-2018 Emissions Testing 

 

B0 

 

B20 

 

B100 

 

Blanks 

0 4 3 3 

 

4 

5 N/A 0 2 

10 N/A 1 0 

20 N/A 2 2 
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Table 7: Number of runs analyzed for 2017-2018 emissions testing. 

Time Spent 

Under 

Oxidation 

Conditions 

(hours) 

Number of Runs Analyzed for 2017-2018 Emissions Testing 

 

B0 

 

B20 

 

B100 

 

Blanks 

0 3 1 3 

 

3 

5 N/A 0 2 

10 N/A 1 0 

20 N/A 2 2 

 

PDC test #1 and #2 were both test runs allowing the setup to be examined and 

instruments inspected for proper functionality.  PDC test #05 (B0 fuel type) was 

excluded from analysis due to the raw filter pump failing during the test, resulting in no 

exhaust PM pulled through from Mode 8 until the end of the PDC drive cycle.  PDC #6 

had issues with pre-weight PM filter measurements resulting in no data, and several 

attempts at PDC #09 and PDC#10 were made but all immediately aborted because of 

the fuel return lines failing and needing replacement before the next successful test 

(PDC #12).  The entire emissions test would stop once a fuel return line started leaking, 

resulting in no data collected.  Unfortunately, a large quantity of fuel needed for 

replicate testing of B20 neat (as well as blending and replicate B20 OX1 testing) was 

wasted due to this engine malfunction.  Therefore, only one B20 neat and B20 OX2 

(i.e. PDC_12 and PDC_21 respectively) test were conducted and therefore not excluded 

from analysis.   
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3.5.8 Data Analysis: PM Filters 

Every PDC test had two unique integer PM filter numbers assigned—one for the 

diluted PM filter trap and one for the raw PM filter trap.  The filter is pre-weighed 

before an emissions test in triplicate measurement, with a 50µg, 100µg, and 250µg 

calibration weight measured at the beginning of the weighing session and again in 

reverse order at the end of each weighing session.  The filter would be weighed in 

triplicate both before and after a test.  The difference between pre-test weight and post-

test weight (after filter has equilibrated with conditions in the controlled temperature 

and humidity chamber that the microbalance is in) yields the total mass collected on the 

filter. 

 

𝑃𝑀 𝑀𝑎𝑠𝑠 (µ𝑔) =
(𝐴𝑣𝑔.𝑃𝑜𝑠𝑡 𝑊𝑒𝑖𝑔ℎ𝑡 [𝑚𝑔]−𝐴𝑣𝑔.𝑃𝑟𝑒𝑤𝑒𝑖𝑔ℎ𝑡 [𝑚𝑔])

(0.001µg/mg)
  (Eq. 1) 

 

Where “Avg.” means average, “µg” represents units of micrograms, and “mg” is 

the unit of weight of the pre- or post-weighed particulate matter (“PM”) filter.  For both 

the diluted PM filters and the raw PM filters, the three replicate filter weights (in 

milligrams, mg) were averaged, and their difference was reported as the total PM mass 

collected on the filter.  Pre-weighed filters stayed in the temperature/humidity 

controlled COY chamber until used in emissions testing.  Raw data was3 analyzed with 

averages, standard deviation and RSD computed for the filter numbers and types listed 

in Table 8.  Table 8 also includes filter pre- and post-weight dates.  It should be noted 

that raw filters are typically the odd number filters, except in the case of filter #638.  
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The diluted and raw filters were accidentally differently for this test (PDC_22), but 

thankfully this deviation was spotted and corrected prior to data analysis.  Filter masses 

were converted into PM mass concentrations (in microgram of PM per cubic meter of 

exhaust) based on the measure of the total volume of air sampled, calculated using the 

flow rate of the pump (liters per minute) used to draw exhaust through the filter during 

multiplied by the duration of time the pump was on and the filter was sampling PM.  

This is described by Equation 2 below.   

 

𝑃𝑀 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛[
𝜇𝑔

𝑚3] =
𝑃𝑀 𝑀𝑎𝑠𝑠 (µ𝑔) 

𝑃𝑢𝑚𝑝 𝐹𝑙𝑜𝑤 𝑅𝑎𝑡𝑒 (𝐿/𝑚𝑖𝑛)∗𝑃𝑢𝑚𝑝 𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛 (min)∗1000 
     (Eq 2.) 

 

 Where “[µg/m3]” represents particulate matter (“PM”) concentration units of 

microgram per cubic meter and “L/min” stands for liters per minute.  These values 

were then used to relate PM mass and concentration from emissions testing to fuel 

oxidation levels as described in Chapter 4.  Excluded emissions tests have been noted 

in the previous section, therefore the filter data for those tests were not included in 

analysis.  Otherwise, diluted filter and raw filter mass data from the remaining tests was 

used in the analysis discussed in Chapter 4. 
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Table 8: Filters used for PM analysis reported in Chapter 4. 

Filter 

# 
PDC Test ID 

Emissions 

Test Date 

Filter 

Type 

Pre-

weight 

date 

Post-

weight 

date 

600 PDC_03_BLANK_19JULY2017_1_NA 7/19/2017 DILUTE 7/10/2017 7/21/2017 

601 PDC_03_BLANK_19JULY2017_1_NA 7/19/2017 RAW 7/10/2017 7/21/2017 

602 PDC_04_B000_21JULY2017_1_NA 7/21/2017 DILUTE 7/10/2017 7/24/2017 

603 PDC_04_B000_21JULY2017_1_NA 7/21/2017 RAW 7/10/2017 7/24/2017 

608 PDC_07_B100_28JULY2017_1_NA 7/28/2017 DILUTE 7/10/2017 7/31/2017 

609 PDC_07_B100_28JULY2017_1_NA 7/28/2017 RAW 7/10/2017 8/1/2017 

610 PDC_08_B100_28JULY2017_2_NA 7/28/2017 DILUTE 7/10/2017 8/2/2017 

611 PDC_08_B100_28JULY2017_2_NA 7/28/2017 RAW 7/10/2017 8/3/2017 

618 PDC_12_B020_13MAR2018_1_NA 3/13/2018 DILUTE 1/4/2018 1/16/2018 

619 PDC_12_B020_13MAR2018_1_NA 3/13/2018 RAW 1/4/2018 1/16/2018 

622 PDC_14_B020_15MAR2018_1_OX1 3/15/2018 DILUTE 1/4/2018 1/16/2018 

623 PDC_14_B020_15MAR2018_1_OX1 3/15/2018 RAW 1/4/2018 1/16/2018 

624 PDC_15_B020_15MAR2018_2_OX1 3/15/2018 DILUTE 1/16/2018 3/21/2018 

625 PDC_15_B020_15MAR2018_2_OX1 3/15/2018 RAW 1/16/2018 3/21/2018 

626 PDC_16_B100_16MAR2018_1_OX1 3/16/2018 DILUTE 1/16/2018 3/21/2018 

627 PDC_16_B100_16MAR2018_1_OX1 3/16/2018 RAW 1/16/2018 3/21/2018 

628 PDC_17_B100_17MAR2018_1_OX1 3/17/2018 DILUTE 1/16/2018 3/21/2018 

629 PDC_17_B100_17MAR2018_1_OX1 3/17/2018 RAW 3/16/2018 3/21/2018 

630 PDC_18_B100_18MAR2018_1_OX3 3/18/2018 DILUTE 3/16/2018 3/21/2018 

631 PDC_18_B100_18MAR2018_1_OX3 3/18/2018 RAW 3/16/2018 3/21/2018 

632 PDC_19_B100_18MAR2018_2_OX3 3/18/2018 DILUTE 3/16/2018 3/21/2018 

633 PDC_19_B100_18MAR2018_2_OX3 3/18/2018 RAW 3/16/2018 3/21/2018 

634 PDC_20_B100_24MAR2018_1_NA 3/24/2018 DILUTE 3/20/2018 3/27/2018 

635 PDC_20_B100_24MAR2018_1_NA 3/24/2018 RAW 3/20/2018 3/27/2018 

636 PDC_21_B20_24MAR2018_2_OX2 3/24/2018 DILUTE 3/20/2018 3/27/2018 

637 PDC_21_B20_24MAR2018_2_OX2 3/24/2018 RAW 3/20/2018 3/27/2018 

638 PDC_22_B000_25MAR2018_1_NA 3/25/2018 RAW 3/20/2018 3/27/2018 

639 PDC_22_B000_25MAR2018_1_NA 3/25/2018 DILUTE 3/20/2018 3/27/2018 

640 PDC_23_BLANK_28MAR2018_1_NA 3/28/2018 DILUTE 3/27/2018 3/30/2018 

641 PDC_23_BLANK_28MAR2018_1_NA 3/28/2018 RAW 3/27/2018 3/30/2018 
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3.6 GC-MS Fuel Composition Analysis Methodology 

 

3.6.1 Chemicals and Standards 

HPLC Grade dichloromethane (DCM) purchased from Sigma-Aldrich (Lot 

#SHBJ6843) was used as a solvent for all samples and standards in chemical analysis.  

Solvents such as hexanes (OmniSolv HR-GC, Lot #58110) and acetone (Fisher 

Chemical ACS Grade, Lot #170940) were used in pre-cleaning processes for glassware 

needed for sample preparation.   Fuel samples and standards were put into 2mL amber 

GCMS autosampler vials (Agilent Technologies) with 9mm blue PTFE 

(polytetrafluoroethylene)/rubber septa and screw caps (Agilent Technologies).  The 

FAMEs calibration standard mixture used for preparation of the FAMEs standards was 

a 100mg neat C14-C22 FAME Mix (Supelco, Lot #XA21683V) and contained 10 

analytes with different percent concentrations (see Table 9 below). 
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Table 9: Information on the Supelco 10-FAMEs mix.  There are ten individual FAME species 

present at varying concentrations, as noted by the analytical weight % given.  The ‘n’ denotes 

the first double bond starts on the third carbon in the fatty acid chain. 

Analtye in 

10FAME Mix (C14-

C22) 

Analytical 

Weight % 
Abbreviation 

Chromatographic 

Purity % 
Lot # 

Methyl 

Tetradecanoate 
4.0 C14:0 99.9 LC16280 

Methyl Palmitate 10.1 C16:0 99.9 LC17089 

Methyl 

Octadecanoate 
6.0 C18:0 99.9 LC13654 

Cis-9-Oleic acid 

methyl ester 
25.2 C18:1 cis-9 99.9 LC18400 

Trans-9-Elaidic acid 

methyl ester 
10.1 C18:1 trans-9 99.9 LC15380 

Trans-9,12- 

Linolelaidic acid 

methyl ester 

1.8 
C18:2 trans-

9,12 
99.9 LB91459 

Methyl Linoleate 34.1 C18:2 cis-9,12 99.9 LC06225 

Methyl Arachidate 2.0 C20:0 99.9 LC05925 

Methyl Linolenate 5.0 C18:3n3 99.9 LC03119 

Methyl Docosanoate 2.0 C22:0 99.9 LC03090 

 

3.6.2 FAME Stock Solution 

 All glassware used in stock solution, standard solutions, and fuel sample 

solutions was cleaned with Liquinox cleaning detergent (Alconox Inc.) and warm water 

and rinsed at least three times with DCM solvent.  The (as received) 100mg neat 

10FAME standard mixture ampule was carefully cracked at the top with the contents 

being transferred and diluted in a 10mL volumetric flask.  The “stock” solution was 

prepared at a total FAME concentration of 7,518.8ppm (w/v) in DCM solvent.  The 
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contents of the stock solution in the 10mL volumetric flask was then dispensed 

(carefully poured) into approximately four to five pre-cleaned autosampler vials with 

screw caps and PTFE septa on October 4th, 2019.  The stock solution autosampler vials 

were kept in a dark freezer, with the caps tightly sealed and the septa unpierced to 

ensure no evaporation and therefore no change in concentration of the stock solution 

when going on to prepare the calibration standard solutions. 

 

3.6.3 GC-MS Instrument and Method Parameters 

An Agilent 6890N gas chromatography instrument connected to an Agilent 5973 

mass selective detector (MSD) was used to separate the ten target analytes in the 

component mixture.  An autosampler was used (Agilent 7683 Series), which allowed 

sequencing to be programmed for quick sample analysis and included a series of rinses 

between two DCM solvent vials before sample injection to ensure an uncontaminated 

sample and autosampler syringe.  Software was Chemstation version 2.0 as well as the 

NIST08 standard reference database and mass spectral library.  A highly polar SLB-IL 

100 column (Supelco) was used to separate the analytes and isomers.  Table 10 gives a 

summary of the details on column dimensions, oven programming, and other 

conditions of the analysis method. 
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Table 10: Details on the method parameters and column used for GCMS analysis. 

Analysis Conditions 

GCMS Agilent 6890N/5973 

Column Supelco SLB IL-100 (ionic liquid) 

Column Dimensions 30m, 0.25mm, 0.2um 

Injector Splitless 

Carrier Gas Helium (99.99% purity) 

Flow Rate 1.5 mL/min 

Injector Temperature 240oC 

Detector Temperature 230oC 

Injection Volume 1.0 uL 

 

Oven Program 

50oC hold 1 minute 

20oC to 120oC 

3oC to 220oC, hold 1 minute 

 

 

3.6.4 Chemstation Quantitation Method 

 The oven temperature method was able to separate all ten analytes; 

however, they still needed to be accurately identified and confirmed to be that 

compound before their response values were exported for data analysis.  This was 

achieved by using a quantitation method (titled 

“SLB_IL_100_JR_21SEPT2019_FAMECAL_b”) in the data analysis portion of the 

Chemstation software package.  Each analyte’s peak in the mixture can be identified 

using retention times, target ions, and qualifier ions unique to said analyte.  This allows 

a peak to be assigned its identity using the NIST library that exists within the 
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Chemstation analysis software.  The MSD scans a mass range of 50-500amu (atomic 

mass units) and looks for the target ion and the specified series of qualifier ions within 

the compound’s retention time window (+/- 30 seconds), then checks for the abundance 

of these ions and gives their relative response.  Relative response values must be within 

35% uncertainty from the qualifier ions and are generated using the RTE integrator, 

which converts peak area into a response value.  Table 11 shows all the compounds 

used for analysis in this study and their corresponding target and qualifier ions used in 

the Chemstation quantitation method for quantifying individual FAME species in this 

study.  The values in Table 11 were determined by having closely examined each 

FAMEs mass spectrum for an 80ppm 10-FAMEs calibration standard, picking the most 

abundant ions present that are unique and able to distinguish from the other 

compounds, giving the ability to confidently identify isomeric compounds.   
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Table 11: GCMS Quantitation method for analyzed compounds. 

 

Compound 

Name 

Target Ion 

m/z 

Qualifier Ion 

Q1 

m/z 

Qualifier Ion 

Q2 

m/z 

Qualifier Ion 

Q3 

m/z 

Retention 

Time 

(minutes) 

C14:0 74 87 143 55 10.785 

C16:0 74 87 143 75 13.768 

C18:0 74 87 143 75 17.026 

C18:1 trans-9 55 69 74 97 17.615 

C18:1 cis-9 55 69 74 83 17.620 

C18:2 trans-9,12 67 81 95 82 18.600 

C18:2 cis-9,12 67 81 95 55 18.307 

C20:0 74 74 75 143 20.958 

C18:3n3 79 95 67 93 20.255 

C22:0 74 87 75 55 23.404 

 

 

3.6.5 Calibration Standard Preparation and Calibration Curves 

 With the stock solution made, the calibration standards were prepared 

shortly after on the same day (10/04/2019).  Knowing the concentration of the stock 

solution and using Equation 3, the different calibration standard concentrations were 

able to be prepared by diluting the stock into volumetric flasks using calibrated 

Drummond glass-tipped pipets.  

 

 𝐶𝑆𝑇𝐷 =
𝐶𝑆𝑇𝑂𝐶𝐾∗𝑉𝑆𝑇𝑂𝐶𝐾

(𝑉𝑆𝑇𝐷)
      (Eq 3.) 
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Where “CSTD” and “CSTOCK” refer to the concentration of the stock solution and 

calibration standard solution to be prepared, respectively.  “VSTOCK” and “VSTD” refers to 

the volumes of stock and calibration standard solution, respectively. Calibrated digital 

Drummond pipets (10uL, 50uL, and 100uL) Drummond Scientific Co.) were used to 

dispense the microliter volumes required to make the calibration standards.  For the 

calibration standard curve, the range that was chosen was 20ppm to 160ppm.  This was 

broken down into five different concentration levels: 20ppm (CAL1), 40ppm (CAL2), 

80ppm (CAL3), 120ppm (CAL4), and 160ppm (CAL5).  Five 10mL volumetric flasks 

were used to prepare these calibration standard solutions. The standards were then 

dispensed into autosampler vials and stored in the freezer (same manner as the stock) 

while routine GC maintenance was performed, which included a new injector septum.  

Table 12 displays the true concentrations of each individual compound, which are 

represented in the total concentration for each FAMEs calibration standard mix level.  

Individual compounds were present in varying amounts as given in the Certificate of 

Analysis, so the mass fraction of each compound was multiplied by the total FAME 

amount targeted for calibration concentrations.   
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Table 12: Individual FAME concentration levels (ppm) in each calibration standard based off 

the Supelco Certificate of Analysis and mass fraction of each compound. 

Compound 

Name 

Mass 

Fraction 

(%) of 

Each 

Compound 

in Mixture 

CAL 1 

(20ppm 

Total 

FAMEs) 

CAL 2 

(40ppm 

Total 

FAMEs) 

CAL 3 

(80ppm 

Total 

FAMEs) 

CAL 4 

(120ppm 

Total 

FAMEs) 

CAL 5 

160ppm 

Total 

FAMEs) 

C14:0 0.04 0.8 1.6 3.2 4.8 6.4 

C16:0 0.1 2.0 4.0 8.0 12.0 16.0 

C18:0 0.06 1.2 2.4 4.8 7.2 9.6 

C18:1 cis-9 0.251 5.02 10.04 20.08 30.12 40.16 

C18:1 

trans-9 
0.1 2.0 4.0 8.0 12.0 16.0 

C18:2 

trans-9,12 
0.02 0.4 0.8 1.6 2.4 3.2 

C18:2 cis-

9,12 
0.338 6.76 13.52 27.04 40.56 54.08 

C20:0 0.02 0.4 0.8 1.6 2.4 3.2 

C18:3n3 0.05 1.0 2.0 4.0 6.0 8.0 

C22:0 0.05 0.4 0.8 1.6 2.4 3.2 

TOTAL FAMES (ppm): 19.98 39.96 79.92 119.88 159.84 

 

Still on October 4th, with all calibration standards prepared, a sequence was set 

up in Chemstation to run triplicate measurements of the five calibration standard 

solutions using the method explained in Chapter 3.6.3.   One of each of the autosampler 

vials for CAL1-CAL5 was taken from the freezer, allowing adjustment to room 

temperature before GC-MS analysis.  Blanks were performed every other sample to 

ensure a good baseline and eliminate any carryover from one concentration level to the 

next.  The order of the calibration sample sequence was CAL1 to CAL5 (with DCM 
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blanks after every sample), with this pattern repeated three times in order to obtain 

triplicate measurements for each calibration standard comprising what was named 

Calibration Curve 1 (CALCURVE1). 

Similarly, subsequent GCMS fuel sample FAME analysis experiments were 

performed at a much later date that required a second calibration curve. These new fuel 

analysis rounds were made at different total FAMEs concentrations (for both the B100 

and B20 neat and oxidized fuel samples), and it was necessary for the new experiments 

to have their own respective calibration curve sequence (Calibration Curve 2 or 

CALCURVE2) because of the time elapsed since the initial CALCURVE1 was 

prepared.  CALCURVE 2 was prepared using archived autosampler vials from the 

same calibration standard solutions that were made on 10/4/2019.  When compared to 

raw response values from Calibration Curve 1, relative differences were higher than 

20% for CALCURVE 2 indicating that the two curves could not be combined and had 

to be used separately, reinforcing why a second calibration curve was necessary to 

generate for the new GCMS FAME analysis experiments.  The second set of fuel 

sample analysis occurred from 9/21/2020 through 9/23/2020, with the second set of 

calibration curves generated for these fuel samples two days prior to the start of the fuel 

sample analysis, on 9/19/2020.  Differences in the Calibration Curve 2 sequence for 

these new experiments were that the order of the sequence was CAL1 replicate 1, then 

CAL1 replicate 2, moving on to the next highest calibration standard solution (instead 

of repeating CAL1-CAL5 three times as in CALCURVE 1 sequence).  As well, 

samples were analyzed in duplicate (i.e. n=2 for Calibration Curve 2 standard solutions) 
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as opposed to triplicate (i.e. n=3) for CALCURVE 1.  Both calibration curve sequences 

still contained DCM blanks in between calibration standard solution samples as a 

quality control measure to minimize sample carryover. 

 

3.6.6 Data Analysis Methodology: Calibration Curves 

A response value is generated after running a sample through the GCMS method 

and MSD quantitation method.  With the obtained response values from the MSD and 

Chemstation quantitation software, calibration curves were made for each individual 

compound in the mixture by fitting a linear regression model to the known mass of the 

injected compound (x-axis) and corresponding response data (y-axis) where n=3 for 

each of the five calibration concentration levels for calibration curve 1 (n=2 for CAL1-

CAL5 for Calibration Curve 2).  Because the calibration standard concentrations only 

reflect the amount of total FAMEs present in the standard solutions, individual 

compounds were multiplied by their mass fraction in order to yield the true 

concentration of a specific FAME species to be used as the x-axis.  Figure 9 represents 

the completed calibration curve for methyl palmitate (C16:0) from Calibration Curve 1.  

Calibration curves for all compounds using calibration curve 1 can be found in 

Appendix J.  Similarly, calibration curves for all compounds in Calibration Curve 2 can 

be found in Appendix K.  Only Calibration Curve 1 will be described throughout the 

rest of Section 3.6.6, keeping in mind that Calibration Curve 2 applies the same 

techniques as what is described for Calibration Curve 1. 
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Figure 9: Calibration curve for palmitic acid methyl ester.  The linear regression equation is displayed 

along with the r-squared value. 

 

The equation generated from the linear regression model gives the analyst the 

ability to calculate an unknown concentration of each of the 10 target compounds once 

a response value is known, after running one of the unknown fuel samples through the 

GCMS and quantitation method.  With the equation, response values for all three 

measurements per calibration standard concentration level for that FAME species were 

converted into concentrations and compared to the original values expected that are in 

Table 12.  Table 13 is like Table 12, with the average concentrations (n=3 for 

calibration curve 1) based on using actual calibration curve data instead of the expected 

values.  Table 14 shows the percent error between the two, ensuring that the calibration 

curves are accurate enough to produce concentrations of the PDC emissions testing fuel 

samples within the range of each calibration curve (between 20ppm and 160ppm total 
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FAME concentrations). Calculations were performed once GCMS compound response 

values were exported from Chemstation.  RSD values for CALCURVE1 ranged from 

7.73% to 11.67% for all five calibration standard solutions 

 

Table 13: Concentration values for individual FAMEs across CAL1-CAL5 based on calibration 

curve equations. 

Concentrations of Individual Fames for CAL1-CAL5 Based on 

of Calibration Curve Equations 

Compound 

Name 

CAL 1 

(20ppm 

Total 

FAMEs) 

CAL 2 

(40ppm 

Total 

FAMEs) 

CAL 3 

(80ppm 

Total 

FAMEs) 

CAL 4 

(120ppm 

Total 

FAMEs) 

CAL 5 

160ppm 

Total 

FAMEs) 

C14:0 0.799 1.627 3.176 4.771 6.427 

C16:0 2.035 4.028 7.908 11.978 16.051 

C18:0 1.402 2.330 4.597 7.109 9.762 

C18:1 cis-9 5.485 9.901 19.582 29.907 40.546 

C18:1 

trans-9 2.031 4.008 7.946 11.975 16.040 

C18:2 

trans-9,12 0.495 0.787 1.470 2.368 3.280 

C18:2 cis-

9,12 6.98 13.48 26.75 40.48 54.27 

C20:0 0.482 0.776 1.51 2.37 3.26 

C18:3n3 1.47 1.82 3.55 5.81 8.36 

C22:0 0.678 0.678 0.678 2.140 3.56 

TOTAL 

FAMES 

(ppm): 

21.889 39.545 77.689 118.906 161.552 
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Table 14: Percent (%) error between calibration curve concentration results and expected 

concentrations given on the CoA. Highlighted in red are errors of concern. 

Average Percent Error Calculations Between Calibration Curve Concentrations 

Results and the Certificate of Analysis/Mass Fraction 

Compound 

Name 

CAL 1 

(20ppm 

Total 

FAMEs) 

CAL 2 

(40ppm 

Total 

FAMEs) 

CAL 3 

(80ppm 

Total 

FAMEs) 

CAL 4 

(120ppm 

Total 

FAMEs) 

CAL 5 

160ppm 

Total 

FAMEs) 

 

MAXIMUM 

% ERROR 

C14:0 0.125 2.6 3.6 2.1 5.0 5.0 

C16:0 4.5 1.8 2.7 2.3 4.7 4.7 

C18:0 16.8 3.2 4.2 2.5 4.7 16.8 

C18:1 cis-9 9.3 2.1 3.6 2.7 4.5 9.3 

C18:1 

trans-9 4.8 0.2 2.4 2.3 4.9 4.9 

C18:2 

trans-9,12 23.7 4.9 8.1 1.8 5.3 23.7 

C18:2 cis-

9,12 4.9 1.7 2.4 2.7 4.4 4.9 

C20:0 20.4 3.0 5.8 2.1 4.3 20.4 

C18:3n3 46.7 9.0 11.3 3.9 6.4 46.7 

C22:0 77.4 7.9 24.8 10.9 11.2 77.4 

 

 The highest percent error comes from the low end of the calibration range, the 

20ppm standard (CAL1).  Concentration results appear far from their true values for 

C18:3n3 and C22:0 when dealing with concentrations at the 20ppm calibration standard 

level as the maximum percent error from the true values is greater than 25%, shown in 

Table 14.  C18:3n3 and C22:0 show the largest percent error at 46.7% and 77.4%, 
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respectively.  The low concentrations of the C18:3n3 and C22:0 compounds in the 

Supelco 10-FAMEs standard mixture may create problems for identification and 

quantification as these concentrations may be difficult to distinguish from instrument 

noise in the fuel samples. 

 It should be noted that Calibration Curve 2 resulted in total average FAME 

concentrations for calibration standard solutions were similar to CALCURVE1, with 

average 20, 40, 80, 120, and 160ppm calibration standards resulting in 21.2, 39.7, 78.9, 

118.4, and 121.13ppm TOTAL FAMEs, respectively.  However, for CALCURVE2, the 

RSD ranged from 1.48% to 3.27%, with the 40ppm calibration standard solution 

responsible for the highest relative standard deviation.  Individual calibration curve 

slopes of CALCURVE 1 and CALCURVE 2 were similar but the intercepts were much 

different due to higher instrument noise seen present with CALCURVE1 compared to 

CALCURVE 2.  The second calibration curve had a much lower baseline and less 

background chromatogram interference, and the two curves were different enough in 

response comparisons to have to use two separate curves for analysis.  Given the very 

low RSD and accurate total FAME concentrations, Calibration Curve 2 was acceptable 

to use in computation of individual FAME concentrations for the subsequent fuel 

sample analysis experiments, and trusted to be compared and combined with results 

that used Calibration Curve 1.  As mentioned, individual calibration curve for each 

FAME analyte can be found in Appendix K. 
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3.6.7 Fuel Sample Preparation and Sample Sequences 

For each PDC test, “pre-test” fuel samples were collected (using pre-cleaned 

glassware) from approximately the middle of the fuel tank before an emissions test was 

conducted.  Post-test fuel samples were also taken but would compromise the integrity 

of the original fuel’s composition by introducing recirculated diesel fuel that may have 

undergone oxidation.  Diesel engines recirculate fuel that is not injected into the piston 

cylinder, as the amount of fuel necessary to maintain or regulate power output changes 

so rapidly that not all fuel is sprayed from the injector.  Fuel sampling was performed 

from the same depth in the fuel tank for all samples collected.  Fuel samples that were 

taken before each PDC emissions test were analyzed by GCMS after successful 

completion of the 10 individual FAME calibration curves previously described.  

Samples were prepared by employing the same technique as the calibration standard 

solutions, using calibrated Drummond pipets and pre-cleaned 5mL and 10mL 

volumetric flasks with glass stoppers.   

However, because the concentration of total FAMES in the real fuel samples is 

unknown, a pre-dilution step was necessary to establish a concentration for each PDC 

pre-test fuel sample using the fuel and solvent densities prior to making the solutions 

with the target concentrations to be analyzed by GCMS.  The chosen pre-dilution step 

concentration was 8,000ppm in DCM.  Each PDC pre-fuel sample had a pre-diluted 

solution of this approximate concentration that was made by diluting 120.45µL of fuel 

into 10mL of DCM using Equation 3 (i.e. C1V1=C2V2).   This allowed for a target 

concentration of approximately 80ppm to be used for GCMS analysis of each fuel 
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sample by further diluting the fuel using a 1:100 ratio with 10mL volumetric flasks (or 

in some instances, a 5mL).  This was the target concentration for GCMS FAME 

analysis for Round 1 and Round 2, the two different analysis days for the samples 

analyzed using Calibration Curve 1.  The same equation was used for Rounds 3-5, 

substituting for the correct total FAMEs final target concentration for Rounds 3, 4, and 

5 (320ppm Total FAMEs, 20ppm total FAMEs, and 400ppm total FAMEs, 

respectively).  Table 15 displays each PDC fuel sample, the number of replicates 

analyzed using the GCMS methodology, as well as the corresponding volumes of fuel 

used to prepare the pre-dilution (i.e. 8000 ppm concentration) solutions, as well as the 

final target concentration solutions that were analyzed by GCMS for Rounds 1 and 2.  

Similarly, Table 16 shows each PDC fuel sample, the number of replicates analyzed, as 

well as the corresponding volumes of fuel used to prepare the pre-dilution solutions and 

the target concentration solutions for Rounds 3-5.  Fuel densities are different for each 

fuel B100 fuel type, explaining the slight differences in required volumes for the pre-

diluted fuel solution (8,000ppm).  It should be noted that the B20 neat density was used 

for computations in target volume for all GCMS target solution concentration for B20 

oxidation states 1-3.  The densities of the oxidized B20 fuels could not be measured due 

to limited fuel volumes, no extra amount could be spared as it all was needed for 

emissions testing.     GCMS analysis was started on the same day the fuel samples were 

prepared in each of the Rounds 1-5.  Final dilution factors for Rounds 1, 2, 3, 4, and 5 

for fuel sample individual FAME concentrations to be multiplied by were 6.69x103, 

7.99x103, 1.67x103, 2.67x104, and 1.60x103, respectively, which allowed the FAMEs 
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data from each Round to be analyzed in combination as later reported in Section 4.4.2 

and 4.4.3. 

 

Table 15: Fuel sample preparation information including dilution and target solution 

volumes used to prepare the GCMS samples for Round 1 (B100 80ppm total FAMEs) and Round 

2 (B20 80ppm total FAMEs). 

 

PDC Fuel Sample n=? 

Vol. Used 

for Pre-

Dilution 

8000ppm 

solution 

(µL) 

Vol. 

Flask 

Size 

(mL) for 

Pre-

Dilution 

Vol. 

Flask 

Size 

(mL) for 

Target 

Dilution 

Vol. Used 

for 80ppm 

Target 

GCMS 

Solution 

(µL) 

ROUNDS 1 

& 2 

PDC_09_B20NEAT_pretest 3 125.15 10 10 100 

PDC_11_B20NEAT_pretest 3 125.15 10 10 100 

PDC_12post&13pre 

_B20_NEAT 
3 125.15 10 10 100 

PDC_21_B20OX2_pretest 3 125.15 10 10 100 

PDC_14_B20OX1_pretest 3 125.15 10 10 100 

PDC_15pre&14 _B20OX1 3 125.15 10 10 100 

PDC_07_B100NEAT_pretest 3 149.56 10 10 100 

PDC_08_B100NEAT_pretest 3 149.56 10 10 100 

PDC_20_B100NEAT_pretest 3 149.56 10 10 100 

PDC_18_B100OX3_pretest 3 147.84 10 10 100 

PDC_19_B100OX3_pretest 3 147.84 10 10 100 

PDC_16_B100OX1_pretest 3 73.31 5 5 50 

PDC_17_B100OX1_pretest 3 146.61 10 10 100 
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Table 16: Fuel sample preparation information including dilution and target solution 

volumes used to prepare the GCMS samples for Round 3 (B100 320ppm total FAMEs), Round 4 

(B100 20ppm total FAMEs),  and Round 5 (B20 400ppm total FAMEs). 

PDC Fuel 

Sample 
n=? 

Vol. Used 

for Pre-

Dilution 

8000ppm 

solution 

(µL) 

Vol. Flask 

Size (mL) 

for Pre-

Dilution 

Vol. Flask 

Size (mL) 

for Target 

Dilution 

Vol. Used 

for 320ppm 

Target 

GCMS 

Solution 

(µL) 

ROUND 3 

Vol. Used 

for 20ppm 

Target 

GCMS 

Solution 

(µL) 

ROUND 4 

Vol. Used 

for 400ppm 

Target 

GCMS 

Solution 

(µL) 

ROUND 5 

PDC_09_B20

NEAT_pretest 
2 125.15 10 10 N/A N/A 500 

PDC_11_B20

NEAT_pretest 
2 125.15 10 10 N/A N/A 500 

PDC_12post&

13pre 

_B20_NEAT 

2 125.15 10 10 N/A N/A 500 

PDC_21_B20

OX2_pretest 
2 125.15 10 10 N/A N/A 500 

PDC_14_B20

OX1_pretest 
2 125.15 10 10 N/A N/A 500 

PDC_15pre&

14 _B20OX1 
2 125.15 10 10 N/A N/A 500 

PDC_07_B10

0NEAT_prete

st 

2 149.56 10 10 400 25 N/A 

PDC_08_ 

B100NEAT_ 

pretest 

2 149.56 10 10 400 25 N/A 

PDC_20_ 

B100NEAT_ 

pretest 

2 149.56 10 10 400 25 
N/A 

PDC_18_ 

B100OX3_ 

pretest 

2 147.84 10 10 400 25 
N/A 

PDC_19_B10

0OX3_pretest 
2 147.84 10 10 400 25 

N/A 

PDC_16_B10

0OX1_pretest 
2 73.31 5 5 200 12.5 

N/A 

PDC_17_B10

0OX1_pretest 
2 146.61 10 10 400 25 

N/A 
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It should be noted that B0 test fuel samples were not analyzed and only 

biodiesel-based samples were analyzed for FAMEs.  It also should be noted that for 

two instances—PDC_12 and PDC_13 as well as PDC_14 and PDC_15—pre-fuel 

samples were accidentally combined with post-fuel samples of the prior test, but the 

same fuel blend.  The extent of the effect of compositional changes on the original 

FAME profile resulting from returned fuel could be significant and impact results of 

the original fuel composition.  However, some post-test mixed pre-samples were the 

only ones saved for analysis and therefore had to be used. 

The fuels were prepared and analyzed on multiple different days, specifically 

November 18, 2019 and November 22, 2019 (i.e. “Round 1” and “Round 2”).  Round 3 

was performed on 9/21/2020, Round 4 on 9/22/2020, and lastly Round 5 on 9/23/2020.  

This was only because the amount of time the method takes to run a sample is just 

under 40 minutes, and samples could not be left out in room temperature for longer 

than needed with pierced autosampler septa, as solvent evaporation may occur which 

would change solution concentration by increasing FAME concentration.  Samples 

were analyzed in triplicate for Rounds 1 and 2 and duplicate for Rounds 3, 4, and 5, 

with blanks and calibration standards put into the sequence as a quality control 

measures.  A DCM blank and calibration standard was analyzed between every 

triplicate measurement of a PDC fuel test sample, with the calibration standards 

altering every other time from the 40ppm CAL STD to the 80ppm CAL STD.  

Sequences started and ended with a blank and both the 40ppm and 80ppm calibration 

standards.  Tables 17 and 18 show Round 1 and Round 2 testing, respectively, with 
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sample type, name, description, and corresponding data analysis file names.  Rounds 3-

5 were prepared using the same set of pre-test fuel samples, just at different total 

FAME concentrations.  Rounds 3-5 were still analyzed in the same order as Rounds 1 

& 2, only in duplicate rather than triplicate fuel sample measurement. 
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Table 17: GCMS fuel analysis sequence sample information for the Round 1 samples. 

Sample 

Type 
Sample  Name Sample Description File Name 

Blank DCM  BLANK blank 11181903 

Sample 
40ppm CAL 

STANDARD 
made on 10/04/19 11181904 

Sample B100 Neat 
PDC_07_B100_28JUL2017_1_NA_TOP_PRETEST_#6

45 
11181905 

Sample B100 Neat 
PDC_07_B100_28JUL2017_1_NA_TOP_PRETEST_#6

45 
11181906 

Sample B100 Neat 
PDC_07_B100_28JUL2017_1_NA_TOP_PRETEST_#6

45 
11181907 

Blank DCM BLANK blank 11181908 

Sample B100 Neat 
PDC_08_B100_28JUL2017_2_NA_TOP_PRETEST_#6

47 
11181909 

Sample B100 Neat 
PDC_08_B100_28JUL2017_2_NA_TOP_PRETEST_#6

47 
11181910 

Sample B100 Neat 
PDC_08_B100_28JUL2017_2_NA_TOP_PRETEST_#6

47 
11181911 

Blank DCM BLANK blank 11181912 

Sample 
80ppm CAL 

STANDARD 
made on 10/04/19 11181913 

Blank DCM BLANK blank 11181914 

Sample B100 NEAT PDC_20_B100NEAT_MIDDLE_PRETEST_#680 11181915 

Sample B100 NEAT PDC_20_B100NEAT_MIDDLE_PRETEST_#680 11181916 

Sample B100 NEAT PDC_20_B100NEAT_MIDDLE_PRETEST_#680 11181917 

Blank DCM BLANK blank 11181918 

Sample B100 OX3 PDC_18_B100OX3_PRETEST_#684 11181919 

Sample B100 OX3 PDC_18_B100OX3_PRETEST_#684 11181920 

Sample B100 OX3 PDC_18_B100OX3_PRETEST_#684 11181921 

Blank DCM BLANK blank 11181922 

Sample 
40ppm CAL 

STANDARD 
made on 10/04/19 11181923 

Blank DCM BLANK blank 11181924 

Sample B100 OX3 PDC_19_B100OX3_PRETEST_#682 11181925 

Sample B100 OX3 PDC_19_B100OX3_PRETEST_#682 11181926 

Sample B100 OX3 PDC_19_B100OX3_PRETEST_#682 11181927 

Blank DCM BLANK blank 11181928 

Sample B100 OX1 PDC_16_B100OX1_PRETEST_#689 11181929 

Sample B100 OX1 PDC_16_B100OX1_PRETEST_#689 11181930 

Sample B100 OX1 PDC_16_B100OX1_PRETEST_#689 11181931 

Blank DCM BLANK blank 11181932 

Sample 
80ppm CAL 

STANDARD 
made on 10/04/19 11181933 

Blank DCM BLANK blank 11181934 

Sample B100 OX1 PDC_17_B100OX1_PRETEST_#686 11181935 

Sample B100 OX1 PDC_17_B100OX1_PRETEST_#686 11181936 

Sample B100 OX1 PDC_17_B100OX1_PRETEST_#686 11181937 

Blank DCM BLANK blank 11181938 

Sample 
40ppm CAL 

STANDARD 
made on 10/04/19 11181939 

Sample 
80ppm CAL 

STANDARD 
made on 10/04/19 11181940 
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It should be noted that the end of Round 1, the GCMS autosampler encountered 

an error where it was not able to grab PDC_17_B100OX1, resulting in a sequence halt.  

Despite it being essentially a replicate to the B100 OX1 fuel type, there was no choice 

but to add it to the beginning of Round 2’s sequence.  Therefore PDC_17 was analyzed 

in Round 2 instead of Round 1.  PDC_17_B100OX1_PRETEST_#686 (file numbers 

11181935-11181937) was placed at the beginning of Round 2’s initially planned 

sequence.  Ideally, it was intended that these fuel types be analyzed in the same day to 

avoid any potential influence on the quantitation results from analysis on separate days.  

Table 18 shows the sequence that ran for Round 2, without the addition of PDC_17 

from the autosampler vial grab error.   
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Table 18: GCMS fuel analysis sample information for the Round 2 samples. 

Sample 

Type 
Sample  Name Sample Description File Name 

Blank DCM  BLANK blank 11221901 

Sample 
40ppm CAL 

STANDARD 
made on 10/04/19 11221902 

Sample B20 Neat 
PDC_09_B20_03AUG2017_1_NA_TOP_PRETEST_C

AP#649 
11221903 

Sample B20 Neat 
PDC_09_B20_03AUG2017_1_NA_TOP_PRETEST_C

AP#649 
11221904 

Sample B20 Neaet 
PDC_09_B20_03AUG2017_1_NA_TOP_PRETEST_C

AP#649 
11221905 

Blank DCM BLANK blank 11221906 

Sample B20 Neat PDC_11_B20_12MAR2018_1_NA_CAP#650 11221907 

Sample B20 Neat PDC_11_B20_12MAR2018_1_NA_CAP#650 11221908 

Sample B20 Neat PDC_11_B20_12MAR2018_1_NA_CAP#650 11221909 

Blank DCM BLANK blank 11221910 

Sample 
80ppm CAL 

STANDARD 
made on 10/04/19 11221911 

Blank DCM BLANK blank 11221912 

Sample B20 Neat 
PDC_12POST_and_PDC13pre_B20_MIDDLE_CAP#69

5 
11221913 

Sample B20 Neat 
PDC_12POST_and_PDC13pre_B20_MIDDLE_CAP#69

5 
11221914 

Sample B20 Neat 
PDC_12POST_and_PDC13pre_B20_MIDDLE_CAP#69

5 
11221915 

Blank DCM BLANK blank 11221916 

Sample B20 OX2 PDC_21_B20_OX2_PRETEST_#677 11221917 

Sample B20 OX2 PDC_21_B20_OX2_PRETEST_#677 11221918 

Sample B20 OX2 PDC_21_B20_OX2_PRETEST_#677 11221919 

Blank DCM BLANK blank 11221920 

Sample 
40ppm CAL 

STANDARD 
made on 10/04/19 11221921 

Blank DCM BLANK blank 11221922 

Sample B20 OX1 PDC_14_B20OX1_MIDDLE_PRETEST_#694 11221923 

Sample B20 OX1 PDC_14_B20OX1_MIDDLE_PRETEST_#694 11221924 

Sample B20 OX1 PDC_14_B20OX1_MIDDLE_PRETEST_#694 11221925 

Blank DCM BLANK blank 11221926 

Sample B20 OX1 
PDC_15PREand 

PDC_14POST_B20_OX1_MIDDLE_#693 
11221927 

Sample B20 OX1 
PDC_15PREand 

PDC_14POST_B20_OX1_MIDDLE_#693 
11221928 

Sample B20 OX1 
PDC_15PREand 

PDC_14POST_B20_OX1_MIDDLE_#693 
11221929 

Sample 
40ppm CAL 

STANDARD 
made on 10/04/19 11221930 

Sample 
80ppm CAL 

STANDARD 
made on 10/04/19 11221931 
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3.6.8 Data Analysis: GCMS Fuel Samples 

Similar to the data analysis section for the calibration curves (see Section 3.6.6), 

once a sample was analyzed by GCMS and has fully been analyzed by the quantitation 

methods described in Section 3.6.4, a response value was obtained and then used with 

the individual FAME calibration curve equations to yield the concentration of the 

individual FAME in the unknown fuel sample.  These concentrations can be used to 

compare the individual or total FAMEs in a specific fuel sample to other samples.  

These comparisons were performed for the B100 neat and oxidized samples (B100 

OX1 and B100 OX3), as well as the B20 neat and oxidized samples (B20 OX1 and B20 

OX2).  With all the response values generated for the individual FAMEs in the 

analyzed fuel samples, concentrations were computed after exporting the raw MSD 

“response” results from Chemstation Data Analysis software.  Averages, standard 

deviations, relative standard deviations, and RSD were computed.  Table 19 shows the 

number of samples analyzed by GCMS for each fuel type and PDC test, including 

number of replicates per sample and QA/QC sample frequency details.  Similarly, 

Table 20 displays the same set of information for Rounds 3-5 which analyzed the 

samples in duplicate, being the main difference between the two GCMS sequences. 
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Table 19: GCMS sample information summary, including QA/QC samples and blanks 

For Rounds 1 and 2. 

Fuel 

Sample 

Type 

Analysis 

Order 

(1= 

first) 

Total 

# 

PDC 

Tests 

per 

Fuel 

Type 

Total # GCMS 

Measurements 

(n= ?) 

Total 

# 

GCMS 

Runs 

per 

Fuel 

Type 

Total 

Number of 

Runs 

WITHOUT 

QA/QC 

Samples 

Total 

Number 

of Runs 

Including 

QA/QC 

Samples 

B100 

Neat 
1 3 3 9 

39 69 

B100 

OX3 
2 2 3 6 

B100 

OX2 
0 0 0 0 

B100 

OX1 
3 2 3 6 

B20 

Neat 
4 3 3 9 

B20 

OX2 
5 1 3 3 

B20 

OX1 
6 2 3 6 

B0 0 0 0 0 

40ppm 

CAL 

STD 

n/a n/a 6 
Total # QA/QC 

samples 
30 

80ppm 

CAL 

STD 

n/a n/a 5 

 

DCM 

BLANK 
n/a n/a 19 
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Table 20: GCMS sample information summary, including QA/QC samples and blanks for 

Rounds 3-5. 

Fuel 

Sample 

Type 

Analysis 

Order 

(1= 

first) 

Total 

# 

PDC 

Tests 

per 

Fuel 

Type 

Total # GCMS 

Measurements 

(n= ?) 

Total 

# 

GCMS 

Runs 

per 

Fuel 

Type 

Total 

Number of 

Runs 

WITHOUT 

QA/QC 

Samples 

Total 

Number 

of Runs 

Including 

QA/QC 

Samples 

B100 

Neat 
1 3 2 6 

26 68 

B100 

OX3 
2 2 2 4 

B100 

OX2 
0 0 0 0 

B100 

OX1 
3 2 2 4 

B20 

Neat 
4 3 2 6 

B20 

OX2 
5 1 2 2 

B20 

OX1 
6 2 2 4 

B0 0 0 0 0 

40ppm 

CAL 

STD 

n/a n/a 6 
Total # QA/QC 

samples 
42 

80ppm 

CAL 

STD 

n/a n/a 5 

 

DCM 

BLANK 
n/a n/a 31 
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3.6.9 GCMS Fuel Samples Quality Control and Assurance Parameters 

As previously seen in Tables 19 and 20, blank samples and calibration standards 

were placed throughout the entirety of the calibration curve and fuel run GCMS 

sequences for Round 1 through Round 5.  Blank sample runs ensured that there would 

be minimal chance of sample carryover.  Calibration standard solutions (i.e. the 40ppm 

and 80ppm standard solutions) were used as “check samples” to confirm instrument 

calibration had not changed significantly.  The reanalysis of the calibration standards 

throughout the duration of the fuel analysis (11/18/2019 to 11/22/2020) helped notice 

any instrument drift, bringing possible errors to the analyst’s attention during 

quantification of FAMEs in the biodiesel fuel samples.  Because there were two 

different days of analysis, this was an added quality control step to help reproduce 

results as accurate and precise as possible that could be combined for comprehensive 

data analysis.   

In addition to quality control measures, there were quality assurance measures 

implemented into the data analysis processing.  To ensure that concentrations of fuel 

samples were accurately quantified after exporting raw GCMS response values from 

Chemstation software, two different quality assurance conditions were set for the fuel 

sample concentrations obtained by GCMS analysis.  The first condition is that the 

individual FAME concentrations must be above their corresponding method detection 

limit concentration, and the second is that reported concentrations must be within range 

of the individual FAMEs calibration curve concentration range.  It should be noted that 

without computing MDLs for each analyte, it was impossible to know if the individual 
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FAME concentrations were truly what they were, or if there was signal interference 

from instrument noise that was being factored into the quantification of the FAME 

concentrations of the fuel samples.   

Method detection limits granted the ability to distinguish FAME concentrations 

(with statistical confidence) from instrument noise when the compound concentrations 

are computed.  The method detection limit (MDL) is the lowest concentration of an 

analyte that can be measured and is distinguishable from method blank samples at a 

99% confidence interval.  MDL concentrations are reported for an individual FAME 

using the average DCM blank value plus three times the standard deviation of “n” 

replicate blank samples.  The method detection limit concentration (MDL) for each of 

the individual FAMEs analyze on the 6890N/5973 GCMS were determined using 

Equation 4 from USEPA Method Detection Limit Procedure (Revision 2) from Title 40 

in the Code of Federal Regulations,  Part 136, Appendix B[46]: 

 

𝑴𝑫𝑳 (
𝑛𝑔

µ𝐿
) = (

𝐴𝑣𝑒𝑟𝑎𝑔𝑒
𝐹𝐴𝑀𝐸

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
𝑖𝑛 𝐵𝐿𝐴𝑁𝐾𝑠

) + (3 ∗  𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝐵𝑙𝑎𝑛𝑘)  (Eq 4) 

 

For individual FAMEs, the MDL equation (in concentration units of nanograms 

“ng” per microliter “µL”) used the average concentration found in blank samples plus 

three times the standard deviation (S) of the blank runs for that individual FAME.  A 

total of 17 blanks were analyzed between Round 1 (n=9) and Round 2 (n=8) analyses, 

and it was first necessary to determine if the average blank concentrations for each 
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individual FAME were equal on both analysis days prior to continuing MDL 

computations.  Two-tailed t-tests were conducted for each FAME to determine if the 

average blank concentration for Round 1 (µ1) was equal to the average blank 

concentration for Round 2 (µ2) assuming data falls under a normal distribution.  This 

was the null hypothesis (Ho), with the alternative hypothesis trying to prove that the 

means are unequal (µ1 ≠ µ2) between both analysis days.  Averages, standard 

deviations, and variances (standard deviation squared) were calculated and used in 

Equation 5 to compute t-values for each FAME. 

 

𝒕 − 𝒗𝒂𝒍𝒖𝒆 = √
𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑉𝑎𝑙𝑢𝑒 (𝜇1−𝜇2)

(
𝑆1

2

𝑛1
 + 

𝑆2
2

𝑛2
)

     (Eq. 5) 

 

The t-value took the absolute value of the difference in average concentrations for 

sample population n1 (i.e. Round 1) and sample population n2 (i.e. Round 2) and 

divided that entire quantity by the square root of the sum of the variances of each of the 

corresponding sample populations.  Variances were computed by squaring the standard 

deviation of each population (S1 and S2 for Round 1 and Round 2, respectively).  For 

each individual FAME, the student t-value was compared to the critical t-value at a 

99% confidence interval for a two-tailed test.  Using Equation 6, the degrees of 

freedom (Df) for both days was 15 using the Round 1 (n1) and Round 2 (n2) population 

sample sizes.  At Df=15, the corresponding critical t-value was 2.95.  If the student t-

value is greater than the critical t-value, the null hypothesis would be rejected.   
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𝑫𝒆𝒈𝒓𝒆𝒆𝒔 𝒐𝒇𝑭𝒓𝒆𝒆𝒅𝒐𝒎  (𝑫𝒇) =  𝑛1 +  𝑛2 − 2   (Eq. 6) 

 

The only case where this occurred was for the C18:1 cis-9 compound. Although 

means are identical between Round 1and Round 2, they are statistically different 

between both days.  Because this was the only compound where this occurred, when 

blank-correcting the concentration data, blank values from Round 1 were applied to 

Round 1 concentration results only and Round 2 blank values were applied to Round 2 

concentrations for this specific FAME.  Table 21 displays the average FAME 

concentration in the blank samples for each round, with corresponding student t-values 

and t-critical values listed and whether the null hypothesis was accepted. 

Table 21: Average blank concentrations and calculated student t-values for each 

individual FAME used in paired t-test.  Critical t-values are also displayed at the 99% CI. 

FAME C14:0 C16:0 C18:0 

C18:1 

trans-

9 

C18:1 

cis-9 

C18:2 

trans-

9,12 

C18:2 

cis-9,12 
C20:0 

C18:3 

n3 
C22:0 

Round 

1 

AVG 

Blank 

Conc. 

[ppm] 

0.191 0.628 0.959 0.617 2.97 0.44 2.66 0.350 1.35 0.678 

Round 

2 

AVG 

Blank 

Conc. 

[ppm] 

0.191 0.628 0.959 0.617 2.97 0.44 2.66 0.350 1.35 0.678 

t-val 0 1.06 1.07 1.90 3.11 1.75 0.02 0.52 1.07 1.07 

t-crit 2.95 2.95 2.95 2.95 2.95 2.95 2.95 2.95 2.95 2.95 

Accept 

Ho? 
YES YES YES YES NO YES YES YES YES YES 
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Because average blank concentrations for each individual FAME was statistically 

equal between both days, an MDL was finally able to be computed for each FAME 

using Equation 4 and the combined Round 1 and Round 2 average blank 

concentrations.  Concentrations of individual FAMEs in the fuel samples would then be 

blank corrected by subtracting the average concentration of that individual FAME 

found in blank samples.  Blank-corrected fuel sample concentrations would then be 

compared to the MDL of each respective FAME to make sure reported values are not 

below the MDL unique to that FAME compound.  That ensured reported 

concentrations are not falsely reported by incorporating any integration of the 

instrument signal noise.  Table 22 displays the MDL concentrations (in ng/µL) for 

individual FAMEs, using combined blank data from Round 1 and Round 2 after having 

showed equal concentrations of FAMEs within blank samples for all analytes.  It 

should be noted that these MDL concentrations generated from Round 1 and Round 2 

also apply to Rounds 3, 4, and 5 as well due to the fact that the calibration standard 

solutions were identical, and no method changes were made between the analysis of 

Rounds 1&2 and Rounds 3-5. 
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Table 22:  MDL concentrations (ng/µL) for individual FAMEs for the employed GCMS 

method.  Round 1 and Round 2 combined average blank values and standard deviations are also 

shown.  These concentrations also apply to Rounds 3-5. 

Compound Avg Blank 

Concentration 

(Day 1 & Day 2) 

Standard 

Deviation 

(both days) 

MDL 

(ng/µL) 

used for 

ROUNDS 

1-5 

Minimum 

Concentration 

Allowed by 

Calibration 

Curve 

C14:0 0.191 5.55E-17 0.191 0.8 

C16:0 0.628 7.17E-05 0.628 2.0 

C18:0 0.959 8.03E-05 0.959 1.2 

C18:1 cis-9 2.97 2.12E-03 2.975 5.02 

C18:1 trans-9 0.617 2.94E-04 0.618 2.0 

C18:2 trans-9,12 0.440 1.37E-03 0.444 0.4 

C18:2 cis-9,12 2.66 1.08E-03 2.667 6.76 

C20:0 0.351 8.72E-04 0.353 0.4 

C18:3n3 1.347 3.27E-04 1.348 1.0 

C22:0 0.678 5.06E-04 0.680 0.4 

 

By computing individual FAME MDLs, the 20ppm calibration standard 

concentration data for individual FAMEs was compared to these MDL values and 

showed three compounds with concentrations that are below the MDL of that specific 

FAME at this calibration standard level.  These compounds were C18:2 trans-9,12, 

C18:3n3, and C22:0.  This meant these three FAMEs in fuel samples could not be 

reliably distinguished from instrument noise with any statistical confidence at 

concentrations at or below the individual FAME concentrations present in the 20ppm 

standard (see Table 12, column “CAL1”= 0.4, 1.0, and 0.4ppm, respectively), most 

likely due to high instrument noise present only during Rounds 1 and 2.  This could be 
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problematic when quantifying individual FAME concentrations from fuel samples that 

are diluted to these concentration levels and points to the need for difference analysis 

Rounds used in this study.  FAME concentration data in fuel samples was also 

compared to the minimum and maximum concentration levels set by the calibration 

curve range.  If both of these criteria were satisfied (above MDL concentration and 

within calibration curve limits), the concentration data was included in the computation 

for average FAME concentration using combined blank-corrected concentration results 

from all Rounds 1-5, after correcting the data with each Round’s respective dilution 

factor previously mentioned in Section 3.6.7.  The GCMS results discussed in Chapter 

4 describe how well individual FAME concentration data adhered to the QA/QC 

criteria for B100 and B20 neat and oxidized fuel samples.  
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CHAPTER 4: DATA ANALYSIS RESULTS & INTERPRETATION 

 

 4.1 Fuel Sample Characteristics: Overview 

 One of the initial tests performed on the fuel obtained from White Mountain 

Biodiesel (B100, n=2) and the B0 (n=2) from Maplefields was an analysis of the fuel 

characteristics on the IROX-D, a mid-range FTIR instrument (Grabner Instruments).  A 

sub-sample of pure B20 biodiesel (n=1) was also analyzed on the IROX-D for it sample 

properties after it had been prepared by splash blending pureB100 biodiesel into pure 

diesel fuel (B0) at 20% v/v.  Similarly, the oxidized B100 biodiesel samples (n=1 for 

each) were also analyzed on the IROX-D, after undergoing their respective oxidation 

lengths (5, 10, and 20 hours) at 110oC, to determine specific oxidized fuel 

characteristics and properties.  Table 23 displays results of the fuel characteristics for 

each fuel type which includes density (via built-in oscillating U-tube density meter), 

biodiesel blend percentage (BXX %), the temperature of the sample at the time of 

analysis, total aromatics, and cetane number.  The averages are displayed for B100 neat 

and B0 values as they were the only fuel samples analyzed more than once due to fuel 

sample volume requirements for emissions testing.  Table 24 reports standard 

deviations and relative standard deviations for the B0 and B100 replicates. 
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Table 23: Fuel sample IROX-D characteristics for all fuel samples used in emissions testing.  

Fuel Type 
Expected 

BXX% 

Avg. 

Density 

(g/mL) 

Avg. 

BXX 

% * 

Avg. 

Cetane 

# 

Avg. 

Sample 

Temp 

(oC) 

Avg. 

Total 

Aromatics 

(%) 

n= # of 

Samples 

in 

Average 

(n  

B0 0.0 0.83 0.05 43.20 26.00 23.90 2 

B20 NEAT 20.0 0.85 19.70 59.00 26.60 22.60 1 

B100 NEAT 100.0 0.71 80.32 66.78 25.65 7.68 2 

B100OX1 100.0 0.72 105.2 71.70 26.10 8.40 1 

B100OX2 100.0 0.72 89.2 67.50 25.60 7.80 1 

B100OX3 100.0 0.72 100.8 70.10 25.20 10.40 1 

*Raw values for B100 only were multiplied by dilution factor (4) to give true BXX% for B100.  They do 

not total 100% in all B100 cases due to possible errors in the dilution procedure required for analysis. 

 

Table 24: Standard deviation and RSD between B0 replicates and B100 replicate samples. 

Parameter 

B100 Neat (n=2) B0 (n=2) 

Std. 

Dev. 

RSD 

(%) 

Std. 

Dev. 

RSD 

(%) 

Density 

(g/mL) 
0.01 1.41 0.02 1.82 

BXX % 3.12 15.19 0.05 100.00 

Cetane # 2.23 3.33 0.20 0.46 

Sample 

Temp (oC) 
0.25 0.97 0.20 0.77 

Total 

Aromatics 

(%) 

1.23 15.96 1.00 4.18 
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4.1.1 Density Measurements 

The first parameter to be discussed is the density of the six different fuel types: 

B0 neat, B20 neat, B100 neat, and the three oxidized B100 fuel states—B100 OX1 

(20hrs), B100 OX2 (10hrs), B100 OX3 (5hrs).  Sample temperature was between 25.2-

26.1oC throughout the analysis.  There is a major difference between the density of the 

biodiesel obtained for this study and the values generally reported in literature and by 

the National Biodiesel Board (NBB).  In this case, the B100 neat and all the B100 

oxidized fuel samples had a lower density than the B0 and B20 neat fuel samples.  This 

may be due to the feedstock of the B100 biodiesel being waste vegetable oil, which has 

already been heated during cooking processes and potentially affecting starting density 

before being refined and turned into a liquid transportation fuel by White Mountain 

Biodiesel.  The only density samples that agree with a range of values in reported 

literature are the B0 and B20 neat samples. [25,43]  Neat B0 and neat B20 from varying 

feedstocks do have densities around the low to mid-range of 0.8-0.9 g/mL, more 

specifically 0.82-0.86 g/mL range but pure biodiesel fuel is in the 0.87-0.89 g/mL range 

[25,43] and the results shown here are much lower, ranging from 0.709 to 0.723 g/mL.  

All fuel density values are plotted and displayed in Figure 10.  Assuming no IROX-D 

instrumental error and minimal procedural error during the fuel analysis dilution 

process, there are limited explanations for the biodiesel density results.  One possibility 

is that WMBD makes sure that there is the most optimal conversion of mono-,di-, and 

triglycerides into FAMEs, which may reduce the density as more bound and free 
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glycerin is removed from the fuel due to this added QA/QC conversion step in their 

production process. 

 

Figure 10: Fuel Density (g/mL) for each fuel sample type measured by FTIR using the IROX-D. 

 

Another important detail to note is the lack of effect that thermally oxidizing 

biodiesel has on the overall density of the fuel.  Although all the B100 density values 

are different from literature in absolute magnitude, the B100 neat and B100 oxidized 

fuel samples can still be compared on a relative scale.  Figure 10 shows that there is a 

slight increase (1.97% overall increase from B100 neat to B100 OX1 relative to the 

neat fuel) in density with increased hours spent under thermal oxidation conditions.  As 

biodiesel is oxidized, a variety of different byproducts are formed throughout the 

biodiesel oxidation process, and it was intended that this experiment captured different 

“snapshots” throughout the three phases of biodiesel oxidation.  These phases include 
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consumption of the Bioextend30 antioxidant (essentially the neat fuel), formation of 

hydroperoxides and other primary oxidation products (with simultaneous decrease in 

unsaturated FAME concentration, i.e. OX3), and the formation of secondary oxidation 

product formation such as polymers (i.e. OX2 and OX1).   

There simply could have not been much of a change between the oxidized fuels 

and neat B100 fuels for two reasons.  First is that 5 hours of accelerated oxidation (i.e., 

B100 OX3) might already be enough oxidation to where anything past this point shows 

no to little change in composition between oxidation states OX1- OX3.  For example, 

20 hours spent under accelerated oxidation conditions may be very similar to the 

chemical composition of the 10 hour, and these specific “snapshots” in chemical 

composition of the fuel may not be able to distinguish distinct or significant changes 

due to it already being too far along the in the oxidation process.  Five hours of 

accelerated oxidation may already be too far into the oxidation process, having 

overlooked the greater compositional changes that occurred as oxidation was initially 

progressing.   

The second reason for the overall approximate 2% increase in fuel density from 

B100 neat to B100 OX1 (20hrs) is that the instrument being used does not have the 

proper resolution to distinguish potential differences in the oxidized fuels.  Essentially, 

concentration of FAMEs as the fuel is oxidized does not change significantly enough to 

show large enough differences as oxidation time increases.  The resolution of the 

IROX-D is 5cm-1 and is may does not have the necessary resolution for these small 

changes to be noticed and identified.  Nor is the instrument built to identify oxidation 
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products, giving no advantages for detecting differences between neat and oxidized 

fuels using the IROX-D. 

 

4.1.1a Volume of Fuel Consumed 

After emissions tests were performed and the total amount of fuel consumed 

was known from taking the difference between the recorded pre- and post-test fuel tank 

weight, gallons of fuel consumed could be computed using the density given from these 

IROX analysis results.  This was an important aspect to investigate within the 

emissions studies as to how oxidized biodiesel affects the combustion and ultimately 

fuel consumption for B100 and B20 blended biodiesel transportation fuel.  It is worth 

noticing this now as density conversions were necessary for fuel volume consumption 

calculations.  B100 neat (n=2) fuel had the lowest consumption (2.691 gallons, standard 

deviation= 0.50), while B100 OX1 (n=1) and B100 OX3 (n=1) were 2.396 gal and 

2.978 gal, respectively.  There appears to be no trend in fuel consumption with increase 

in oxidation time, most likely due to only a slight change in density (approximately 2% 

from B100 neat to B100 OX1) because the mass of fuel sprayed by the injectors into 

the engine combustion cylinders to achieve the target power output would not have 

changed significantly, resulting in no observed change in fuel consumption as oxidation 

time increases for B100 biodiesel fuel samples. 
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4.1.2 Biodiesel BXX %  

 The next parameter is biodiesel blend percentage (BXX%).  It should be noted 

that the BXX% for the samples did not exactly total 100% in all cases (see Table 25 

below for B100 results only).  This can be attributed to error in technique during 

sample preparation.  It is up to the analyst to prepare 15mL of sample by having diluted 

the B100 samples in a 1:4 ratio with the solvent n-hexanes so that the instrument can 

produce a value within its 0-30% (v/v) range of detection.  The IROX-D does not 

compute a biodiesel blend percentage higher than 30.0%, which is why the dilution step 

is a requirement when analyzing the fuel samples.  Although volumetric pipets were 

used to handle all volumes of fuel for dilution steps, this is an identifiable potential 

source of error.  For instance, using a multiplicative factor of four, total BXX% is as 

follows for the B100 samples: 

 

Table 25: True biodiesel content (% v/v) for B100 neat and B100 oxidized fuel samples. 

 

Fuel Type 

Avg. Dilution-

Corrected 

BXX% 

B100 NEAT 82.30 

B100 OX1 105.20 

B100 OX2 89.20 

B100 OX3 100.8 

 

It can be noted that the measured B0 and B20 neat fuels, on the other hand, have 

minimal error from their absolute true values (0% v/v and 20% v/v respectively), with 

BXX% results from Table 24 showing 0.05% for B0 (n=2) and 19.70% for B20 neat 



94 

 

(n=1).  It should be noted that the RSD value for B0 was 100%, however the two values 

measured were well under 1.00% and close to instrument detection limits, explaining 

the high relative standard deviation.  Although numbers are slightly off from the 

absolute true values, this could also in fact be their true values, as trace biodiesel could 

contaminate gas station pumps if it has ever been in a diesel supply blend unknowingly 

over its course of fuel sales.  Additionally, some biodiesel sold at retail stations 

contains either over or under the actual biodiesel blend percentage displayed on signage 

at the pump.  For example, prior studies showed analyzed biodiesel collected from all 

over the United States did not contain the pump label volume % of blended 

biodiesel.[4,5,6,7]   Similarly, some B0 findings indicated biodiesel contamination which 

is similar to these results.  It is apparent that it is difficult to maintain the proper level of 

biodiesel continuously throughout the life span for a retailer selling this fuel, and true 

biodiesel content varies more than initially thought. 

 

4.1.3 Total Aromatics  

The IROX-D will sum estimated concentrations 14 individual aromatic 

compounds to yield the value displayed for % total aromatics.  The individual 

compounds are: benzene, toluene, o-Xylene, p-Xylene, m-Xylene, ethyl benzene, 

propyl benzene, 2-ethyl toluene, 3-ethyl toluene, 4-ethyl toluene, mesitylene, 

pseudocumene, isodurene, and naphthalene.[45] There is not much of a difference in 

total aromatics between the biodiesel fuel samples and no trend is displayed between 

the B100 neat and B100 OX1, OX2, and OX3 states regarding any potential increase or 
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decrease of aromatic content as oxidation time increases.  This may be attributed to the 

chemistry behind the oxidation process of biodiesel, where aromatic compounds are not 

formed as a result of the degradation of individual FAME compounds as the fuel 

oxidizes.  Still, it is important to report these values seen previously in Table 23.  It 

should be noted that, as expected, B0 and the B20 blend has a much higher total 

aromatic percent concentration compared to B100 neat and B100 oxidized fuels.  This 

makes logical sense as there is less of the diesel component which is the main 

contributor of aromatic compounds because biodiesel does not contain this specific 

group of compounds. 

 

4.1.4 Cetane Number and Oxidation Time 

The other fuel property to describe is cetane number.  Cetane number indicates 

how susceptible diesel fuel is to self-igniting relative to the compound cetane that is 

used as a standard for reference.  Diesel fuel with a high cetane number has better 

ignition properties.  Cetane number is determined by ASTM test method D613 and is 

similar to how gasoline is rated with an octane number where the higher the number, 

the better ignition properties the fuel possesses.  Although originally developed for 

diesel fuel, ASTMD613 was adopted to be used on B100 biodiesel and blend 

percentages from B06%-B20%.  Figure 11 shows the IROX-D cetane number data for 

all measured fuel samples.  
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Figure 11: Cetane number for each fuel sample type as determined by IROX-D. 

 

When comparing cetane values to other values obtained in the literature, it can 

be noted that the WMBD fuels do fall within similar ranges of reported values seen in 

literature.[37,38,43]   For instance, the cetane number should show a higher value for 

biodiesel as it has higher oxygen content and can more easily combust than diesel fuel.  

Figure 11 above (also numerically shown in Table 23) shows that diesel has a cetane 

number of 43.2 while the neat, oxidized, and blended biodiesel all have higher cetane 

numbers ranging from 59.0 to 71.7. [37,38,43]  
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4.2 Induction Period Quantification 

 

4.2.1 BOSS Instrument Validation Results Using Iowa Samples 

The Biodiesel Oxidation Stability Surveyor (BOSS) was able to successfully 

produce accurate, repeatable induction period results following specifications in 

method EN15751[35]  This was achieved by verification of instrument accuracy and 

repeatability having used a set of B100 neat biodiesel fuel samples generously donated 

by Rhonda Jones from Iowa Central Fuels Testing Laboratory.  As previously 

explained in Sections 3.3.2a&b, four samples were analyzed at their facility using a 

commercial Rancimat device with the same method of analysis for oxidative stability 

used with the BOSS (EN15751) and sent over to the TAQ lab to be analyzed on the 

BOSS for accuracy comparison against the instrument the method specifically indicates 

(i.e., the Rancimat).  Table 26 shows the results obtained using each instrument, as well 

as the mean, standard deviation, relative standard deviation, and RSD for each sample 

analyzed on the BOSS apparatus. 
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Table 26: BOSS test validation samples compared to RANCIMAT values from Iowa Central 

Fuels Testing Laboratory. *Not tested by Iowa Central Fuels Laboratory 

 

Sample 

ID 

 

Number of 

Tests (n) 

Conducted 

on the 

BOSS 

 

Oxidative 

Stability 

Analysis 

Method 

 

 

Known 

Induction 

Period 

(hours) 

using 

RANCIMAT 

 

Average 

Induction 

Period 

(hours) 

using 

BOSS 

 

 

Std. 

Dev. 

 

RSD 

(%) 

 

% 

ERROR 

from 

BOSS 

analysis 

UVM 

Sample 

#1 

 

n=2 

EN15751 6.62 5.68 0.06 1.06 7.92 

 

UVM 

Sample 

#2 

n=3 EN15751 7.89 6.09 0.77 12.70 22.77 

UVM 

Sample 

#4 

n=2 EN15751 8.4 4.16 0.50 12.02 50.48 

UVM 

Sample 

#5 

n=3 EN15751 9.6 6.09 0.77 12.66 36.51 

WMBD 

B100 * 

n=4 EN15751 N/A 6.03 1.33 22.03 N/A 

 

Table 26 indicates good general repeatability among all samples with a resulting 

IP values close to their true value when measured by a commercially produced 

Rancimat instrument using identical oxidation stability methods (EN15751).  Induction 

periods were similar with RSD being less than 22% in all cases but the UVM Sample 

#4, which was deemed an outlier and removed due to complications in reproducibility.  

The Sample #4 RSD is 12.02%, with a 50.48 %error from the true value.  The BOSS 

result for this one sample is inherently flawed in some fundamental way.  Despite 
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checking all connections for air leaks, establishing proper flow rate, and identical depth 

placement of the conductivity meter and tubing where the purified air exits into the 

sample volume before every BOSS test, there must have either been a leak in the 

system plumbing after the flow meter, or some issues with the conductivity readings 

generated by the submersed probe during Sample #4 testing.  It is odd that White 

Mountain Biodiesel did not report an oxidative stability test value for the given B100 

fuel in its certificate of analysis (CoA), and it should be remembered that the fuel failed 

the acid value requirement, resulting in 0.52 mg KOH/g sample when the maximum 

limit is 0.50 mg KOH/g of sample.   

More error could come from sample transportation and sample storage.  

Biodiesel already has storage stability issues, hence the reason for use of antioxidants, 

so samples were sent on dry ice, wrapped in bubble wrap and contained within small 

glass vials with screw caps.  Light exposure was minimized throughout BOSS testing 

and test samples were completely protected from light leaks prior to analysis.  Samples 

were analyzed as quickly as possible with fellow BOSS developer, Markus Ingelsson, 

keeping in mind that as time goes on the composition of each sample is changing as the 

antioxidant fights oxidation effects from possible contact with oxygen in the headspace 

of the sample vial.  Surface area contact with the samples in addition to potential 

turbulent conditions while shipping could already introduce more air contact and 

contribute to the oxidation progression even before analysis starts, being another 

potential reason for the drastic error in this test.  Therefore, at minimum, duplicate tests 

are performed when conducting a BOSS experiment.  
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Temperature levels were monitored throughout the duration of the experiment, 

with average temperatures of the heating chamber that the sample was in displayed in 

Table 18.  Small changes in temperature can have a significant effect on the induction 

period results, however this cannot explain the high RSD for UVM Sample #4 due to 

the very low standard deviation in temperature of 0.01.  Yet, it should be mentioned 

that Anwar et. al 2003[52] tested the relationship between Rancimat values and varying 

temperatures for several fats and oils.  Their findings show that there is a logarithmic 

relationship between temperature and induction period (measured in hours).  Induction 

period decreases (although at different rates) as the temperature increases from 100oC 

to 160oC.  A 10oC change in temperature was shown to have a 1.991 hour decrease on 

induction period values (0.2hr/Δ1oC)[52]  Table 27 shows the average sample 

temperature taken throughout the duration of each BOSS test, with standard deviation 

and RSD reported.  

Table 27: Average sample temperature, standard deviation, and relative standard deviation for 

each validation test sample. The asterisk * indicates WMBD B100. 

 

 

Sample ID 

 

 

n=? 

 

Average 

Sample 

Temperature 

(oC) 

 

 

Std. 

Dev. 

 

 

RSD 

(%) 

UVM_IOWA1 2 109.94 0.06 0.05 

UVM_IOWA2 3 108.87 1.29 1.18 

UVM_IOWA4 2 109.8 0.01 0.01 

UVM_IOWA5 3 109.74 0.19 0.17 

WMBD 

B100* 

4 109.61 0.88 0.80 
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4.2.2 WMBD B100 Induction Period Quantification using the BOSS 

Induction period (IP) was quantified using the BOSS for the WVO B100 

obtained from White Mountain Biodiesel LLC after confidence was gained from the 

instrument validation process using the Iowa Central Fuels Testing Laboratory samples.  

The average result of quadruplicate measurements (n=4) on the BOSS for the B100 fuel 

obtained for this study from White Mountain Biodiesel (WMBD) is 6.03 hours, with a 

1.33 standard deviation and an RSD of 22.03%.  This meets the ASTM requirement set 

in EN15751 for a minimum induction period of 3.0 hours.  Because there is no 

information on the certificate of analysis for the obtained fuel regarding oxidative 

stability testing, this result has no true value to be compared to and is therefore assumed 

as the official IP of the fuel.  Given the low standard deviation and RSD values this 

value was assumed as the true induction period. Generated MATLAB figures can be 

found in the Appendix B2 after the validation sample figures reported in the previous 

sub-section. 

Although the fuel failed the ASTM acid value limit (only by 0.02mg KOH/g 

sample), the measured IP of the neat B100 fuel passed oxidation stability requirements.  

The formation of acids should indicate that the White Mountain Biodiesel fuel was well 

into its oxidation progression, yet the fuel is still deemed unoxidized by the BOSS IP 

test following EN15751.[35]  This is counterintuitive, as it would be assumed that 

biodiesel fuel would fail the induction period also if the secondary oxidation products 

are measured at levels exceeding ASTM production specifications.  However, this is 
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not the case and brings into question how well the EN15751 oxidation stability test 

related to oxidation stability of biodiesel fuel and the presence of secondary oxidation 

products measured by the Acid Value test.   If acids were present at a concentration that 

is determined to compromise the integrity of the fuel’s original composition, from a 

chemistry standpoint, this indicates the possible presence of secondary oxidation 

products that the fuel is well into its oxidation process and therefore should not pass the 

oxidative stability test requirement.  

 

 

4.3 IP and Oxidation Time for Neat & OX1-OX3 B100 Fuel 

After the induction period for the neat B100 fuel was quantified, sub-samples of 

the large-scale thermally oxidized B100 fuel batches used in emissions testing (i.e. 

B100 OX1, B100 OX2, and B100 OX3) were analyzed on the BOSS.  Results of the 

BOSS tests on the oxidized samples were compared to the original IP value from the 

neat B100 fuel (6.03 hours, n=4 in Table 26) explained in the previous sub-section of 

this report and are now plotted in Figure 12.  Error bars represent one standard 

deviation from the mean value.  Similarly, Table 19 gives the tabulated form of the data 

displayed in Figure 12, as well as more descriptive statistics, such as the standard 

deviation and RSD of the values obtained for each fuel type’s duplicate testing.  The 

MATLAB figures generated for the oxidized fuel states that produced these IP values 

can be found in Appendix C2 after the figures for the instrument validation test results 

and WMBD test result figures.  
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Figure 12: Relationship between induction period (IP) three B100 biodiesel oxidation levels. 

 

It was necessary to quantify the induction period for the already oxidized B100 

fuels that spent 5 hours (OX3), 10 hours (OX2), and 20 hours (OX3) under accelerated 

thermal oxidation conditions to determine the possible IP differences between the 

oxidized B100 fuels.  It should be noted that the only source of air suitable to percolate 

the fuel in the 4L Erlenmeyer flasks (to mimic the BOSS oxidation conditions) was the 

compressed air cylinders present in the TAQ Lab.  The cylinders simply emptied at too 

fast a flow rate that was financially and sustainably feasible to be used for the large 

volumes of fuel needed and used in emissions testing.  The scaled-up flow rate from 

EN15751 was not sustainable for these purposes, so comparisons of the oxidized B100 

fuel to the original IP of the B100 neat fuel (6.03 hours, n=4) must take into account 

there was no air percolated into the large-scale fuel volumes. 
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It can be observed in Figure 12 that there is a clear decreasing trend with 

induction period versus time spent under accelerated conditions.  B100 OX1 had an IP of 

0 hours, and higher values were measured for fuel that experienced shorter thermal 

oxidation conditions.  There is a potential linear relationship making induction period 

dependent on the time spent under accelerated conditions, with an R2 value of 0.9787 fit 

using averages of the replicates BOSS tests for each of the biodiesel oxidation states (as 

well as the neat fuel).  As expected, results indicate that induction period decreased as 

time spent under accelerated thermal conditions increased, in agreement with IP vs time 

trends seen in other literature.[3,12,13,53]  Standard deviations and RSD between neat and 

oxidized test samples was under 25% and helps justify the validity of the results 

displayed in Table 28 below.  The potential implications of this trend could be used to 

predict IP values given a specific time spent under thermally accelerated conditions 

ranging from 0-20 hours, derived from the averaged IP data for each B100 fuel using 

Equation 5: 

 

 𝑰𝑷 (𝒚) = −0.2884 ∗ (𝑡𝑖𝑚𝑒 𝑠𝑝𝑒𝑛𝑡 𝑖𝑛 𝐵𝑂𝑆𝑆) + 5.776  (Eq. 5) 

 

The slope (m) of the linear trend line from the data in Figure 12 represents the 

value of -0.2884, with the intercept of this trend line seen as 5.776.  The slope (m) 

serves as the first order reaction rate constant for the WVO B100 fuel.  This is similar 

in magnitude to literature values of SOY B100 biodiesel fuel of 0.655 hr-1.[51] 
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Table 28: Averages, standard deviations, and RSD for both induction period & sample 

temperature quantified via BOSS for B100 Neat and B100 OX1-3 fuel samples. 

 

One would expect the induction period to decrease as time spent under 

accelerated oxidation conditions increases, because secondary volatile acidic oxidation 

products are present at higher concentrations after prolonged oxidation, which leads to 

increased measured BOSS conductivity for oxidized samples and therefore a lower IP.  

Volatile and non-volatile secondary oxidation products are formed in the fuel; however, 

EN15751 only analyzes the volatile acids, potentially not capturing the total extent of 

oxidation that the fuel has potentially undergone.  Therefore, another analysis 

methodology was employed to examine the true extent the role oxidation played in the 

 

B100 

Sample 

ID 

 

Avg. IP 

(hours) 

via 

BOSS 

 

Time 

@ 

110oC 

 

IP 

Std. 

Dev. 

 

RSD 

(%) for 

IP 

 

Avg. 

Temp 

(oC) 

 

Std. Dev. 

Temp (oC) 

 

RSD 

(%) 

Temp 

(oC) 

B100_

OX1 

(n=2) 

0 20 0.00 0.00 109.19 0.94 0.86 

B100_

OX2 

(n=2) 

3.14 10 0.25 7.81 110.83 0.06 0.05 

B100_

OX3 

(n=2) 

3.81 5 0.69 18.11 110.81 0.13 0.12 

(Neat 

B100) 

(n=4) 

6.03 0 1.33 22.03 109.61 0.88 0.80 
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different B100 fuel samples when compared to the neat B100 fuel.  Here, GCMS was 

used to quantify individual FAME species, both saturated and unsaturated, present in 

the fuel.  The focal species for the FAMEs would be unsaturated compounds present in 

relatively higher concentrations, as the reactive bis-allylic sites in the molecules’ 

double bonds are most susceptible to the attack from the di-radical O2 molecules.[3,12,13]  

GCMS results for analysis of the fuel samples is described in Section 4.4 of this report 

and aimed to get a more clarified idea of the extent of the fuel’s oxidation and resulting 

compositional changes in the individual FAME species for each oxidation state.  
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4.4 GCMS FAME Quantification for Neat & Oxidized Fuel Samples 

 

4.4.1 QA Results for GCMS FAME Concentrations 

As described in Section 4.6.9, quality assurance (QA) conditions were applied 

to individual FAME concentrations, and only concentrations that met the required 

conditions explained in Section 3.6.9 were included in final results and interpretations 

of this study.  The QA/QC criteria was that blank-corrected concentrations of 

individual FAMEs must be above their respective MDL concentration, as well as 

within range of individual FAME calibration curves (i.e. no lower than the 20ppm 

calibration standard individual FAME concentration, and no higher than the 160ppm 

calibration standard concentration for that individual FAME).  After exporting Round 1 

(B100 80ppm total FAMEs) and Round 2 (B20 80ppm total FAMEs) Chemstation 

responses and calculating concentrations using the calibration curve equation, only four 

compounds for B100 neat and oxidized fuel types met these conditions and had 

concentration values above the MDL and within range of that individual FAMEs 

calibration curve found in Table 22 .  For B20 neat and oxidized fuel samples, only one 

compound met the quality assurance criteria for analysis by GCMS.  The B100 FAMEs 

that had blank-corrected concentrations which passed QA criteria were C16:0, C18:0, 

C18:2 cis-9,12, and C20:0, while the only compound to pass for B20 was C18:1 cis-9.  

The fact that many compounds did not pass the MDL indicates that the target 

concentration of 80ppm total FAMEs used in Round 1 and Round 2 was too high of a 

dilution to accurately and reliably quantify all individual FAME concentrations. 
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Because so many target analytes did not pass QA criteria for both B20 and B100 

neat and oxidized fuel types, new experiments were conducted that analyzed new total 

FAMEs target concentrations for the fuel samples.  Three new “rounds”, Round 3 

(B100 320ppm total FAMEs), Round 4 (B100 20ppm total FAMEs), and Round 5 (B20 

400ppm total FAMEs), were conducted to bring each FAME analyte to concentrations 

that are above the MDL and within range of the calibration curves of individual 

compounds.  Rounds 1-5 concentrations were dilution-corrected using a final dilution 

factor (based on how the fuel samples were prepared) in order to have made the limited 

results from Round 1 and Round 2 (analyzed on 11/18/19 and 11/22/19) comparable to 

the new data sets obtained from Round 3 (analyzed on 09/21/2020), Round 4 

(09/21/2020), and Round 5 (09/23/2020), also corrected using each Round’s respective 

dilution factor after having been filtered through the QA/QC criteria.  Final dilution, 

blank-corrected concentrations for the filtered data from Rounds 1-5 were then 

averaged to yield the final concentrations reported in this study.  More detail is 

discussed in Section 4.4.2 (Oxidation Effects on B100 and B20 Total FAME 

Concentrations) and Section 4.4.3 (Oxidation Effects on B100 and B20 Individual 

FAME Concentrations).  

It should be noted that a new calibration curve sequence was run using unopened 

autosampler vials from the same calibration standard solution set that was made on 

10/4/2019 and kept in a freezer to minimize solvent evaporation and a possible change 

in analyte concentration.  New, individual calibration curves were generated for each 

FAME from the second calibration curve analysis (i.e. CALCURVE 2) and applied to 
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Rounds 3-5 fuel samples.  However, Rounds 1 and 2 used the calibration curves 

generated from the 10/4/2019 calibration standard analysis (CALCURVE 1).  Another 

major difference between Rounds 1-2 and Rounds 3-5 GCMS analyses is that Rounds 

3-5 resulted in much cleaner DCM blanks, due to correction of an air leak in the GC’s 

helium gas filter.  Therefore, in Rounds 3-5, individual FAME concentration data for 

these rounds resulted in no blank correction.  MDL concentrations calculated for 

Rounds 1 and 2 (based on Equation 4 from Section 3.6.9) are the same for the new 

Rounds 3, 4, and 5 despite having experienced better detection capabilities. This may 

have impacted which data was included in final analysis from these last three analysis 

Rounds. 

Once the Round 3-5 GCMS response data was exported from Chemstation and 

concentrations were computed using individual FAME calibration curves from the 

second calibration curve sequence (i.e. CALCURVE 2, see Appendix K), these 

concentration values could be compared to the same QA/QC conditions used for R1 

and R2 once R3-R5 data was blank-corrected.  The FAMEs with concentration values 

that met the QA/QC criteria for Rounds 3-5 were then combined with Round 1 and 2 

(put under the same QA/QC criteria), and final analysis results used a combination of 

acceptable concentrations from all of these five rounds.  To view the blank-corrected 

data for each FAME from Rounds 1-5 that passed QA/QC conditions and was used in 

final average individual FAME calculations, see Appendix I.  These concentrations 

were then averaged for each individual FAME for the B100 and B20 neat and oxidized 

fuel samples, with results reported in the following Sections 4.4.2 and 4.4.3. 
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4.4.2 Oxidation Effects on Individual FAME Concentrations in B100 Fuel 

Emissions testing protocol included taking a pre- and post-test sample of fuel 

from the fuel tank to be used for various analyses.  To be able to detect very small 

changes in the individual FAME species present in the biodiesel fuel, gas 

chromatography mass spectrometry (GCMS) was used.  Due to time constraints, the 

disappearance of FAMEs was only quantified by GCMS.  All the reported GCMS 

results are for pre-test fuel samples only, except for PDC_12 and PDC_14 containing 

mixed post-test fuel samples (of the same blend and oxidation state).  Diesel fuel 

recirculation is primarily used to avoid damage to the diesel fuel injection system, 

although for analytical purposes, this may alter the original chemical composition of 

the FAMEs present in the original (biodiesel) fuel.  Unignited fuel that recirculated 

back to the fuel tank was subjected to the extreme temperature and pressure conditions, 

which has the potential to alter the original FAME composition. 

The average individual FAME concentrations are reported for B100 neat, B100 

OX3, and B100 OX1 fuel types to observe the change in FAME composition as B100 

was oxidized to 5 and 20 hours, respectively.  There was no OX2 for B100 fuel samples 

due to volume constraints for the entire emissions testing sequence.  The identified 

FAMEs with reported blank and dilution-corrected concentrations were four saturated 

and two unsaturated species, namely C16:0, C18:0, C20:0, C22:0 and C18:1 trans-9, 

C18:2 cis-9,12.  Figure 13 shows the average individual FAME concentration between 

the B100 neat and oxidized (i.e. OX3 and OX1) fuel samples.  The y-axis represents 
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concentration (blank and dilution corrected) in units of parts-per-million (ppm), with 

the x-axis representing the individual FAMEs.  Each FAME contains three color bars 

representing the varying levels of oxidation.  Neat fuel (unoxidized) is depicted by the 

darkest shade of green, progressing to a lighter shade as oxidation time increases.  Error 

bars represent one standard deviation from the mean concentration value, using the 

combined Round 1-5 results that were filtered through the QA/QC conditions 

mentioned in Section 4.4.1. 

 

 

Figure 13: Average individual FAME concentrations for B100 neat and oxidized fuel samples that 

passed QA/QC criteria for Rounds 1-5 combined data.  Error bars represent one standard deviation from the 

mean, and reported concentrations are blank and dilution corrected.  No data is presented for the four 

FAMEs that did not pass QA/QC criteria. 

 

Because C20:0 is below the easily readable scale, Table 29 shows the average 

concentrations for every quantified FAME, as well as their respective percent (%) 
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change and %RSD between the neat and most oxidized B100 fuel samples (i.e. OX1, 

20 hours), excluding the “middle” oxidation state in order to make interpretations.  Two 

of the six quantified compounds showed increased mean concentrations, while the 

remaining four showed decreased mean concentrations.  However, when including the 

wide range of the error present for each FAME regarding the neat and oxidized samples 

(especially on C18:2 cis-9,12) the observed changes between fuel oxidation levels for 

B100 were not statistically significant.   

The largest decrease in concentration from B100 neat to OX1 was apparently 

seen in C18:2 cis-9,12 at 37.9%, but again, the concentrations deviated too much from 

the average value to be trusted (note error bars in Figure 13), with RSD of the OX1 

C18:2 cis-9,12 at 56%.  This is essentially the case for all FAMEs detected in the B100 

neat and oxidized fuel samples.  The saturated FAMEs C16:0 and C18:0 showed an 

apparent decreased concentration by 24.2% and 31.6%, respectively, but RSD was 

60.5% and 62.3% respectively, indicating highly variable results that do not show a 

statistically significant trend with degree of oxidation.  The remaining quantified 

unsaturated FAME, C18:1 trans-9, increased by 1,120%.  C22:0 had shown a 

concentration of 1.44x104 ppm within the neat fuel but did not meet QA/QC criteria for 

the B100 OX1 sample.  RSD ranged from 2.88% to 89.2% among all FAMEs, 

indicating that the B100 fuel data was extremely variable when averaged together using 

all five analysis “Rounds” (after correcting for dilution procedure). 
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Table 29: Average concentrations of the quantified FAMEs for neat and B100 OX1 fuel 

samples by GCMS.  Percent change is a (+) sign for increased concentrations while a (-) sign 

indicates a decrease in concentration.  RSD for neat and OX1 FAME average concentrations are 

noted.  “N/D” indicates data did not pass QA/QC. 

 
B100 

NEAT 

(0hr) 

B100 OX1 

(20hr) 

% Change 

Relative to 

Neat Fuel 

 

RSD NEAT 

FUEL  

(%) 

 

RSD OX1 

FUEL  

(%) 

 C14:0 N/D N/D N/D N/D N/D 

 C16:0 7.51E+04 5.70E+04 -24.16 5.00 60.51 

 C18:0 2.92E+04 2.00E+04 -31.64 39.64 62.57 

 C18:1 

trans-9 
1.19E+04 1.46E+05 +1124.96 

12.19 2.88 

 C18:1 

cis-9 
N/D N/D N/D N/D N/D 

 C18:2 

trans-

9,12 

N/D N/D N/D N/D N/D 

 C18:2 

cis-9,12 
2.35E+05 1.46E+05 -37.88 

4.69 55.99 

 C20:0 1.86E+03 3.37E+03 +81.46 9.81 51.14 

 

C18:3n3 
N/D N/D N/D N/D N/D 

 C22:0 1.44E+04 N/D N/D 89.21 N/D 

 

 

The B100 GCMS FAME concentration data does not support expected results 

compared to the reviewed literature on oxidation mechanisms and oxidative stability of 

biodiesel discussed previously in Chapter 1.4.  It was expected that the unsaturated 

FAMEs would be the driving force behind the observed differences in chemical 

composition among oxidized fuel samples, as oxidation mechanisms target unsaturated 

FAME molecules.[3,9,12,13,15,18]  Due to the large error in measurement and high RSD for 
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all the B100 FAMEs, none of these interpretations are valid to draw reasonable 

scientific results from.  The B100 results could be better interpreted if the most 

unsaturated FAME molecule, C18:3n3, as well as the remaining unsaturated C18:1-cis-

9 isomer, concentration data passed the QA/QC conditions and could be quantified to 

provide a better understanding of the overall biodiesel fuel composition as it was 

oxidized for 20 hours. 

As well, the QA/QC data criteria was very strict, potentially being too 

conservative on which data was deemed acceptable for analysis.  The concentration 

range used for the calibration curves could be expanded in order to be able to 

confidently quantify a greater range of concentrations while simultaneously allowing 

the QA/QC criteria to remain in place.  This could be done in the future if any more 

GCMS analysis were to be performed on the B100 neat and oxidized fuel samples.  As 

well, some of the samples used for “pre-test” fuel analysis were in fact a combination 

of collected pre- and post-test fuel samples, which may have affected results and final 

interpretations.  Referring to Table 15 and 16 in Chapter 3.6.7, this can be noted for two 

of samples, one being an OX1 pre-test sample, due to poor sample management while 

undergoing the rigorous protocols involved in emissions testing.  The potential effects 

of recirculated diesel fuel on the original FAME compositional profile may be 

significant and should be tested for these B100 fuels by GCMS in the future. 
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4.4.3 Oxidation Effects on Individual FAME Concentrations in B20 Fuel Samples 

 

Individual FAME concentrations were also quantified by GCMS in the B20 fuel 

blends to determined key FAMEs species that were driving the oxidation process as the 

original fuel was oxidized for 10 and 20-hour periods (i.e. OX2 and OX1).  B20 was 

the only fuel type to include OX2 (B100 had OX3 and OX1 fuel oxidation states only).  

Because the results of the B100 samples did not yield any significant findings, as well 

as the fact that B20 is more representative of on-road blend levels (no commercial fleet 

vehicle runs on pure B100 biodiesel), the B100 results are not discussed any further.  

Instead, focus is on the individual FAME species within the B20 fuel samples.   

Figure 14 shows the average individual FAME concentration (blank and 

dilution corrected) between the B20 neat and oxidized (i.e. OX2 and OX1) fuel 

samples.  The y-axis represents concentration (blank and dilution corrected) in units of 

parts-per-million (ppm), with the x-axis representing the individual FAMEs.  Each 

FAME contains three color bars representing the varying level of oxidation.  Neat fuel 

(unoxidized) is depicted by the darkest shade of blue, progressing to a lighter shade as 

oxidation time increases.  Error bars represent one standard deviation from the mean 

concentration value, using the combined Round 1-5 results that were filtered through 

the QA/QC conditions mentioned in Section 4.4.1. 
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Figure 14: Average individual FAME concentrations for B100 neat and oxidized fuel samples that 

passed QA/QC criteria for Rounds 1-5 combined data.  Error bars represent one standard deviation from the 

mean, and reported concentrations are blank and dilution corrected.  No data is presented for the four 

FAMEs that did not pass QA/QC criteria. 

 

It should be noted that C20:0 and C22:0 were detected in B100 fuel samples and 

was not detected within the B20 samples, and C18:3n3 as well as C18:1 cis-9 were 

detected in the B20 fuel samples and not the B100 fuel samples.  The main FAMEs in 

the B20 fuel samples were the following six compounds: C16:0, C18:0, C18:1-trans-9, 

C18:1-cis-9, C18:2-cis-9,12, and C18:3n3.  These FAMEs are also reported in the 

literature to be typically found in biodiesel.[23]  To help interpretation of the results, 

Table 30 shows the average concentrations of each FAME in the B20 fuel samples and 

their respective percent change as the fuel was oxidized to the farthest extent (OX1), 

excluding the intermediary level OX2.  RSD ranged from 1.49% to 13.27% among all 

quantified FAMEs, indicating a more consistent data set when compared to the B100 
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(QA/QC filtered) concentration data mentioned in Section 4.4.2.  B20 data has 

statistical significance as opposed to the variable B100 FAME concentration results.   

 

Table 30: Average concentrations of the quantified FAMEs for neat and B100 OX1 fuel 

samples by GCMS.  Percent change is a (+) sign for increased concentrations while a (-) sign 

indicates a decrease in concentration.  RSD for neat and OX1 FAME average concentrations are 

noted. “N/D” indicates data did not pass QA/QC. 

  
B100 NEAT 

(0hr) 

B100 OX1 

(20hr) 

% Change 

Relative to 

Neat Fuel 

 

RSD 

NEAT 

FUEL  

(%) 

 

RSD 

OX1 

FUEL  

(%) 

 C14:0 N/D N/D N/D N/D N/D 

 C16:0 8.58E+03 1.06E+04 +23.78 5.40 13.27 

 C18:0 3.77E+03 4.69E+03 +24.28 5.50 12.43 

 C18:1 

trans-9 
1.11E+05 9.16E+04 -17.68 

2.58 5.27 

 C18:1 cis-

9 
2.59E+04 2.48E+04 -4.17 

 

3.72 

 

2.13 

 C18:2 

trans-9,12 
N/D N/D N/D 

 

N/D 

 

N/D 

 C18:2 cis-

9,12 
2.57E+04 1.71E+04 -33.25 

5.26 12.29 

 C20:0 N/D N/D N/D N/D N/D 

 C18:3n3 3.88E+03 2.27E+03 -41.65 
5.03 1.49 

 C22:0 N/D N/D N/D N/D N/D 

 

All the unsaturated FAMEs decreased in concentration between B20 neat and 

B20 OX1, with the most unsaturated FAMEs displaying the greatest decrease in 

concentration.  Methyl linolenate, C18:3n3, showed the largest decrease with 41.65 

±3.5% of the concentration lost when compared to the unoxidized fuel, with C18:2 cis-
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9,12, C18:1-cis-9, and C18:1-trans-9 showing a 33.25 ±8.8%, 4.17 ±2.9%, and 17.68 ± 

3.9%  decrease, respectively  (21.85 ±6.8% decrease with both C18:1 isomers 

combined).  These decreases agree with prior literature as FAME species with 

increased degree of unsaturation (i.e. higher number of bis-allylic sites within the 

molecule) are most susceptible to oxidative reactivity.[3,9,12,13,15,18]  Similarly, de 

Carvalho et al. 2016[49] quantified the individual FAME concentrations as SOY 

biodiesel fuel was oxidized up to 8 hours using EN14112 (similar to method EN15751 

used to oxidize the fuels at 110oC in this study) and reported a decrease in 

concentration within C18:1, C18:2 and C18:3 of 12%, 54%, and 63%.[51]  C18:3 is 

more unsaturated and showed a greater decrease in concentration than C18:2 and the 

C18:1 isomers in the B20 fuels, having low relative standard deviation between 

measured combined concentrations, and therefore were generally more reactive with 

oxidation.  In contrast, two saturated FAMEs, methyl palmitate (C16:0) and methyl 

stearate (C18:0) both increased by 23.8% and 24.3%, respectively, but had the highest 

RSD among all quantified FAMEs in the B20 OX1 fuels.  Figure 14 and Table 30 both 

showed the B20 total FAME concentration results agreed more with established 

oxidation mechanisms[3,9,12,13,15,18] and  when compared to the B100 results, though the 

B20 fuel blend showed changes in concentrations of the unsaturated FAMEs which was 

not expected, and not typically reported in literature.  Future studies on the PDC pre-

test fuel samples should investigate the molecular changes of unsaturated FAMEs when 

oxidized to determine how oxidation mechanisms may be contributing to the increase 

or decrease of saturated FAMEs originally present in the unoxidized fuel. 
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First order reaction rate constants were obtained by computing the individual 

FAME concentrations at each time interval (10 hours and 20 hours) relative to their 

initial starting concentration within the neat fuel (0 hr).  The natural log of each time-

point concentration (y-axis) was then plotted against time in hours (x-axis), and the 

slope of the equation from a first order linear regression model fit generated each 

reaction rate constant, with the focus on the three quantified unsaturated FAMEs 

(technically four, but two are isomers of the C18:1 compound).  Reaction rate constants 

(equal to the negative slope of the natural logarithm of each concentration vs. time) for 

C18:1 (cis-9 and trans-9 were summed), C18:2, and C18:3 were 0.0016 hr-1, 0.0202 hr-

1, and 0.0269 hr-1 (all R2 values from plots were 0.75).   Relative to C18:1, reaction rate 

constants for C18:1, C18:2, and C18:3 were 1:13:17. Similar values have been reported 

in the literature, specifically noting a Coordinating Research Council Report (CRC) 

AVFL-2b from the National Renewable Energy Laboratory (NREL)[50], where relative 

reaction rates for C18:1, C18:2, and C18:3 relative to C18:1  were 1:12:25, respectively 

(although no biodiesel feedstock information was mentioned).[50] 
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4.5 Emissions Testing PM Filter Analysis 

 

4.5.1 Overview 

Emissions testing results from the PDC fuel testing were analyzed in order to 

examine the total PM mass and total PM concentration differences between the various 

fuel types used in testing.  A variety of instruments were used during emissions testing 

and are mentioned in Chapter 3.5.2, however PM filters were the focus of this study 

and will be solely reported on.  The diluted PM filter results indicated that the dilution 

ratio was not constant throughout emissions testing, so only the raw PM filter results 

(not using the dilution air system) will be reported and discussed and not that for the 

diluted Teflon Fiberfilm filters.  Results for the diluted filter masses were widely 

variable between replicate testing, and coupled with variable dilution ratios, appear 

invalid and unreliable.  

Similar to the diluted PM filter results, the 3DRUM data will not be reported as 

there was a pressure backup during one emissions test which damaged the pressure 

gauge used to set flow rates into the 3DRUM.  Unfortunately, the data is extremely 

variable and raises concerns with how the instrument was sampling throughout the 

emissions testing time period.  Impinger samples were also highly variable and 

inconsistent between replicate samples, with different ethanol evaporation rates 

occurring between repeat emissions tests of the same fuel type.  Flow was meant to be 

split equally between the two impingers, meaning that the volume of ethanol 

evaporated from the percolation of the raw exhaust in each impinger should be similar.  
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This was not the case, indicating there could have been a small leak in the plumbing of 

the raw tailpipe impinger system unseen or unnoticed by both myself and my emissions 

testing partner throughout the duration of the entire 2017-2018 emissions testing 

sequence.  Test repeatability is difficult even when instruments are in working order 

due to changes in ambient air temperature and humidity, and coupled with having 

specific instrument issues on top of the rigorous testing protocol, those sampling 

devices cannot be trusted to draw any valid conclusions from. 

 

4.5.1 Average PM Mass & Concentrations 

Figure 17 shows the results for the average change in raw PM mass collected on 

each filter for B0, B100 neat and oxidized, and B20 neat and oxidized filter samples.  

Similarly, Figure 18 displays the results for the raw PM concentrations between the 

same fuel samples.  Concentrations were determined by converting and summing the 

flow rates of the various instruments and pumps used during each emissions test after 

multiplying each by the duration of the specific PDC emissions test using Equation 2 in 

Chapter 3.5.8.   Error bars represent one standard deviation from the mean in both 

figures.   
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Figure 15: Raw PM filter mass (µg) averaged by fuel type and plotted against time spent under 

accelerated oxidation conditions (hours). 

 

B100 results do not show any noticeable trends with PM mass or concentration 

versus time spent under accelerated oxidation conditions, but the B20 results displayed 

a 51 ±13% decrease in total PM mass and total PM concentration as oxidation time 

increases.  The mixed diesel fuel may have added some stability and homogeneity to 

the overall fuel sample, providing more reliable results for the B20 emissions tests.  

Blank engine runs showed the lowest PM mass and concentrations, as expected, 

indicating a clean sampling system as well as leak-free instruments and connections 

throughout the emissions sampling setup.    
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Figure 16: Raw PM filter concentration (µg/m3) averaged by fuel type and plotted against time 

spent under accelerated oxidation conditions (hours). 

 

Although the B100 neat fuel showed no change in PM mass or concentration as 

oxidation time increased, B20 fuel type showed a 51 ±13% decrease in PM mass and 

concentration as oxidation time increased.  A possible explanation for the decrease in 

PM as oxidation time increases for the B20 fuel types is potentially due to the increased 

oxygen content due specifically to the presence of the unsaturated FAMEs in this fuel 

that were identified in Chapter 4.4.1 & 4.4.2.  The unsaturated FAMEs contributed 

more to the overall oxidation as shown by decreases in concentrations, leading to a 

potential abundance of oxygenated products that could enhance the combustion effects 

due to the lower molecular weights of these oxidation products.  Although the oxidation 

products were not identified, decreases in the original polyunsaturated FAME species 

can strongly hint at the formation of more oxygenated byproducts including oxygenated 
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esters.  This could be one reason for the decreased PM mass and concentrations.  

Similarly, the homogeneity of the added diesel fuel might result in more stable 

emissions from test to test (replicate to replicate), providing more consistent results and 

allowing trends to be more easily noticed when comparing B20 to B100 PM vs. 

oxidation time trends. 

Since most general biodiesel PM reports have only studied the effects of neat 

biodiesel against pure diesel,[25,47,48,54,55] and oxidized biodiesel studies have only 

reported changes in gaseous emissions such as CO, HC, smoke, and NOx
[12,28,43], this 

trend could be a significant finding and hint at the possible oxidative reactivity of the 

PM composition.  If PM concentrations decrease from a higher abundance of oxidation 

products resulting from FAME degradation as oxidation time increases, inferences can 

be made about the potential impacts on exhaust composition.  Increased oxidized 

starting material could result in the increase of oxidized product within PM formed 

after combustion of the compositionally different fuel.  This could also introduce a 

wide variety of other organic components formed and present in the exhaust PM that 

may have the potential to more negatively impact human health than neat biodiesel.  If 

oxidative stability is an inherent issue and there is reported evidence of oxidized, 

commercially sold fuel in literature, it is extremely important to assess the impacts of 

the oxidation on PM emissions.  This study provides some insight into the effect of 

oxidized biodiesel on particulate matter emissions, and further studies should examine 

PM composition, particle number and particle size distributions for each fuel type to 

better understand overall PM effects from oxidized neat and blended biodiesel fuel. 
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CHAPTER 5: SUMMARY & FUTURE RECOMMENDATIONS 

 

PM mass generated from a light-duty diesel engine running on three different 

fuel types—pure (“neat”) B100 biodiesel, pure B0 diesel, and B20 (20% v/v biodiesel 

blend with diesel)—was captured on Teflon Fiberfilm filters, gravimetrically 

quantified, and compared to the PM mass (and concentrations) from repeated emissions 

testing, instead using oxidized B100 and B20 biodiesel as the fuel source.  B100 fuel 

was heated at 110oC for 5, 10, and 20 hours (referred to as “oxidation states” 3, 2, and 

1, respectively) with induced aeration by stirring, and splash blended into 80% v/v 

diesel fuel to create the B20 blend which represented a more realistic on-road biodiesel 

blend percentage.  A custom, load-based steady-state drive cycle, named the Pyramid 

Drive Cycle (PDC), was custom-developed and used to generate the PM for the 

samples from testing each neat and oxidized fuel type.  B100 fuel results showed no 

identifiable changes in average PM mass or concentration as time spent under 

accelerated oxidation conditions increased for the fuel samples.  However, results for 

the B20 fuel samples indicate that there is an apparent decrease in PM emissions as 

oxidation time increases, something rarely reported thus far in other biodiesel studies.  

Analysis of the different basic fuel characteristics was performed, allowing 

properties such as cetane number, biodiesel content, density, and total aromatics to be 

compared between both the neat and oxidized B20 and B100 samples.  Analysis 

showed that increased oxidation time resulted in a slight increase (7%) in cetane 

number (from 66.8 to 71.7), indicating oxidized biodiesel fuel had better self-ignition 
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properties, agreeing with prior literature.[41,42,51]  The density of the fuel also increased 

as oxidation time increased, from 0.709g/cm3 to 0.723g/cm3.  No changes in total 

aromatics were identified between neat and oxidized B100 fuel.  Chemical composition 

for FAME analysis of the biodiesel fuels also was performed by gas chromatography 

mass spectrometry (GCMS) in order to examine individual FAME compounds 

contributing to the differences seen in PM mass and concentration from the B20 fuel 

type, or lack thereof in the B100 fuel type.   

The individual FAMEs present in the neat and oxidized B20 and B100 fuels 

used in emissions testing were identified and quantified by GCMS and put through 

strict quality assurance criteria, and results showed there were six major FAME species 

present within the WVO B100 and B20 fuel samples.  These compounds were C16:0, 

C18:0, C20:0, C22:0, C18:1 trans-9, and C18:2 cis-9,12 for B100.  Similarly, for B20 

neat and oxidized fuel samples, C16:0, C18:0, C18:1-trans-9, C18:1-cis-9, C18:2-cis-

9,12, and C18:3n3 were the main FAMEs present.  B100 individual FAME 

concentrations varied widely and no conclusive results on any statistically significant 

change in the amount of FAME present in the fuel as oxidation time increased was 

possible.  However, the B20 results showed that the unsaturated FAMEs were 

decreasing in concentration as oxidation time increased to the longest oxidation state, 

having contributed the most to the oxidative degradation process.  As well, for the B20 

samples only, the more unsaturated the FAME, the larger decrease in observed 

concentration the fuel was oxidized to 20 hours.  Linolenic acid methyl ester, C18:3n3, 

decreased by 41.7 ±3.5%, while C18:2 trans-9,12 decreased by 33.3% ±8.8% and 
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C18:1 cis-/trans- isomers (combined) decreased by 21.9 ±6.9%, agreeing with prior 

literature values and the well-established biodiesel oxidation mechanisms. [3,9,12,13,15,18]  

The B20 GCMS FAME concentration results agree with induction period results 

measured by the BOSS and offer increased insight into the key FAMEs driving the 

trend of decreased IP as oxidation time is increased as well as individual unsaturated 

FAME oxidation rates for C18:1, C18:2 and C18:3 compounds.  Although B100 data 

was essentially inconclusive in data interpretation, the B20 fuel blend reached some 

important findings that brings more information regarding biodiesel oxidation and the 

effects on individual unsaturated FAME concentrations and PM emissions when 

combusted in an engine. 

In the future, SMPS particle size distribution data should be examined and 

analyzed to determine differences in total particle number and average particle 

diameters for each fuel type.  Comparisons of differences in these parameters from each 

mode of the Pyramid Drive Cycle should be compared to further determine effects of 

oxidized biodiesel on PM formation and size classification.   As well, it is 

recommended that the B20 neat and oxidized PM filters should be analyzed by GCMS 

for the same 10 FAME analytes examined here in this study in order to better explain 

the reduction in PM seen and what other species (such as polycyclic aromatic 

hydrocarbons, PAH) may be affected by oxidized biodiesel starting fuel composition.  

Engine blow by and consequent accumulation of unburnt FAMEs could be much less in 

oxidized fuel PM composition.  Likewise, other chemical species within the PM filters 

can be identified and quantified by GCMS, such as oxy- and nitro-PAH compounds.  It 
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would be interesting to see if there is an increase or decrease in these compounds that 

are present in the lower amounts of PM mass and concentrations generated by oxidized 

biodiesel.   

Better quality control and quality assurance measures should be in place to 

ensure that each target analyte, even present in small concentrations, can be identified 

with the utmost accuracy.  Time is an important factor in GCMS analysis as well as the 

analysis of a biodiesel fuel’s oxidative stability, and it would be recommended that 

testing happen in a more compact time frame to eliminate potential chemical changes 

due to storage of the neat B100 at ambient temperature and relative humidity.  If the 

experiment could be repeated, the induction period of the neat B100 fuel prior to 

GCMS analysis should have been checked to ensure the stored fuel samples had not 

already oxidized.  GCMS analysis was performed in 2019 and 2020 when BOSS and 

emissions testing were conducted in years 2017 and 2018 when the fuel was obtained.  

Although fuel samples were stored in sealed, amber glass vials at 4oC  there could have 

still been oxidation via surface area contact with the headspace of the sample vial 

during refrigerator storage.  Samples procedure was aimed at filling the entire volume 

of the vial; however, it is almost impossible to rid any headspace.  For sample 

collection and storage when evaluating chemical composition of biodiesel fuels (or any 

fuels), using N2 gas instead would be more effective at ridding the effect of oxidation 

via contact with the storage vial air headspace.  If nitrogen gas was used, the only 

oxidation would occur from the degradation of the BioExtend30 antioxidant.   
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It would also be recommended to evaluate the various concentrations of exhaust 

gases recorded during testing.  Although focused on particulate emissions, it would be 

valuable to look at concentrations of CO, HC, and NOx emissions to compare to 

literature and further elevate the confidence and reliability of the testing performed.   

Mode by mode particle distributions or overall total particle number vs. mean particle 

diameter can be examined for any shift in nucleation modes of the generated particles.  

Biodiesel feedstocks should be carefully chosen, and potential altering of chemical 

composition to yield more saturated FAME species in the fuel may contribute less to 

oxidative degradation and overall PM emission effects.  
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APPENDICES  

A.) B100 White Mountain Biodiesel Certificate of Analysis (CoA) 
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B.) BOSS MATLAB Code for Neat Fuels 

a=importdata('PDC_07_NEAT_B100_REPLICATE_1.txt');  

%Imports .txt document with 3 columns... NOTE THAT USER MUST CHANGE 

%ORIGINAL FILE TO ONLY GO TO 200uS/cm 

%...time IN HOURS (left; V1), conductivity in MICROSEIMENS/CM (middle; V2), 

%and temperature (right; V3) in degC% 

x=a(:,1); %Assign ALL time (hr) as vector 1 (V1) that is contained in .txt file 

y=a(:,2); %Assign ALL conductivity (uS/cm) as vector 2 (V2) that is contained in .txt 

file 

plot(x,y,'LineWidth',1) 

hold on %keps plotting different curves on same graph as opposed to separate graphs for 

dy, dyy, etc. 

pause(1)% waits one second before doing the next step of the code 

% 

p=polyfit(x,y,5) 

y2=polyval(p,x) 

plot(x,y2)%PLOTS POLYNOMIAL REGRESSION 

pause(1) 

%1st DERIVATIVE OF THE POLYNOMIAL FUNCTION 

q=polyder(p) 

%GIVES COEFFICIENTS NEW VALUES FOR DERIVATIVE--> PLUG THAT BACK INTO P, and 

%PLOT x, y3 

y3=polyval(q,x) 

hold on 

plot(x,y3,'LineWidth',2) %PLOTS first derivative 

hold on 

pause(1) 

%2nd DERIVATIVE OF THE POLYNOMIAL FUNCTION 

r=polyder(q) 

y4=polyval(r,x) 

hold on 

pause(1) 

plot(x,y4,'LineWidth',2)%PLOTS second derivative 

axis([0 10 -200 300]) 

pause(1) 

%maxlocation=max(y4); %Find maximum value in second derivative (y4) 

%induct=(maxlocation); %Quantify induction 

%Need x value for induction time by identifying point on x-axis (time) where max in y4 

occurs 

[maxYValue, indexAtMaxY] = max(y4); 

xValueAtMaxYValue = x(indexAtMaxY(1)); %returns first instance of maximum value in y4 

(i.e. 2nd derivative) 

induct=xValueAtMaxYValue 

ind=ones(1,200); %limits the conductivity to 200uS/cm 

ind1=induct.*ind; 

line([induct induct], [ylim]); 

%plot(xValueAtMaxYValue,'+') 

pause(1) 

fprintf('The induction time of the sample is %G hours \n',induct) 

%%Graph Stuff 

title('OX1 Replicate 1 (20hrs)') 

xlabel('Time (hr)') 

ylabel('Conductivty (uS/cm)') 

legend('Conductivty vs Time','Polynomial Regression','First Derivative','Second 

Derivative', 'Induction Period','Location','Southeast') 

%% Temp stuff 

Temp=a(:,3); 

%Temp2=Temp(2000:end); 

Avgt=mean(Temp); 

STDEVt=std(Temp); 

pause(1) 

fprintf('The average temperature in the heating chamber was %G Celsius \n',Avgt) 

pause(1) 

fprintf('The standard devation of the temperature in the heating chamber was %G 

Celsius',STDEVt) 
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B1.) Conductivity Plots Obtained for BOSS Validation Samples 
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B1.) Conductivity Plots Obtained for BOSS Validation Samples 
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B2.) Conductivity Plots for B100 Neat IP Quantification via BOSS 

 

  



139 

 

B3.) Picture of BOSS Apparatus Setup 
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C.) BOSS MATLAB Code for Oxidized Fuel 

D.) clc 
E.) clear all 
F.) %% 
G.) a=importdata('PDC_OX1_COMPOSITE_30OCT2017_replicate1_MOD2.txt');  
H.) %Imports .txt document with 3 columns... NOTE THAT USER MUST CHANGE 
I.) %ORIGINAL FILE TO ONLY GO TO 200uS/cm 
J.) %...time IN HOURS (left; V1), conductivity in MICROSEIMENS/CM (middle; V2), 
K.) %and temperature (right; V3) in degC 
L.) x=a(:,1); %Assign ALL time (hr) as vector 1 (V1) that is contained in .txt file 
M.) y=a(:,2); %Assign ALL conductivity (uS/cm) as vector 2 (V2) that is contained in 

.txt file 

N.) plot(x,y,'LineWidth',1) 
O.) hold on %keps plotting different curves on same graph as opposed to separate graphs 

for dy, dyy, etc. 

P.) pause(1)% waits one second before doing the next step of the code 
Q.) %FITTING EXPONENTIAL REGRESSION 
R.) f=fit(x,y,'exp2') 
S.) plot(f)%PLOTS EXPONENTIAL REGRESSION 
T.) pause(1) 
U.) fx= differentiate(f, x)%DIFFERENTIATING EXPONENTIAL FUNCTION (cFIT) 
V.) %dy1=tsmovavg(fx,'s',200,1); %Computes moving average, skipping every 200 points 

(200 seconds, or 3.33 minutes) 

W.) dy1=fx 
X.) plot(x,dy1,'Linewidth',2) %Plots first derivative 
Y.) hold on 
Z.) axis([0 8 0 300]) 
AA.) pause(1) 

BB.) % Now for the second derivative 

CC.) fxx = differentiate(f, x); %Compute second differential 

DD.) %dyy1=tsmovavg(fxx,'s',75,1); 

EE.) dyy1=fxx 

FF.) plot(x,dyy1,'g','Linewidth',2) %Plot second derivative 

GG.) hold on 

HH.) pause(1) 

II.) %LOCATION OF MAXIMUM IN SECOND DERIVATIVE 

JJ.) [maxYValue, indexAtMaxY] = max(dyy1); 

KK.) xValueAtMaxYValue = x(indexAtMaxY(1)); %returns first instance of maximum value in 

y4 (i.e. 2nd derivative) 

LL.) induct=xValueAtMaxYValue 

MM.) %ind=ones(1,200); %limits the conductivity to 200uS/cm 

NN.) %ind1=induct.*ind; 

OO.) line([induct induct], [ylim]); 

PP.) %plot(xValueAtMaxYValue,'+') 

QQ.) pause(1) 

RR.) fprintf('The induction time of the sample is %G hours \n',induct) 

SS.) %%Graph Stuff 

TT.) title('OX3 Replicate 2 (5hrs)') 

UU.) xlabel('Time (hr)') 

VV.) ylabel('Conductivty (uS/cm)') 

WW.) legend('Conductivty vs Time','Exponential Regression','First Derivative','Second 

Derivative', 'Induction Period','Location','Northeast') 

XX.) %% Temp stuff 

YY.) Temp=a(:,3); 

ZZ.) %Temp2=Temp(2000:end); 

AAA.) Avgt=mean(Temp); 
BBB.) STDEVt=std(Temp); 
CCC.) pause(1) 
DDD.) fprintf('The average temperature in the heating chamber was %G Celsius \n',Avgt) 
EEE.) pause(1) 
FFF.) fprintf('The standard devation of the temperature in the heating chamber was %G 

Celsius',STDEVt) 

GGG.)  
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 C1.) BOSS conductivity plots for confirming oxidation in B100 fuel  
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D.) PM Filter Log-sheet Template 
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E.) Armfield Engine Log-sheet Template 
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F.) Impinger Log-sheet Template 
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G.) 3DRUM Log-sheet Template  
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H.) Fuel filter and Oil Changing Log-sheet. 

 

 

 

 

 

 

 

 

 

  

Engine Oil 

Change Date; 

Manufacturer 

& Type of Oil

Engine Oil Filter 

Change Date; 

Manufacturer

Fuel Filter Change Date; 

Fuel Type; Filter 

Manufacturer (*MUST 

LABEL ON FILTER ALSO*) 

Fuel 

Filter 

Saved?

Fuel 

Type 

Switche

d FROM 

and TO

Initials
Notes or 

Observations 

6/15/2017; 

Castrol EDGE 

with SPT (SAE 

5w-40), 

LBL06249-01 A

6/15/2017; 

MANN FILTER 

(Kraftstof filter) 

Oil Filter (WK 

853/3 x) 

6/20/2017; Diesel (B0); 

PURLATOR Premium 

Plus Fuel Filter (F65428)

Y To B0
JR and 

MI
No issues 

8/2/2017; 

Castrol EDGE 

with SPT (SAE 

5w-40), 06249-

00A

8/2/2017; MANN 

FILTER (Kraftstof 

filter) Oil Filter 

(HU 726/2 x)

8/2/2017; B20; 

PURLATOR Premium 

Plus Fuel Filter

Y

From 

B0 to 

B20

JR No issues 

3/16/2018; 

Castrol EDGE 

with SPT (SAE 

5w-40), API 

05W

3/16/2018; 

MANN FILTER 

(Kraftstof filter) 

Oil Filter 

3/16/2018; B100; 

PURLATOR (L45308)
Y

From 

B20 to 

B100

JR and 

MI
No issues 

3/25/2018; 

Castrol EDGE 

with SPT (SAE 

5w-40), API 

05W

3/25/2018; 

PURLATOR L5308

Existing B0 filter from 

6/20/2017 listed in first 

entry

Y

From 

B100 to 

B0

JR No issues 

2017 Biodiesel Emissions Sampling: Engine Oil & Filter and Fuel Filter 

Maintenance 
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I.) Dilution & Blank Corrected FAME Concentrations for Final GCMS Results 

 
  

Data File  C14:0  C16:0  C18:0
 C18:1 

trans-9

 C18:1 cis-

9

 C18:2 

trans-

9,12

 C18:2 cis-

9,12
 C20:0  C18:3n3  C22:0 ROUND 

111805 N/D 8.E+04 3.E+04 N/D N/D N/D 2.E+05 N/D N/D N/D 1

111806 N/D 8.E+04 3.E+04 N/D N/D N/D 3.E+05 N/D N/D N/D 1

111807 N/D 8.E+04 3.E+04 N/D N/D N/D 3.E+05 N/D N/D N/D 1

111809 N/D 7.E+04 2.E+04 N/D N/D N/D 2.E+05 N/D N/D N/D 1

111810 N/D 7.E+04 2.E+04 N/D N/D N/D 2.E+05 N/D N/D N/D 1

111811 N/D 7.E+04 3.E+04 N/D N/D N/D 2.E+05 N/D N/D N/D 1

111815 N/D 7.E+04 2.E+04 N/D N/D N/D 2.E+05 N/D N/D N/D 1

111816 N/D 7.E+04 2.E+04 N/D N/D N/D 2.E+05 N/D N/D N/D 1

111817 N/D 7.E+04 3.E+04 N/D N/D N/D 2.E+05 N/D N/D N/D 1

11181919 N/D 7.E+04 2.E+04 N/D N/D N/D 2.E+05 N/D N/D N/D 1

11181920 N/D 7.E+04 2.E+04 N/D N/D N/D 2.E+05 N/D N/D N/D 1

11181921 N/D 7.E+04 2.E+04 N/D N/D N/D 2.E+05 N/D N/D N/D 1

11181925 N/D 7.E+04 2.E+04 N/D N/D N/D 2.E+05 N/D N/D N/D 1

11181926 N/D 7.E+04 2.E+04 N/D N/D N/D 2.E+05 N/D N/D N/D 1

11181927 N/D 7.E+04 2.E+04 N/D N/D N/D 2.E+05 N/D N/D N/D 1

11181929 N/D 9.E+04 3.E+04 N/D N/D N/D 2.E+05 N/D N/D N/D 1

11181930 N/D 1.E+05 4.E+04 N/D N/D N/D 3.E+05 N/D N/D N/D 1

11181931 N/D 1.E+05 4.E+04 N/D N/D N/D 3.E+05 N/D N/D N/D 1

11221903 N/D 7.E+04 2.E+04 N/D 5.E+03 N/D 2.E+05 7.E+03 N/D N/D 1

11221904 N/D 7.E+04 2.E+04 N/D N/D N/D 2.E+05 N/D N/D N/D 1

11221905 N/D 7.E+04 2.E+04 N/D N/D N/D 2.E+05 N/D N/D N/D 1

11221907 N/D N/D N/D 1.E+05 N/D N/D N/D N/D N/D N/D 2

11221908 N/D N/D N/D 1.E+05 N/D N/D N/D N/D N/D N/D 2

11221909 N/D N/D N/D 1.E+05 N/D N/D N/D N/D N/D N/D 2

11221912 N/D N/D N/D 1.E+05 N/D N/D N/D N/D N/D N/D 2

11221913 N/D N/D N/D 1.E+05 N/D N/D N/D N/D N/D N/D 2

11221914 N/D N/D N/D 1.E+05 N/D N/D N/D N/D N/D N/D 2

11221916 N/D N/D N/D 1.E+05 N/D N/D N/D N/D N/D N/D 2

11221917 N/D N/D N/D 1.E+05 N/D N/D N/D N/D N/D N/D 2

11221918 N/D N/D N/D 1.E+05 N/D N/D N/D N/D N/D N/D 2

11221921 N/D N/D N/D 1.E+05 N/D N/D N/D N/D N/D N/D 2

11221922 N/D N/D N/D 1.E+05 N/D N/D N/D N/D N/D N/D 2

11221923 N/D N/D N/D 1.E+05 N/D N/D N/D N/D N/D N/D 2

11221925 N/D N/D N/D 8.E+04 N/D N/D 2.E+04 N/D N/D N/D 2

11221926 N/D N/D N/D 9.E+04 N/D N/D 2.E+04 N/D N/D N/D 2

11221927 N/D N/D N/D 9.E+04 N/D N/D 2.E+04 N/D N/D N/D 2

11221930 N/D N/D N/D 1.E+05 N/D N/D 2.E+04 N/D N/D N/D 2

11221931 N/D N/D N/D 9.E+04 N/D N/D 2.E+04 N/D N/D N/D 2

11221932 N/D N/D N/D 1.E+05 N/D N/D 2.E+04 N/D N/D N/D 2

DILUTION (&blank) CORRECTED TRUE CONCENTRATIONS FROM CALIBRATION CURVES (that passed QA/QC 

criteria)
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I.) Dilution & Blank Corrected FAME Concentrations for Final GCMS Results 

  

Data File  C14:0  C16:0  C18:0
 C18:1 

trans-9

 C18:1 cis-

9

 C18:2 

trans-

9,12

 C18:2 cis-

9,12
 C20:0  C18:3n3  C22:0 ROUND 

09212008 N/D N/D 1.E+04 1.E+04 N/D 2.E+03 N/D 2.E+03 N/D 1.E+03 3

09212009 N/D N/D 1.E+04 1.E+04 N/D 2.E+03 N/D 2.E+03 N/D 1.E+03 3

09212011 N/D N/D N/D 1.E+04 N/D 1.E+03 N/D 2.E+03 N/D 2.E+03 3

09212012 N/D N/D N/D 1.E+04 N/D 2.E+03 N/D 2.E+03 N/D 2.E+03 3

09212014 N/D N/D 1.E+04 1.E+04 N/D 2.E+03 N/D 2.E+03 N/D 2.E+03 3

09212015 N/D N/D 2.E+04 1.E+04 N/D 2.E+03 N/D 2.E+03 N/D 2.E+03 3

09212019 N/D 2.E+04 6.E+03 N/D N/D N/D 6.E+04 3.E+03 N/D N/D 3

09212020 N/D 2.E+04 6.E+03 N/D N/D N/D 6.E+04 3.E+03 N/D N/D 3

09212022 N/D 2.E+04 6.E+03 N/D N/D N/D 6.E+04 3.E+03 N/D N/D 3

09212023 N/D 2.E+04 6.E+03 N/D N/D N/D 5.E+04 2.E+03 N/D N/D 3

09212025 N/D 2.E+04 6.E+03 N/D N/D N/D 5.E+04 3.E+03 N/D N/D 3

09212026 N/D 2.E+04 6.E+03 N/D N/D N/D 5.E+04 3.E+03 N/D N/D 3

09212030 N/D 2.E+04 6.E+03 N/D N/D N/D 5.E+04 2.E+03 N/D N/D 3

09212031 N/D 2.E+04 6.E+03 N/D N/D N/D 5.E+04 3.E+03 N/D N/D 3

09212038 N/D N/D 4.E+04 N/D N/D N/D N/D N/D N/D 3.E+04 4

09212039 N/D N/D 4.E+04 N/D N/D N/D N/D N/D N/D 3.E+04 4

09212041 N/D N/D 4.E+04 N/D N/D N/D N/D N/D N/D 3.E+04 4

09212042 N/D N/D 4.E+04 N/D N/D N/D N/D N/D N/D 3.E+04 4

09212044 N/D N/D 4.E+04 N/D N/D N/D N/D N/D N/D 3.E+04 4

09212045 N/D N/D 5.E+04 N/D N/D N/D N/D N/D N/D 3.E+04 4

09212049 N/D N/D N/D 1.E+05 N/D N/D N/D N/D N/D N/D 4

09212050 N/D N/D N/D 1.E+05 N/D N/D N/D N/D N/D N/D 4

09212052 N/D N/D N/D 1.E+05 N/D N/D N/D N/D N/D N/D 4

09212053 N/D N/D N/D 1.E+05 N/D N/D N/D N/D N/D N/D 4

09212055 N/D N/D N/D 1.E+05 N/D N/D N/D N/D N/D N/D 4

09212056 N/D N/D N/D 1.E+05 N/D N/D N/D N/D N/D N/D 4

09212060 N/D N/D N/D 2.E+05 N/D N/D N/D N/D N/D N/D 4

09212061 N/D N/D N/D 1.E+05 N/D N/D N/D N/D N/D N/D 4

09232004 N/D 8.E+03 3.E+03 N/D 2.E+04 N/D 2.E+04 N/D 4.E+03 N/D 5

09232005 N/D 9.E+03 4.E+03 N/D 3.E+04 N/D 3.E+04 N/D 4.E+03 N/D 5

09232007 N/D 8.E+03 4.E+03 N/D 2.E+04 N/D 2.E+04 N/D 4.E+03 N/D 5

09232008 N/D 9.E+03 4.E+03 N/D 3.E+04 N/D 3.E+04 N/D 4.E+03 N/D 5

09232010 N/D 9.E+03 4.E+03 N/D N/D N/D 3.E+04 N/D 4.E+03 N/D 5

09232011 N/D 9.E+03 4.E+03 N/D 3.E+04 N/D 3.E+04 N/D 4.E+03 N/D 5

09232015 N/D 1.E+04 4.E+03 N/D N/D N/D 3.E+04 N/D 4.E+03 N/D 5

09232016 N/D 9.E+03 4.E+03 N/D 3.E+04 N/D 3.E+04 N/D 4.E+03 N/D 5

09232018 N/D 1.E+04 5.E+03 N/D N/D N/D 2.E+04 N/D 2.E+03 N/D 5

09232019 N/D 1.E+04 5.E+03 N/D N/D N/D 2.E+04 N/D 2.E+03 N/D 5

09232021 N/D 9.E+03 4.E+03 N/D 2.E+04 N/D 1.E+04 N/D N/D N/D 5

09232022 N/D 9.E+03 4.E+03 N/D 3.E+04 N/D 2.E+04 N/D N/D N/D 5

DILUTION (&blank) CORRECTED TRUE CONCENTRATIONS FROM CALIBRATION CURVES 

(that passed QA/QC criteria)



149 

 

J.) GCMS Calibration Curves for Calibration Curve 1 for 10 FAME Mix. 
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J.) GCMS Calibration Curves for Calibration Curve 1 for 10 FAME Mix  
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K.) GCMS Calibration Curves for Calibration Curve 2 for 10 FAME Mix. 
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K.) GCMS Calibration Curves for Calibration Curve 2 for 10 FAME Mix 

 


