
ABSTRACT 
 
SWANSON, NICHOLAS BRIAN. Soot Chemistry and Morphology from Ferrocene Doped 
Combustion. (Under the direction of Dr. William Roberts). 
 

Metal fuel-borne catalysts are of great interest in the combustion and environmental 

communities due to their contributions of increased engine efficiencies and reduction of mass 

emissions. However, there is a negative aspect to the use of fuel-borne catalysts, which is the 

emission of the metals themselves. These post-combustion metals are usually in the form of 

nanoparticles, which increase their ability for deep inhalation. In this study, ferrocene 

[Fe(C5H5)2] was doped in both a jet diffusion flame and a single cylinder diesel to 

characterize the particulate matter emitted from the source and to understand the mechanisms 

of particulate growth and chemistry. The effects of varying levels of ferrocene doping on 

emissions were observed in the laminar diffusion flame .  Ferrocene is used to effectively 

reduce the emissions of carbonaceous particulate in the accumulation mode of soot to the 

point of extinction.  The reduction of carbonaceous particulate matter was quantified using 

gravimetric analyses and an engine exhaust particle sizer (EEPS). At the point of 

carbonaceous particulate extinction, the flame appears as nonsmoking and emits iron 

nanoparticles. In engine experiment, the addition of ferrocene promoted soot growth and 

emission under certain loads and speeds. Using gas chromatography-mass spectrometry, 

quantifiable differences in organic carbon species condensed on the surface of the soot were 

observed with the addition of ferrocene to diesel fuel. The presence of excess organic species 

with a doped diesel engine is due to incomplete combustion. Most of the excess organic 

species are speculated to be unburned fuel/crankcase oil based on the number of carbon 

atoms and their speciation.  
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1 INTRODUCTION 
In the combustion community, soot is generally defined as carbon particulate matter (PM) 

resulting from incomplete combustion. It can be observed from a wide variety of everyday 

sources such as diesel engines, jet engines, industrial processing, or even simply from yard 

waste burning.  PM is a concern for engineers. Soot is the result of combustion inefficiency 

and therefore is a source of energy loss. For instance, the PM exhausted by diesel engines is 

mainly comprised of unburned carbon; this is the carbon that has not been reduced to its most 

oxidized state, carbon dioxide. This unburned carbon has oxidative potential leaving desired 

energy unused. Engineers would prefer this potential energy to be used to generate heat in the 

combustion chamber of an engine. Increased heat leads to a more powerful engine stroke and 

thus a more fuel- and power-efficient engine. In Disney’s movie “Mary Poppins,” the 

chimney sweep, Bert, ignorantly calls his filth, “Just good, clean soot.” Unfortunately, Bert 

could not be further from the truth. Soot has been shown to have negative health and 

environmental effects (International Agency for Research on Cancer (IARC) - Summaries & 

Evaluations, 1985). 

Environmental scientists have concerns with the effect of this post combustion unburned 

carbon, present in the form of organic carbon (OC) or elemental carbon (EC) and black 

carbon (BC). Black carbon and EC are interrelated to a degree and the extent of this 

relationship is still part of an ongoing debate. In particular, it has been proposed that BC 

warms the climate through two processes. The first process considers that BC absorbs all 

wavelengths of light and then radiates the excess energy as heat. The second process is 

through the reduction of the albedo of ice and snow covered with BC (Bachmann, 2009). 

Albedo is the ability of a source to reflect the light. The less light that is reflected by the 

source means  more light is absorbed and converted to heat.  

In the past twenty years, scientists have tried a number of ways to reduce soot emissions 

including the use of fuel-borne catalysts (FBCs). Fuel-borne catalysts are metals which are 

doped into the fuel of the combustion source that reduce post combustion PM leading to 

greater combustion efficiency by aiding in the oxidation process. There are two widely 
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studied groups of metals that reduce PM emissions, alkali & alkali earth metals and also 

transition metals. The alkali metals inhibit PM emissions by inhibiting soot to nucleate and 

form while transition metals increase the oxidation of soot and organic species by increasing 

the oxidation rate after they have already formed. This study focuses on the use of 

transitional metals as a FBC. 

 Many commercial products such as Platinum Plus, Octimax, and Eolys have been marketed 

for their catalytic oxidation effects for use in diesel engines. Along with the health concerns 

already associated with PM, the addition of FBCs to diesel brings a new potential health risk. 

Soot has been shown to be carcinogenic and mutagenic (Comstock, 1998; Scheepers & Bos, 

1992; Sydbom, Parina, Stenfors, Sandstrom, & Dahlem, 2001).  The addition of metal 

additives act as an oxidizing agent that changes the size distribution of the PM from 

unimodal to bimodal. This new mode is formed by the liberated metal oxide nanoparticles 

(Du & Kittleson, 1998; Jung, Kittelson, & Zachariah, 2005). Because of their size, 

nanoparticles have the propensity to be inhaled into the tissue deep within the lungs and cross 

into the bloodstream. Once these metals are in the bloodstream, they can have severe health 

effects (e.g. iron affects the liver, kidneys, and cardiovascular system) (Brewer, 2009). The 

mechanism in which these metals work to reduce emissions is still under scrutiny and 

furthermore, of great interest for health, environment and climate researchers.  

1.1 Soot Formation 

The formation of soot is a topic of great debate and speculation among those in the 

combustion community with a complete explanation of all the governing mechanisms 

remaining elusive. The following is a generally accepted overview of the process. For 

hydrocarbon (HC) fuels the propensity to soot is largely based on the fuel’s ability to 

pyrolize into acetylene (C2H2) and propargyl (C3H3). Three acetylene or two proppargyl 

molecules come together to form aromatic benzene rings (C6H6). These rings attach to one 

another to form multi-ring compounds or polycyclic aromatic hydrocarbons (PAHs).  At this 

point the PAHs begin to polymerize and lose their extra hydrogen atoms to form hydroxyl 

radicals. These radicals go on to form water. The newly formed unsaturated HCs continue to 
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lose hydrogen atoms, thus increasing the overall concentration of carbon in the molecule. 

The molecules then coagulate to form primary soot spherules with diameters in the range of 

10 to 50 nm. These spherules agglomerate to form grape-like clusters and chains that range in 

size between 50 and 500 nm in diameter. Pure soot from gaseous HC sources tends to be 

predominantly carbonaceous with an empirical chemical formula of approximately C8H.  

1.2 Fuel-borne Catalysts and Their Role 

Fuel-born catalysts are metals which are added to the fuel with the intention that they will 

catalyze reactions for a more efficient and complete combustion process. A variety of metals 

have been used in diesel fuels to create a more efficient engine with fewer harmful emissions 

(Howard & Kausch, 1980). Some of these metals that are of recent and particular interest are 

iron, platinum, manganese, and cerium as they have been marketed in commercial products 

such Eolys and Platinum Plus. The mechanism by which these catalysts work has been the 

topic of much work from a variety of different disciplines. Much of the fundamental 

combustion work is studied through the use of simple flame measurements. Many times, 

simple flame work can lend insight into the work of more complicated combustion systems 

such as engines. There are three basic proposed mechanisms by which FBCs can work.  

The first proposed mechanism is achieved by the metal undergoing a reaction that creates an 

abundance of hydroxyl radicals. They radical increase the oxidation rate of carbon and HC 

species by the following set of reactions: 

M� OH � MOH� � �� 

MO� H � MOH� � �� 

MO � H 	 M� OH 

The increased concentration of hydroxyl radicals contributes to a higher rate of oxidation of 

carbon leading to more carbon dioxide as opposed to the mostly unoxidized soot. This occurs 

in most parts of all flames.  

The second proposed mechanism is the suppression of soot in the oxidizer-rich part of a 

flame. This is where metal vapors interact with free carbon and carbon fragments directly 
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catalyzing its deconstruction. A definite chemical mechanism has not been pinpointed, but 

theories lie with additive’s ions reacting with the natural flame ions decreasing the nucleation 

and coagulation rate of soot production. This mechanism tends to be applied to alkali and 

alkali earth metals.  

The third proposed mechanism is well supported in the combustion community for use with 

transition metals. The FBC plays a role later in the development of soot near the end of the 

flame or even sometimes at the extinction of the flame. This is likely due to the gas-phase 

interactions between the catalysts and carbon species, as well as the oxidation of organic 

compounds coating the surface of the soot. This is usually seen as occlusions of the metal 

within the soot agglomerate or as possible decoration of metal on the outside. The proposed 

mechanism for this reaction is as follows: 

M
O� � C
�� � CO �M
O��� 

The following is a list of a few, but certainly not comprehensive, contributors to the 

mechanisms and chemistry associated with FBCs aiding in this field. (Howard & Kausch, 

1980; Song, Wang, & Boehman, 2006; Kasper, Sattler, Siegmann, Matter, & Siegmann, 

1999; Skillas, Qian, Baltensperger, Matter, & Burtscher, 2000; Song, Wang, & Boehman, 

2006; Miller, Ahlstrand, Kittelson, & Zachariah, 2007) 

The use of FBCs also has been shown (Kasper, Sattler, Siegmann, Matter, & Siegmann, 

1999; Jung, Kittelson, & Zachariah, 2005)  to create the formation of metal nanoparticles 

(nanoparticles for this study are considered anything less than 50nm in diameter). The 

implication of this new formation of particles could have implications for greater 

toxicological effects of inhalation. Because of their size, there is a greater propensity to be 

inhaled into the deep tissue of the lungs. Once in the lungs, there is the possibility for the 

metals to cross into the blood stream where metals such as iron can have severe toxicological 

and neurological effects (Brewer, 2009). 
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1.3 Comparison of Engines and Flames 

Although basic laminar diffusion flame and turbulent engine combustion vary greatly in their 

complexity, kinetics and mechanics, there are several similarities. Many insights into the 

complex nature of combustion and soot growth from engines can be derived by studying 

simple laminar flames. Laminar jet diffusion flames offer many benefits such as a controlled 

stoichiometry, the ability to probe at different stages of combustion and laminar fluid 

mechanics. Santoro and coworkers (1983) investigated soot particle measurements in 

diffusion jet flames which led to many insights into the mechanism of soot growth. From his 

work, different regions of the flame were functionalized by characteristics such as pyrolysis 

and oxidation (Santoro, Semerjian, & Dobbins, 1983). 

Diesel engine combustion is much more complex due to turbulence and exhibits the nature of 

both diffusion and premixed flames (i.e. multimodal combustion). Along with the dual 

combustion nature, diesel engines also have complexities due to spray phenomena, increased 

pressure and temperature, complex fuels and effects from engine lubricants. A great deal of 

research has been accomplished attempting trying to explain each of these effects. John E. 

Dec (1997) published a paper describing the combustion process of a diesel engine.  Here, he 

describes and models the process using laser-sheeting imaging which gave a previously 

unknown insight into the unsteady combustion that governs direct-injection diesel engines. 

He describes how the premixed and diffusion nature of the flame affect the soot formation 

process. As shown in Figure 1, the plume of a diesel spray leads initially to a premixed flame 

which produces the initial soot inception. Soot volume grows further downstream because of 

the extended exposure to heat, with the greatest concentration of soot being near the end of 

the fuel plume.  Some of this soot is oxidized by the diffusion flame that has developed on 

the exterior of the diesel plume. Continual oxidation of soot and fuel occurs through the 

extinction of the plume (Dec, 1997). 
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Figure 1 - Diesel Plume (Dec, 1997) 

1.4 FBCs in Engines 

The addition of metallic FBCs to diesel fuels has been shown to decrease the total mass 

emitted, but increase the number of particles less than 20nm emitted. These nanoparticles are 

liberated metal particles that were utilized in oxidation. To reduce this nano-regime, many 

diesel vehicles have been outfitted with a diesel particulate filter (DPF).  Matter and 

Siegmann (1997) demonstrated the effect of a FBC on the size distribution of an engine and 

the subsequent reduction of overall PM of both a doped and undoped engine when fitted with 

a DPF. The use of a filter resulted in a decrease in over two orders of magnitude of PM 

emitted while using a FBC.  The presence of the FBC alone contributed to almost a full order 

of magnitude of accumulation mode PM emitted. As seen by Matter and Siegmann’s work, 

the use of a DPF can significantly reduced the nanoparticles that are of concern, but DPFs 



 7

have their practical limitations. The filters must be changed and cleaned regularly in order to 

be effective. Over time, layers of PM build and clog the filter. The engine cannot be 

exhausted as easily and so a back pressure of exhaust builds and puts a strain on the engine. 

This strain will drastically reduce engine efficiency, which counteracting one of the most 

desirable traits of diesel engines.  

Song and coworkers (2006) used a commercial FBC, Octimax 4804, which contained 

200ppm (weight) of metal with a 4:1ratio of iron to strontium. Using a four-cylinder turbo 

diesel engine, they showed that the addition of the FBC significantly decreased the mass of 

soot emitted particularly at lighter loads. They also showed that there is a higher ratio of 

metal to carbon at lighter loads indicating that the FBC is more effective at these lower 

loadings. 

Lee et al.(2006) confirmed the higher metal to carbon ratio in lighter engine loadings when 

the diesel fuel was doped with ferrocene. Using a 10kW diesel generator, they also showed 

with equal levels of doping, the amount of self nucleated iron increases with an increase in 

engine loading (by percentage of overall emissions). Lee further shows how the elemental 

and organic carbon changes at different sizes of PM emitted with changes in engine loading 

and doping (Lee, Miller, Kittelson, & Zachariah, 2006). The same research group also did a 

thorough study of how iron affects the morphology, chemistry and formation of soot (Miller, 

Ahlstrand, Kittelson, & Zachariah, 2007). With the same 10kW diesel generator, Miller 

showed the effect on the size distribution with fuel doping levels from 0 to 600 ppm of iron. 

Greater concentrations of iron contribute greatly to the nano-regime of PM.  With the use of 

a transmission electron microscope (TEM), scanning mobility particle sizer, and knowledge 

of previous work, they observed five different characteristic types of particles and proposed a 

mechanism for their creation in a combustion environment. The type and frequency of the 

particles are determined by the doping levels in the fuel and the load on the engine. The five 

types of particles are: carbon agglomerates, carbon agglomerates decorated with metal, 

combined metal/carbon agglomerates, primary particles of metal, and agglomerates of metal 

particles (Miller, Ahlstrand, Kittelson, & Zachariah, 2007). 
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Although the use of iron (ferrocene) as a FBC has been the most widely studied, other 

elements such as cerium have been utilized in engine studies. Skillas and others (2000) 

compared the use of iron and cerium in a heavy duty diesel engine and found that both were 

effective in reducing the PM emissions and furthermore, the more additive used, the greater 

the reduction in mass. With addition of more catalyst also came an increase in the amount of 

nanoparticles (Skillas, Qian, Baltensperger, Matter, & Burtscher, 2000).  A study of the 

effect of cerium on the formation and oxidation of soot was performed by Lahaye and others 

stating that the presence of cerium decreases the ignition temperature which lowers the 

amount of soot produced. (Lahaye, Boehm, Chambrion, & Ehrburger, 1996). Other research 

has been performed with various metals and engine combinations that are too numerous to 

discuss within the breadth of this thesis.  (Burtscher, 2005; Du & Kittleson, 1998; Howard & 

Kausch, 1980; Jung, Kittelson, & Zachariah, 2005; Kittelson, 1998; Kasper, Sattler, 

Siegmann, & Matter, 1998; Lahaye, Boehm, Chambrion, & Ehrburger, 1996; Stratakis & 

Stamatelos, 2003) 

1.5 FBCs in Flames 

In 1991, Bonczyk used a laminar jet diffusion flame fueled by iso-octane to show many of 

the same results as others when ferrocene is seeded into the flame. Using 0.3% ferrocene by 

weight of fuel, it was clear that the smoking point of the flame had been raised because of the 

catalytic action of the iron. Bonczyk also noted that iron increased the number density and 

particle size early in the flame, but caused a decrease in both later stages of combustion in the 

flame (occurring in approximately the top third of the visible flame) (Bonczyk, 1991). 

Zhang and Megaridis completed multiple studies on the effects of ferrocene when seeded 

into a laminar, co-annular, ethylene/air diffusion flame. In 1994 they identified the regions in 

which the iron was reacting and forming into the carbon matrix of the soot agglomerates. At 

the level of doping used (0.35% weight ferrocene), occlusions of iron within the soot matrix 

were observed via TEM only from samples taken from within the flame.  They also noted 

that the smoking point of the flame had been raised considerably with the presence of 

ferrocene, but they did not quantify the extent. In this case, evaluation of smoking was done 
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by visually noting the qualitative quantity of black smoke (soot) emitted from the flame. In 

1996, they expanded their work using the same experimental approach. They measured the 

line of site soot volume fraction using a He-Ne laser transmitting through the centerline of 

the flame. This showed that ferrocene seeding leads to an acceleration of particulate 

inception, but has no effect on soot loadings where surface growth dominates the soot 

process. At the tip of the flame, there was a noticeable decrease in soot volume fraction and 

mean particle size due to the pressence of the iron. These findings confirm that the presence 

of ferrocene alters the smoking point of the flame. They also observed that the addition of 

ferrocene did not alter the thermal fields (Zhang & Megaridis, 1994; Zhang & Megaridis, 

1996). 

Another researcher, Yang, also used a co-annular diffusion flame burner (2004) to show 

iron’s ability to inhibit soot (shown in Figure 4). The main fuel utilized was ethylene gas 

with supplementary acetylene to further increase soot production. Instead of using ferrocene, 

Yang used iron pentacarbonyl with similar results to Zhang and Megaridis (1994 & 1996). 

With TEM it was also observed that the liberated iron was not spherical, but a rigid 

crystalline polygon (Yang, 2004). 

Contrary to what is observed in laminar diffusion flames, the addition of ferrocene to a 

premixed flame has been shown to increase soot volume fractions near the end of the flame 

tip. Researchers in several studies at Massachusetts Institute of Technology demonstrated this 

and theorized that it was due to the rapid nucleation at the base of the flame with continual 

soot growth to the later stages in the flame. This research showed that the catalytic properties 

of the iron could not overcome the soot growth in a premixed flame.  (Feitelberg, Longwell, 

& Sarofim, 1993; Ritrievi, Longwell, & Sarofim, 1987). 

 The flame work performed for this thesis is an extension, clarification, and modification of 

the work done by Audrey Turley for her master’s thesis (Turley & Roberts, 2008). Although 

Turley and Roberts mostly focused on toxicological aspect of PM generated from a simple 

flame, she also completed research with PM composition and morphology citing X-ray 

fluorescence spectroscopy (XRF) work that confirms her system works as a capable and 
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accurate source of ferrocene being implemented into a laminar jet diffusion flame. With the 

XRF, Audrey completed a mass balance showing that the amount of iron theoretically being 

introduced to the system is indeed the amount of iron emitted from the flame. 

2 EXPERIMENTAL APPROACHES 

2.1 Particle Generation: Engine 

Soot from a Yanmar Powersystem E-3750 single cylinder diesel generator was used to 

represent characteristic soot from diesel engines. The generator was four –stroke  with a 

piston displacement of 296cc. Soot from the engine was collected from ferrocene doped 

diesel fuel as well as undoped fuel to determine chemical and physical properties and how 

they change with the addition of ferrocene. The engine had a maximum output of 3.6 kW. 

The amount of load on the engine was determined by the number of space heaters on the 

engine. Each heater carried a load of 1.5 kW. The engine was run at 0kW, 1.5kW, and 3.0kW 

(0%, 41.7%, and 83.4% respectively) to observe the effects that load has on the effectiveness 

of the concentration of iron in the fuel. Alternating the amount of load created realistic 

situations for use of an engine in day-to-day use..  

This specific engine was used because of convenience and practicality. At the U.S. EPA 

there are several of these engines that have been used in previous studies to produce 

representative soot from diesel engines. Two different engines were available for use which 

allowed test the effects of both a doped and undoped fuel to be tested. Both engines were 

broken-in for 500+ hours of run time (with their respective fuels) prior to measurements 

being taken. This is particularly important for an engine used with a doped fuel due to plating 

and hysteresis that FBCs exhibit in engines. 

The engine was run with a fuel doped with 12.1ppm, 24ppm, 48ppm, and 96ppm (by weight, 

all concentrations of catalyst are assumed to be in weight proportionality of the elemental 

metal) of iron. The engine was initially broken-in for 500 hours with 75ppm of iron to ensure 

plating occurred in the engine. Plating of the combustion chamber of the engine by the FBC 

allows for maximum catalytic efficiency. The plated walls act as  a catalytic surface. Prior to 

taking measurements for a new iron concentration, the engine was run for a minimum of 24 
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the appropriate amount of powdered ferrocene and 

fuel tank. The 

ferrocene acted as the iron source in this experiment and was readily dissolved in the diesel 

routed to ambient while the other half 

teeing off half of the exhaust flow was 

he PM was diluted using a custom dilution 

done to “freeze” the 

A schematic of the 

ilution ratios in order to 

by reading a 

as well as a pressure difference at an orifice plate at the 

. This pressure difference is a measure of flow velocity. These pressures 

sed as reference to replicate dilution 

analyzer before 

was used as the overall dilution 

 

engine load of 1.5kW with iron 

concentrations of 0ppm and 12.1ppm. After analysis of these results, it was determined that 

iron concentration and engine load was 



 12

needed. For this reason and due to time constraints, only particle size distributions and 

concentrations incorporate all of the engine run conditions. All other measurements only 

include the initial measurements. 

 2.2 Particle Generation: Laminar Jet Diffusion Flame 

A laminar jet diffusion flame was utilized to produce a sooting system that allowed control 

over the stoichiometry of reactions as well as the amount of iron (as ferrocene) being 

introduced into the combustion process. The burner dimensions areidentical to the burner 

used by Santoro (1983). The burner provides a classic over-ventilated Burke-Shuman flame. 

(Kuo, 2005)  Dimensions and specifications of the burner cup can be seen in Figure 3 (Xiao, 

2004). The glass beads and ceramic honeycomb were used to create a uniform velocity 

profile. However, the design for the current study varied slightly from Santoro’s (1983) 

design by omitting the glass beads for the fuel tube; reasons for this will be discussed later.   

Ethylene gas (C2H4) with 99.9% purity was used as the fuel source as well as the carrier gas 

for the ferrocene. Ethylene gas was chosen for this experiment because of its propensity to 

soot in large quantities. Ethylene has been the fuel of interest in previous studies, allowing a 

measurable baseline for comparison. Ethylene flow rates through the fuel tube of the burner 

were at a constant flow rate of 294 cm3/min for all flame experiments. The US EPA’s house 

compressed air was used as the co-flowing oxidizer. All air was HEPA (high efficiency 

particulate air) filtered run at a constant 64.0 L/min for all flame experiments. A diagram of 

the layout of the system is shown in Figure 5. From the ethylene cylinder, the fuel travels 

through stainless steel lines at a pressure of 410kPa (60 psi). The line tees and proceeds to 

one of two routes, a fuel doping route and a route where the fuel remains undoped. For the 

doping route, the ethylene travels through a calibrated mass flow controller to allow the 

desired flow rate of ethylene to proceed. The fuel line then follows into a water bath set to 

70.0ºC where it goes through a coil to ensure that the gas is heated to 70.0ºC. The fuel runs 

through a tube heated by the water bath which contains ferrocene, glass beads, and glass 

wool where the fuel becomes saturated with ferrocene. The fuel line then exits the water bath 

at which point it is wrapped in heating tape, set to control the tube temperature to 150.0ºC. 



 

This temperature allows the ferrocene to stay mixed within the fuel

flexibility for temperature fluctuations within the line. If the doped ethylene were cooled 

below 70.0ºC, ferrocene would condense out of the fuel because the allowable partial 

pressure drops due to its dependence on temperature (the parti

dependence of ferrocene will be discussed further in a subsequence section). The fuel then 

travels from the water bath to the burner for combustion with heating tape wrap covering the 

tube until it reaches the edge of the burner

through the coils in the water bath to the heated lines to the burner. The undoped fuel  line 

bypasses the ferrocene saturation process. The doped and undoped lines tee back together 

about ¾ of a meter prior to entering the burner cup. It is crucial that both lines are heated and 

kept at the same temperature prior to being reintroduced to one another

Figure 3 - Burner Cup Design (Xiao, 2004)

. As previously mentioned, the small change in

design was the removal of the

brass fuel tube inside the burner cup is not directly heated
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This temperature allows the ferrocene to stay mixed within the fuel and allows some 

flexibility for temperature fluctuations within the line. If the doped ethylene were cooled 

below 70.0ºC, ferrocene would condense out of the fuel because the allowable partial 

pressure drops due to its dependence on temperature (the partial pressure and temperature 

dependence of ferrocene will be discussed further in a subsequence section). The fuel then 

travels from the water bath to the burner for combustion with heating tape wrap covering the 

tube until it reaches the edge of the burner cup. The undoped fuel line travels a similar path 

through the coils in the water bath to the heated lines to the burner. The undoped fuel  line 

bypasses the ferrocene saturation process. The doped and undoped lines tee back together 

or to entering the burner cup. It is crucial that both lines are heated and 

same temperature prior to being reintroduced to one another 

Burner Cup Design (Xiao, 2004) 

he small change in the setup from Santoro’s (1983) 

was the removal of the 3 mm glass beads from the fuel tube in the burner cup. 

brass fuel tube inside the burner cup is not directly heated; it stays warm enough to

and allows some 

flexibility for temperature fluctuations within the line. If the doped ethylene were cooled 

below 70.0ºC, ferrocene would condense out of the fuel because the allowable partial 

al pressure and temperature 

dependence of ferrocene will be discussed further in a subsequence section). The fuel then 

travels from the water bath to the burner for combustion with heating tape wrap covering the 

cup. The undoped fuel line travels a similar path 

through the coils in the water bath to the heated lines to the burner. The undoped fuel  line 

bypasses the ferrocene saturation process. The doped and undoped lines tee back together 

or to entering the burner cup. It is crucial that both lines are heated and 

 

(1983) burner 

in the burner cup. The 

enough to keep the 
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ethylene fully doped due to its conductive nature and excess heat from the heat tape 

downstream and the flame upstream. The excess heating from the heat tape allowed for the 

temperature in the burner cup to remain above 70.0ºC and maintain ferrocene saturation in 

the fuel. When the glass beads are introduced to the brass fuel line running through the 

burner cup, their inability to heat to a sufficient temperature caused condensation of 

ferrocene. This made the level of ferrocene doping to the system inaccurate and gave 

inconsistent results. For this reason the glass beads were omitted. This changed the exit 

velocity profile of the fuel from top-hat to parabolic. The effects of this phenomenon are 

discussed by Berry and Roberts (2008) and would cause minimal effect on the experiment 

since all tests were performed at atmospheric pressure (Berry & Roberts, 2008). 

The above process for doping C2H2 gas with ferrocene was accomplished via sublimation. In 

1983, Jacobs and others described the vapor pressure of ferrocene as a function of 

temperature. Jacobs’ equation describing this relationship is below: 

� R
K�� · mol��� ln �

�
�°� � �
4817� �K$� � 74.29 · 10) �K$ � K

*� � 71 ��$*� � 1 � ln �*$�� 
where R is the gas constant, pº is the standard pressure of 1 Pa, θ = 317.20 K, p is the 

pressure of ferrocene, and T is the temperature in Kelvin (also note that “K” and “mol” are 

units within the equation) (Jacobs, Van Ekeren, & De Kruif, 1983).From this equation, it can 

be seen that as the temperature of the system increases, the quantity of ferrocene that can be 

held in the vapor phase also increases. Holding the temperature of the system constant, the 

amount of ferrocene that has sublimated can be calculated. By utilizing this equation, 

previous researchers such as Turley (2008) and Zhang & Megaridis (1994 & 1996) 

implemented a feeding system that will deliver a known rate of ferrocene. Based on the 

previous researchers’ work, a 5/8” stainless steel tube was packed with alternating layers of 

1.5mm glass beads and ferrocene with glass wool stuffed at the ends of the cylinder. This 

prevented anything other than gasses to be carried through or out of the cylinder. The 

stainless steel cylinder was kept in the water bath at a constant 70ºC.  Once the temperature 

of the cylinder and its contents reached equilibrium at 70ºC, the ferrocene saturated the 

ethylene gas based on Jacobs’ equation. All lines up stream of the ferrocene cylinder are 
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heated to 150ºC with heating tape to prevent the ferrocene from condensing out of the 

ethylene. The ferrocene tube that was used for this experiment was larger than that of Turley. 

Turley confirmed the saturation of ethylene with ferrocene by closing a mass balance of iron 

within her system with X-ray fluorescence. By knowing that the ferrocene tube used for this 

study has a greater volume and the flow rates used are the same or slower than Turley’s it is 

safe assumption that the residence time in the ferrocene tube of ethylene is sufficient 

(>16seconds) (Turley, 2008; Zhang & Megaridis, 1994; Zhang & Megaridis, 1996) 

2.3 Particle Size Characterization 

Determination of soot sizing diameters from the flame and engine was performed by the use 

of an Engine Exhaust Particle Sizer (EEPS). Model 3090, manufactured by TSI, Inc. was 

utilized for these experiments on loan from the National Health and Environmental Effects 

Research Laboratory of the US EPA. The EEPS, shown in Figure 6, draws a sample of 

exhaust flow at 10 slpm which is then run through a small cyclone to remove the largest 

particles from the exhaust stream, to avoid clogging the instrument. The aerosol stream is 

then positively charged by a corona charger. The positively charged aerosol stream is then 

simultaneously introduced to a positively charged high-voltage electrode and HEPA filtered 

sheath air stream. The electrode repels the similarly charged soot while the sheath air carries 

the aerosol down the column. Based on the particles’ electrical mobility, it will hit a 

corresponding electrometer on the wall opposite of the electrode as seen in Figure 6. The 

electrometers register the amount of charge transferred to them from the particulate and then 

interpret it as a number concentration. The greater the electrical mobility of a particle, the 

higher it will hit in the stack of electrometers. The electrical mobility is directly affected by 

the magnitude of the applied electric field. The larger the particle, the larger the charge held 

and thus a larger electric field.   
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Figure 4 - Flame & Particle Sizing Setup 
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For the engine-based experiments, the particulate was collected from the sampling port (post 

dilution) in the dilution tunnel, as shown previously in Figure 2. For the flame based 

experiment, a sampling probe with a dilution system was designed. The sampling probe 

consisted of 3/8” stainless steel tube bent into a U-shape that sat vertically in the quartz 

chimney such that the top of the “U “hung on the rim of the chimney, as shown in Figure 5. 

The apex of the “U” sat 31.75 cm above the burner mouth with a 1.0 mm diameter hole 

drilled into its base closest to the flame. This hole allowed a small aliquot of the PM to enter 

the sampling stream. Running through probe is nitrogen gas (N2) which instantly dilutes the 

PM exhaust as well as quenches the sample to avoid further reaction and prevents any 

agglomeration. The flow of the nitrogen was varied between 9.25 and 9.80 L/min depending 

on the desired quantity of dilution. The EEPS samples at a constant rate of 10.0 L/min and 

thus the flow rate through the tip of the sampling probe is the difference between the nitrogen 

and EEPS flow rates. A diagram of the setup can be seen in Figure 5. 

All size distributions from the EEPS were normalized against the “bin size” of the 

instrument. It is not possible to create a PM sizing instrument to include every possible 

diameter of PM size. To ease the complexity of the system, the electrometers read a range of 

sizes PM size and lump them all together as one actual size. The sizes of these ranges are 

called “bin size.” Different instruments have different bin sizes and by normalizing against 

the bin size, it makes similar sizing instruments with different bin sizes more comparable. 

When looking at a data set from a PM sizing instrument, this is seen as the “Dp” of the 

normalization.   

2.4 Gravimetric Analysis 

Gravimetric analyses were performed on the engine and flame work to determine the mass 

concentration emitted. The method used is a modified version of the U.S. E.P.A.’s method 5. 

Teflo™ 47mm Teflon filters with 2.0µm pores were used for the weighing the PM. These 

filters were found to be ideal because of their rigid outer plastic ring which made handling 

them easy. Moreover, these filters also do not flake like quartz and glass fiber. This issue of 

filter flaking is extremely pertinent because of the sensitivity involved in changes in mass 

being observed. The filters were desiccated for 48+ hours prior to weighing the filter initially. 
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After weighing, the filters were placed back in the dessicator and weighed every 24 hours 

until there was minimal variability between measurements (± 0.00005 g).  

To collect PM, the blank filters were placed in stainless steel filter holders and the exhaust 

from either the engine or the flame was pulled across the filter at a known flow rate for a 

known amount of time. After collecting the sample, it was again placed in the dessicator for 

48 hours to remove any moisture that may have collected. Three subsequent weighings of the 

filters occurred in 24 hours increments to obtain a steady mass measurement of the filter. By 

knowing the amount of exhaust pulled through the filter as well as the amount of mass 

collected on the filter, a mass concentration of the exhaust can be calculated. The sampling in 

the engine occurred from the sampling port shown previously in the engine dilution system in 

Figure 2. Because the exhaust from the sampling port had been diluted a correction factor 

was applied to determine the amount of actual exhaust sampled. For flame sampling, a hood 

with duct work was attached to the flame’s chimney and samples were pulled from the duct 

work sampling ports.  
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Figure 5 - EEPS Design – TSI inc. 
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2.5 Gas Chromatography/Mass Spectrometry 

An Agilent 6890 gas chromatograph equipped with a low resolution 5973 mass selective 

detector (GC/MS) was used to perform all of the analytical work in full scan mode of 

operation. The column in the GC/MS was a 60m HP-5MS. To obtain usable samples, PM 

from the engine and the flame was collected on 47mm quartz fiber filters much like the 

gravimetric filters were collected, only on a different substrate. A number of 1.45cm2 

punches were taken from the filter (depending on the loading on the filters) to be used for 

extractions. Portions of the filter were utilized so that the there would not be excess filter 

being rinsed and the exact quantity of surface from the representative sample would be 

known. The filter punches were rinsed with 3mL of a tertiary solvent system comprised of 

40% hexane, 40% benzene, and 20% isopropanol (HIB) solution in 7mL amber vials. Fifteen 

µL of internal standard was also added to the vials. The internal standard consists of 

deuterated compounds of interest. Following the extraction, the amber vials were sonicated 

for 45 minutes to ensure thorough and encompassing mixing. The contents of the vial were 

then blown down (blow away the volatile solvents leaving only the semi-volatile chemicals 

of interest, thus concentrating them) to 300µL with nitrogen gas and transferred to a 2mL 

injection vial. The contents of the vial were allowed to settle for several hours to ensure that 

the remaining PM in solution would not be put onto the GC column when the samples were 

analyzed. This is the final indicative sample used for analysis on the GC/MS for neutral (non-

polar/HC) compounds.  

A remaining aliquot of 45µL from the 300µL final extraction was used to test for organic 

acids (polars). This was done by taking the 45µL and reacting it with 45µL of methylating 

reagent and 15µL of methanol for an hour. After allowing the reaction to take place, the 

sample was ready to be analyzed with the GC/MS. Concentrations of compounds were found 

by integrating the volume under its corresponding peak on the spectrum and related to the 

nearest standard spike. From the known standard spiked into the solutions, the surface area of 

the filter, the assumption that there is a constantly loading across the filter, and knowing the 

volume pulled through the filter, simple mathematical calculations were performed to 

determine the amount of the chemicals per volume of exhaust. 
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The methylating reagent used was diazomethane (CH2N2) in benzene. Diazomethane was 

created from the precursor of Methylnitronitrosoguanidine (MMNG) through potassium 

hydroxide. Diazomethane reacts with carboxylic acids by stripping the hydrogen atom from 

the hydroxyl group and replacing it with a methyl group creating a methyl ester. This is a 

preferred technique for methylation because of the efficiency and aptitude for creating the 

methyl esters. It is also preferred because of the limited number of byproducts (mostly N2 

gas). 

When a sample is injected into a GC/MS the sample is vaporized by a small oven so that 

compounds of interest are vaporized. Once vaporized, they are injected onto the GC column 

which is housed in another heating oven. On the column, the compounds get pushed through 

the column with an inert gas (helium in this case). The heat of the oven and the compounds 

volatility determine the speed of the chemicals passing through the column with more readily 

volatilizing compounds traveling more quickly. After exiting the GC column the distributed, 

vaporized chemicals are ionized by an electron beam by the MS. These ionized chemicals are 

then filtered by mass by electromagnetic waves and run to a detector. The detector counts 

each ionized molecule and records its mass on a mass spectrum. As more of a chemical is 

detected, peaks on the spectrum develop and grow. Each peak is compared to its 

corresponding internal standard by response factor and area under the peaks. From the known 

response and concentration of the standard, the concentration of the target chemical can be 

derived. All standards are deuterated so that they will not overlap as the same mass as 

chemicals trying to be measured. The following chemicals were used for the internal standard 

spikes: Acenaphthene-d10, d32-n-pentadecane, d42-eicosane, d50-tetracosane, d62-

triacontane, d66-dotriacontane, d10-pyrene, d12-corene, and AAA-d4-cholestane. 

A recovery percent of each of these standards was also calculated to ensure that the system 

was working effectively. 

2.6 Black Carbon Analysis 

Black carbon analyses were performed using a SootScan Model OT21 Optical 

Transmissometer made by Magee Scientific. The samples from the gravimetric analysis were 

used for BC concentration measurements as well (after all weighing had finished), as it is a 
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non-destructive analysis technique. It was soon realized that the flame filters were too 

densely coated with particulate, specifically BC, to be analyzed by the transmissometer. For 

that reason, only the engine samples were analyze for BC using the transmissometer. Under 

the two different engine conditions, filter samples were drawn and each condition was run in 

triplicates so that statistical analysis could be performed on the readings. 

The transmissometer initially takes a reading of the transmissivity of two different 

wavelengths of electromagnetic waves in a blank sample to get a baseline. The two 

wavelengths are 880 nm (near infrared) and 370 nm (ultraviolet) which correspond to 

elemental carbon and an indicator of aromatic organic compounds respectively. These are 

characteristic wavelengths that are absorbed by the described compounds and the difference 

between the amounts absorbed in the samples compared to the blanks is indicative of the 

quantity of those compounds on the filter. The blank sample consisted of a 47 mm quartz 

fiber filter with a 47 mm Teflon membrane filter resting on top of it. This provided an 

experimental baseline for the amount of transmissivity based solely on the filters. Then, the 

same electromagnetic waves are transmitted through the Teflon filter loaded with PM sitting 

atop a quartz fiber filter. The difference in transmission values along with incorporating the 

sample volume can calculate a time integrated concentration of BC using Magee’s software.  

3 RESULTS AND DISCUSSION 

3.1 Flame Results 

3.1.1 Flame PM Morphology 
Initial experiments showed that the introduction of iron into the flame (1050ppm) with the 

described geometry and stoichiometry, changes the flame from a smoking flame to a non-

smoking flame. The addition of iron to the system clearly reduces the amount of soot being 

emitted from the flame from visual inspection. Also, from the transition from a smoking 

flame to a non-smoking flame produces a defined, non-flickering tip to the flame. This is 

shown in Figure 7. 



 

Figure 6 – Images of the Laminar Flame: (a) Visually Smoking Flame without a Distinct Tip (0ppm iron); (b) Non
(1050ppm iron)

a 
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Images of the Laminar Flame: (a) Visually Smoking Flame without a Distinct Tip (0ppm iron); (b) Non-Smoking Flame with a 

b 
 

Smoking Flame with a Distinct Tip 
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Size distribution measurements were taken at seven different doping levels of the flame 

ranging from undoped to 840ppm of iron. The only parameter that was changing over the 

course of these tests was the quantity of ferrocene being introduced to the flame.  As can be 

seen in Figure 7, when iron increases, the peak located at 140nm decreases. This trend holds 

true until the flame becomes non-smoking beyond concentrations of 525ppm. Any further 

doping results in a growing peak at 10nm as shown in Figure 8. 

 The large peak at 140nm, corresponding to the accumulation mode, is comprised of carbon 

agglomerations with iron being incorporated into the carbon matrix with any level of doping 

(Miller, Ahlstrand, Kittelson, & Zachariah, 2007). The resulting nano-regime from the non-

smoking flame is from liberated iron particles. This confirms what is observed through the 

use of a TEM by Zhang and Megaridis (2004 & 2006) at higher levels of doping (1050ppm 

iron or 3500ppm of ferrocene). The appearance of this peak is due to the liberation of iron in 

the flame. The excessive iron catalyst within the flame aids in burning all of the soot prior to 

emission. This leaves liberated iron nanoparticles as the main source of PM emission.  

 

Figure 7 - Flame Size Distribution 

As the accumulation mode shrinks with the addition of ferrocene, the total concentration of 

particles emitted decreases as well as seen in Figure 9. The total concentration of PM only 
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increases with the addition of ferrocene when the PM emitted is dominated by iron primary 

particles as a non-smoking flame. 

 

Figure 8 - Flame Size Distribution near Smoke Point 

 
Figure 9 - Flame Total Particle Concentration 

Triplicate Teflon membrane filters (2.0µm pore size) were pulled from flame exhaust at four 

different flame doping levels: 0ppm, 160ppm, 420ppm, and 700ppm. As more iron is added 

to the flame, the mass of emissions drops. This is due to the carbonaceous emissions being 
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further oxidized because of the catalytic presence of iron. The amount of iron being added to 

the flame is insignificant compared to the amount of soot being produced at lower levels of 

doping. It can be seen in Figure 10 that when iron nuclei are solely being emitted from the 

flame (seen at 700ppm iron) that the mass emitted is significantly less than when 

carbonaceous soot is emitted. This shows that continual addition of ferrocene significantly 

reduces the overall mass emissions without adding much mass from the iron itself. In a 

purely diffusion flame such as this, it shows that there is a theoretical optimal doping level in 

which the addition of ferrocene eliminates the agglomerates of carbon and iron at 140nm 

while not contributing to formation of iron primary particles at 10nm.  

 

Figure 10 - Flame Mass Emissions 

When the amount of iron added to this flame is plotted as a function of the total 

concentration of particles emitted, a second degree polynomial equation can represent the 

data as seen in Figure 11. From this fit a minimum value of 3210 particles/cm3 will be 

emitted from the flame with 680ppm of iron. Although this quantity is approximate, given 

the fitted points’ standard deviations, the number concentration given by the regression is a 

feasible number. This plot more represents that there is in fact a minimum emission of total 

PM between 525 ppm and 700 ppm of iron than it represents the actual value calculated 
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based on the empirical data. Using this instrument it was shown that this value of 3210 

particles/cm3 is within an order of magnitude of what measured ambient background 

concentrations were found to be (500-5000 particles/cm3).  

 
Figure 11 – Relationship between doping and total PM concentration 

3.1.2 Flame PM Extractions 

As can be seen from Table 1 and Figure 12, any amount of iron less than or equal to 420ppm 

resulted in “non-detects.” All quantities less than the detection limit are considered “non-

detects.” The lack of HCs extracted is likely due to the nature of simple diffusion flames. The 

soot produced by an undoped diffusion flame with a neat sooty fuel produce a flame that is 

very low in organic carbon. It has been shown by Turley and Roberts (2004) that less than 

10% of the carbon associated with a flame such as this is organic carbon. These results have 

been confirmed with the current flame setup showing that most of the carbon PM emitted is 

elemental in nature using NIOSH method 5040. 
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Table 1 - Hydrocarbon Concentrations Extracted from PM -Flame 

µg/m3 
undoped 

flame 160ppm 260ppm 420ppm 525ppm 700ppm 1050ppm 
n-Eicosane ND ND ND ND ND 0.005351 ND 
n-Heneicosane ND ND ND ND ND 0.010701 ND 
Docosane ND ND ND ND ND 0.026754 0.013346 
Tricosane ND ND ND ND ND 0.030321 0.016015 
iso-Docosane ND ND ND ND 0.021479 ND ND 
anteiso-Docosane ND ND ND ND 0.021479 ND ND 
Tetracosane ND ND ND ND 0.107394 0.053507 0.026691 
iso-Tricosane ND ND ND ND ND ND ND 
anteiso-Tricosane ND ND ND ND ND ND ND 
Pentacosane ND ND ND ND ND 0.092746 0.026691 
iso-Tetracosane ND ND ND ND 0.021479 ND ND 
anteiso-Tetracosane ND ND ND ND 0.021479 0.001784 ND 
iso-Pentacosane ND ND ND ND ND 0.001784 ND 
anteiso-Pentacosane ND ND ND ND ND 0.001784 ND 
Hexacosane ND ND ND ND ND 0.089178 0.021353 
iso-Hexacosane ND ND ND ND 0.021479 0.001784 ND 
anteiso-Hexacosane ND ND ND ND 0.021479 0.001784 ND 
n-Heptacosane ND ND ND ND ND 0.073126 0.026691 
iso-Heptacosane ND ND ND ND 0.021479 ND ND 
anteiso-Heptacosane ND ND ND ND 0.021479 ND ND 
iso-Octacosane ND ND ND ND 0.021479 ND ND 
anteiso-Octacosane ND ND ND ND 0.021479 ND ND 
Pyrene ND ND ND ND ND 0.003567 0.002669 

 

 
Figure 12 - Hydrocarbon Extraction from Flame PM 
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The very high carbon content of the flame-generated soot may act as an activated carbon 

filter holding onto any HCs due to adsorption. This adsorption is caused by van der Waals 

forces. The extraction technique used to attempt to dissolve the chemicals condensed on the 

surface of the soot did have to ability to overcome the van der Waals forces. The internal 

standard spike recovery from these tests also turned out very low. With doping 

concentrations from 0ppm to 420ppm all of the recovery spikes were less than 25%.  The 

other three samples had better recoveries, but still not to an amount that gives much 

confidence to effectiveness of the extractions (range from 90% to 0% with most between 30-

60%). This could greatly contribute to having HC non-detections.  As the amount of carbon 

decreases with the increased presence of ferrocene, HCs are found to be more readily 

available for analysis and ensure the sample is above the detectability limits of the process. 

Concentrations of specific organic acids (OA) are found in Table 2. The additive quantities 

of organic acids extracted are displayed in Table 13. As can be seen in this figure, as more 

iron was incorporated into the flame, the concentrations of OAs decreased.  In the four 

lowest quantities of iron incorporation, it is seen that the OAs have greater concentrations by 

over  three orders of magnitude compared to the highest concentrations of HCs extracted. 

When the total concentrations of OAs extracted for 700ppm and 1050ppm iron are compared 

to the concentrations of HCs for the same level of doping, there is only about a single order 

of magnitude of difference (2.13µg/m3 & 2.55 µg/m3 compared to 0.40 µg/m3 & 0.13 µg/m3, 

respectively). This lends further support to the theory that the more pure carbon emissions 

are acting as a carbon filter by adsorbing the HCs and not releasing them during the 

extraction process.  

Organic acids are not as readily adsorbed by carbon filters due to their hydroxyl group. 

Because of this, the OAs are more easily extracted off the surface of the carbon soot. This is 

seen by orders of magnitudes of difference in concentrations extracted between OAs and 

HCs. When the amount of available carbon for adsorption decreases with the increase in iron 

incorporated in the flame, a more indicative value of HCs can be seen. The relative similarity 

in values of total OAs and HCs found at the two highest levels of fuel doping indicates this. 
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Because of the lack of adsorption in OAs, Figure 13 is a better indicator of how iron 

incorporated into decreases emissions than Figure 12 is. 

Table 2 - Organic Acid Concentrations Extracted from PM -Flame 

µg/m3 
undoped 

flame 
160 
ppm 

260 
ppm 

420 
ppm 

525 
ppm 

700 
ppm 

1050 
ppm 

Hexanoic Acid ME 4.784 5.099 5.592 6.266 1.052 0.230
0 

0.224
2 Succinic or Butanedioic acid ME 4.984 7.011 5.325 4.439 0.193 ND 0.050 

Caprylic or Octanoic acid ME 4.186 3.505 3.728 2.872 0.472 0.114 0.146 

Glutaric or Pentanedioic Acid ME ND ND 0.060 ND ND ND ND 

Capric or Decanoic Acid ME 4.784 4.143 3.728 2.872 0.236 0.096 0.136 

Pimelic or Heptanedioic acid ME ND 4.780 4.526 8.355 13.42 0.101 ND 

Dodecanoic Acid ME 2.591 4.462 ND ND ND 0.057 0.088 

Azalaic or Nonanedioic Acid ME 7.177 ND 7.456 ND 0.322 ND ND 

1,4-Benzenedicarboxylic Acid ME 5.781 ND 8.521 4.700 1.073 ND ND 

1,2-Benzenedicarboxylic Acid ME 3.588 ND ND ND ND ND ND 

Tetradecanoic Acid ME 7.974 10.19 8.521 5.744 0.515 0.149 0.170 

est...Pentadecanoic Acid ME 0.398 ND ND ND ND 0.001
7 

ND 

1,2,4-Benzenetricarboxylic Acid ME 1.993 ND ND ND ND ND ND 

Hexandecanoic Acid 129.58 112.1
8 

136.6
0 

86.69
1 

4.489 0.779 0.862 

Linoleic Acid ND ND 503.0
2 

ND ND ND ND 

Oleic Acid 14.75 13.06 90.80 14.10 ND 0.117 0.178 

Linolenic Acid ND ND 112.1
0 

ND ND ND ND 

Octadecanoic Acid ME 173.44 147.2
4 

131.5
4 

117.5
0 

5.326 0.597 0.870 
 

 
Figure 13 - Organic Acid Extraction from Flame PM 

0

50

100

150

200

250

300

350

400

undoped 

flame

160ppm 260ppm 420ppm 525ppm 700ppm 1050ppm

µ
g

/m
3



 31

3.1.3 Tentatively Identified Compounds from Flame Extractions 
While completing the previously described GC/MS work, some noticeable peaks appeared on 

the spectrum that were attributed to compounds which were not initially sought. The 

presence of these compounds contributed to a mechanism of combustion that will be later 

discussed. Some of these compounds frequently identified in the flame are: benzaldehyde, 

benzoic acid, phenol, and biphenyl. At the highest doping rate (1050ppm) of iron in the flame 

there is residual unburned ferrocene in the exhaust at 0.1174µg/m3. In this instance the 

ferrocene is being doped into the flame with such excess that some of it is getting through the 

flame without being combusted as a catalyst or being oxidized in the flame to produce iron 

nuclei. Many of the other compounds observed are PAHs with oxygen atoms associated with 

them (e.g. aldehydes and alcohols) 

Tentatively identified compounds such as the ones listed in Table 3 are estimated values. 

These values are based solely on the closest internal standard response. A general idea of the 

quantity of each species can be taken from these values. The confidence in the measured 

value is given by the Q value listed. The greater the Q value the greater the confidence in the 

values listed.  Q values are based on similar responses characteristics to the internal standard 

responses. 
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Table 3 - Tentatively Identified Compounds, Flame Extraction 

 

µg/m3 Q value 

Undoped - Ethylene Flame 

Benzaldehyde 4.5854 59 

Phenol 18.5409 86 

Benzoic acid 31.4996 87 

1,2-Benzoquinone 7.3765 78 

Biphenyl 12.7593 76 

   160ppm Iron - Ethylene Flame 

Phenol 3.5059 58 

   260ppm Iron - Ethylene Flame 

Benzaldehyde 27.1617 94 

Phenol 41.8077 91 

1,4-Dichlorobenzene 38.3459 94 

Benzoic acid 63.9099 94 

Biphenyl 6.9236 72 

   420ppm Iron - Ethylene Flame 

Phenol 24.8062 87 

Benzoic acid 8.3558 59 

   525ppm  Iron - Ethylene Flame 

Benzaldehyde 0.4511 86 

Phenol 3.2433 91 

1,3-Dichlorobenzene 0.5155 76 

   700ppm Iron - Ethylene Flame 

Benzoic acid 0.2140 94 

Nonanal 0.0482 64 

n-Butylbenzenesulfonamide 0.0910 90 

   1050ppm Iron - Ethylene Flame 

Phenol 0.0507 80 

Benzoic Acid 0.1068 64 

1-Indanone 0.1308 97 

Ferrocene 0.1174 87 
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3.2 Engine Results 

3.2.1 Engine PM Morphology 
Diesel engine fuel additives are widely studied for their effectiveness and resulting 

chemistry. Both of these traits are indicative of many possible operating conditions which 

greatly affect the emissions. Some of these operating parameters include engine load, 

combustion chamber size, engine age, break-in time with the additive, injection method, and 

number of cylinders. Because of all of these differing conditions, comparing one study’s 

work to another is not necessarily intuitive.  

The EEPS was used to measure the size distribution of the particles created by the engines. 

Figure 14 shows the effect that engine load has at different concentrations of iron in the fuel. 

It demonstrates in parts a-d that as the load increases, the accumulation of particles at 60nm 

also increases. The increase in carbon agglomerates is due to the increase in fuel 

consumption of the engine. When there is an increase in load on an engine, the engine must 

supply the power by increasing the amount of fuel consumed. The increase in fuel 

consumption leads to carbon being introduced to the system at a faster rate and thus more 

soot is formed from this carbon. It can also be seen in Figure 14 that there are particles less 

than 35nm emitted from the engine. The work performed by Miller et al. (2007) would 

suggest that these particles are liberated iron nanoparticles and iron agglomerates based on 

the five types of particles discussed as observed by an engine doped with iron (Miller, 

Ahlstrand, Kittelson, & Zachariah, 2007). In these size distributions it is shown that the peaks 

less than 35nm are also bimodal. Because of the high concentration of iron nanoparticles 

being liberated and emitted, many are agglomerating. This is seen as either two adjoining 

peaks (e.g. 24ppm iron at no load) or a prominent peak with a slight hump on the side (e.g. 

96ppm iron at 3kW). The left “peak” is attributed to liberated iron nanoparticles while the 

right “peak” is from the accumulation of these nanoparticles to form larger iron 

agglomerates. Contrarily, the work completed by Lee et al. (2006) suggests the possibility of 

another particle being present as hydrocarbon particles. These particles would replace what is 

considered to be iron agglomerates by Miller et al. These hydrocarbon particles are sometime 

referred to as primary spherules. These are the building blocks that form soot agglomerates. 
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The spherules associated with agglomerates have been pyrolized and agglomerated to form 

the accumulation mode. It is also a possibility that these peaks focused at 20-30nm are a 

combination of both the iron agglomerates and primary spherules. It is the belief of the 

author that the composition of a majority of the particles less than 35nm is metallic. This is 

because as the iron concentration in the engine fuel increases, the number and volume of 

particles in the smaller ranges observed tends to increase as shown in Figures 14-17.  

The amount of observed iron particles is shown to vary according to engine load and iron 

concentrations doped to the engine. Iron is often incorporated into carbon agglomerates by 

acting as soot nuclei and being incorporated in the carbon matrix or by iron condensing on 

the surface of a spherule/agglomerate. This incorporation into the soot reduces the amount of 

observed liberated iron. The more carbon agglomerates there are the more iron that can bind 

to the agglomerate’s surface (Miller, Ahlstrand, Kittelson, & Zachariah, 2007). The rate of 

iron being introduced to the engine is also dependent on the load because the feed rate of fuel 

increases with an increase in load. This increase in diesel flow rates also means that iron is 

introduced to the engine at an increased rate. Because the iron going into the system will 

come out, it will be emitted from the engine at a higher rate at the higher loads. Thus, the 

amount of liberated iron is dependent on the amount of iron incorporated into carbonaceous 

PM working against the rate of iron being introduced to the engine due to the load.  

From Figure 14e-g it is observed that the greater the load on the engine, the greater the 

concentration of particles being emitted. The reasons for this increase in particles at higher 

loads is due to the increase of carbon agglomerates as well as the increase in the rate of iron 

being introduced to the engine which are shown as liberated iron particles. At 96ppm of iron, 

(Figure 14h) this trend does not hold for 1.5kW.  This variation is likely not an anomaly in 

the data, but an inaccurate dilution ratio measurement. Support for this claim can be observed 

from the trend of total particles concentrations emitted at other iron concentrations as well. 

 It is possible, however, that this instance is an optimal iron concentration and engine load for 

running with this FBC. The carbon is oxidized efficiently in this instance with high amounts 

of iron incorporated as decorations on the carbon agglomerates.  The liberated iron might be 
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agglomerating readily causing a decrease in the total particle number concentration. In Figure 

15d, it is observed that a majority of the volume lies in the two peaks at 29nm and 60nm 

diameters. This lends further support that a majority of the volume for the scenario at 96ppm 

with 1.5kW is from iron agglomerates (29nm peak) and carbonaceous agglomerates (60nm 

peak).  

Figure 15 is a volume distribution of particles. It was created from the data from Figure 14 

with the assumption that all particles are spherical. Figure 15 shows the sizes of particles that 

contribute most overall volume emitted. If all PM densities are assumed to be uniform, 

Figure 15 also can also show trends of the contributions of particles to mass emissions. If 

Figure 15a & b are compared to their respective number distributions in Figure 14, it shows 

that although the accumulation mode does not contribute to a high proportionality of the 

number concentration, but it contributes significantly to the overall volume/mass. In Figure 

15c & d, when the amount of iron is increased in the engine, the liberated iron has a larger 

proportionality in the total volume emitted. 
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Figure 14 – The Effects of Engine Load on Number Concentrations at Varying Iron Concentrations: (a-d) Normalized Size Distributions (d-f) Total Particle 
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Figure 15– The Effects of Engine Load on Volume Concentrations at Varying Iron Concentrations: (a-d) Normalized Volume Distributions (d-f) Total 
Volume Concentrations 
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Figures 16 & 17 use the data from Figures 14 & 15 to relate iron concentration in diesel fuel 

to number and volume concentrations. Under the conditions of 12.1ppm of iron and no load 

on the engine, the iron doped into the fuel acts as nuclei, promoting soot inception. The 

catalytic properties of the iron do not oxidize the soot effectively enough at this low 

concentration to negate the excess nucleation from the iron. The overall effect of the addition 

of iron to the system creates more soot than would be produced without the addition 

ferrocene. This is seen in Figure 17a as the largest peak at 100nm without a load on the 

engine. With 24ppm of iron, the quantity of iron is sufficient to effectively act as a catalyst 

reducing the number and volume of soot produced as seen in Figure 16a & d and Figure 17a 

& d. At this level of doping, the iron reduces the total volume and number of carbonaceous 

agglomerates as well as iron. With a further increase of iron concentration in the fuel, the 

carbonaceous PM is more catalytically oxidized, thus reducing the quantity emitted. With an 

increase of iron to the system, comes an increase in liberated iron particles.  

With a load of 1.5kW on the diesel generator, the number of particles in the accumulation 

mode decreases with the addition of more ferrocene to the fuel as seen in Figure 16b. This is 

evidence of an increase oxidation of carbonaceous PM with an increase in catalyst. A slight 

increase in volume is observed from 12.1ppm iron to 24ppm though. This is seen in Figure 

17b & e. This is due to more slightly larger particles being produced with 24ppm iron. The 

overall amount of matter produced with 24ppm iron is slightly more, but the number of 

particles is less because the matter is confined to fewer, but larger particles. As more iron is 

added to the engine with a load of 1.5kW, there is an increase in the number and volume of 

iron particles emitted due the increase in introduction to the system.  

With the highest load on the engine (3kW), the more iron that is added to the fuel, the fewer 

the number of carbonaceous particles emitted. This is, again, evidence of iron increasing 

catalytic properties. With the increase in iron concentration in the fuel there is more iron that 

is liberated and thus emitted as either iron nanoparticles or iron agglomerates. At the lowest 

concentration of iron doping, the iron is not being incorporated into the soot as readily. The 



 41

result of this is that more of the iron in the system in being emitted than in cases where there 

are higher concentrations of metal in the fuel.  

Similar work to what is described here was performed by Miller and coworkers (2007). 

Miller’s study used a different generator set with more cylinders and larger combustion 

chambers. They doped their fuel at different rates (20ppm, 60ppm, 200ppm & 600ppm), but 

only observed at a load of 0 kW.  Although these engines are different, similarities in the 

effects of concentration or iron on the size distribution of emissions is observed. In Miller’s 

work, the addition of iron to the system (from 0ppm to 20ppm iron) decreases the 

accumulation mode of PM located at about 60nm. Also, there is the formation of liberated 

iron that is observed at 20ppm. With the addition of more iron to the system (60 ppm) the 

amount of liberated iron emitted increases. The carbonaceous PM emitted increases as well 

with this increase in iron concentration in the fuel. This is similar to what is observed in this 

work for the 1.5kW case from 12.1ppm to 24ppm.  As further increases of iron concentration 

continue to the system, the accumulation mode continues to drop as observed by the current 

study and Miller’s work.  Also, with this increase in iron concentration there is an increase in 

iron particles emitted. These particles are shown to become larger with this increase. This is 

due to the increasing abundance of iron being emitted that the particles being to agglomerate 

forming larger iron particles (Miller, Ahlstrand, Kittelson, & Zachariah, 2007). 

Others researchers of FBCs in engines have shown that the addition of a catalyst created a 

sharp increase in the production of a nanomode of PM and also decreased the mass emitted 

from the engine (Kasper, Sattler, Siegmann, Matter, & Siegmann, 1999; Lahaye, Boehm, 

Chambrion, & Ehrburger, 1996; Jung, Kittelson, & Zachariah, 2005). This reduction of PM 

mass emitted was confirmed by this study for 1.5kW and 3kW when looking at the total 

volume emitted in Figure 17 and correlating the volume to a mass. The reason that this does 

not hold true for the engine condition with no load is because emissions are dominated by 

iron. Because the iron is dominating the mass emitted, the total mass emissions should 

increase with the increase in metal concentration. Running an engine without a load does not 

have any real-world applications. Diesel engine (whether on or off highway) are run with the 
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purpose of producing power to do work. That, solely, is the practical application for an 

engine.   

The size of carbon agglomerates from the engine work differs, morphologically, from the 

flame work. Carbon agglomerates from the engine have a median size of 60nm where as the 

flame agglomerates have a median size of 140nm. The median size of the flame 

agglomerates is 2.3 times larger than the engine. The sizes of primary spherules are likely to 

be similar. Zhang and Megaridis (1994 &1996) obtained TEM images of soot from a burner 

with an identical geometry and flow rates showing primary particles of the carbon 

agglomerations with diameters of about 25nm when doped with 1050ppm of iron. Also, if the 

peaks from 20-30nm from the engine are, in fact, primary spherules yet to agglomerate (as 

previously discussed), the spherule sizes are about the same diameters. This means that the 

size difference in the agglomerate is attributed to the number of the spherules and/or the 

fractal geometry of the agglomerates. During the soot formation process, the time in which 

the conditions were optimal for primary particles to agglomerate may have been longer in the 

flame thus allowing more time to form larger agglomerates for the flame work. Another 

possible reason for the larger flame agglomerates is the primary spherule concentration. If 

there were a higher concentration of primary spherules of 25nm in the flame, there would be 

a greater collision frequency of these spherules and thus making larger agglomerates. The 

liberated iron nanoparticles from both the flame and the engine are 10nm in diameter and are 

assumed to be spherical (Zhang & Megaridis, 1994; Lee, Miller, Kittelson, & Zachariah, 

2006).
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Figure 16 – The Effects of Iron Concentration in Diesel Fuel on Number Concentration at Varying Levels of Engine Loads: (a-c) Normalized Size 
Distributions (d-f) Total Particle Concentrations 
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Figure 17 - The Effects of Iron Concentration in Diesel Fuel On Volume Concentrations at Varying Levels of Engine Load: (a-c) Normalized Volume 
Distributions; (d-f) Total Volume Concentrations 



 46

Figure 18 shows the initial mass emissions determined by gravimetric analysis. In this plot, it 

shows that when the iron is added to the engine’s fuel that the mass of emissions increase. 

Because of the previously described work from other researchers showing a decrease in mass 

emissions, there was concern for the legitimacy of the work from the current project. Further 

research ensued because of this observing the effects that engine load and doping 

concentrations have. Through this extra research it was determined that the measured dilution 

ratios used for the Teflon filter samples and EEPS work was not accurate. This inaccuracy 

caused all of the results from the Teflon filters from the engine (gravimetric and BC 

analyses) to be false. Thus there is no worth Figures18 & 19. 

 

 
Figure 18 - Engine Mass Emission Concentration from Gravimetric Analysis 
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Figure 19 - BC Concentrations 
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supports the previously proposed theory that a reduction in engine ignition temperature due 

to FBCs can cause an increase in unburned carbon.  

 
Figure 20 - Total HC Extraction from Engine PM 
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Table 4 - HC from Engine (green = alkanes; red = PAHs) 

µg/m3 
Undoped 
engine 

12.1 ppm 
engine 

Methyl-fluorene ND 0.005278 
Phenanthrene ND 0.010555 
Anthracene ND 0.003518 
Fluoranthene ND 0.011435 
n-Pentadecane ND 0.026389 
n-Hexadecane ND 0.074767 
n-Heptadecane ND 0.174164 
n-Octadecane ND 0.289394 
Phytane ND 0.086202 
Dodecylcyclohexane ND 0.012315 
n-Nonadecane ND 0.443327 
2-Methylnonadecane ND 0.083564 
3-Methylnonadecane ND 0.084443 
n-Eicosane 0.012513 0.725684 
n-Heneicosane 0.027807 1.321185 
Pentadecylcyclohexane ND 0.074767 
Docosane 0.043102 1.445211 
Tricosane 0.041711 1.037069 
Tetracosane 0.051444 0.616612 
iso-Tricosane ND 0.053657 
anteiso-Tricosane ND 0.178562 
Pentacosane 0.045882 0.387911 
Hexacosane 0.016684 0.117869 
Nonadecylcyclohexane ND 0.050138 
n-Heptacosane 0.006952 ND 
Pristane ND 0.029027 
Pyrene 0.002781 0.032546 
Benzo(ghi)flouranthene ND 0.011435 
Benz(a)anthracene 0.00139 0.005278 
Chrysene 0.002781 0.010555 
AAA-20S-C27-Cholestane ND 0.037824 
17A(H)-22,29,30-Trisnorhopane ND 0.048379 
17B(H)-21A(H)-30-Norhopane 0.022246 0.175923 
17A(H)-21B(H)-Hopane ND 0.117869 
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Figure 21 - Summary of alkane extractions from the diesel engine
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It has been shown by Stratakis and Stametlos (2003) that the addition of a FBC decreases the 

ignition temperature of an engine considerably. With the addition of 25ppm and 50ppm of 

cerium, it was observed that the ignition temperature dropped from 630ºC to 490ºC and 

480ºC, respectively  (Stratakis & Stamatelos, 2003). LaHaye and coworkers (1996) also 

showed a drop in engine ignition temperature with the presence of a FBC (Lahaye, Boehm, 

Chambrion, & Ehrburger, 1996). With a drop in temperature, the oxidation rate of fuel and 

soot will decrease leaving more unburned fuel left to condense on the surface of the PM. In 

2006, Lee et al. provided evidence of the increase in organic compounds with the addition of 

increased concentrations of iron using a single particle mass spectrometer 

Considerably less organic acids were extracted than hydrocarbons from the analysis of the 

engine. This can be seen when Figures 19 and 20 are compared. The amount of total organic 

acids extracted from the ferrocene doped soot is greater than that of the undoped soot. This is 

likely another contributing factor to mass emitted from the doped engine being greater than 

the mass emitted from the undoped engine. 

 In this study, a selection of organic acids and HCs were extracted from soot and quantified. 

These are among the numerous organic compounds that may have condensed on soot 

generated from the diesel engine. If the results of these extractions are indicative of the trend 

of organic compounds condensed on the surface of the PM, it is clear that there are more 

organics being emitted from the doped engine. These organics are the result of incomplete 

combustion of the engine. Ideally, all hydrogen and carbon would be oxidized to the point 

that carbon dioxide and water are the only products of combustion with minimal amounts of 

inorganic ashes, but this is not the case. The incomplete combustion that is resulting from the 

presence of ferrocene is creating an abundance of unburned and underutilized fuels that could 

be employed to create a more efficient and powerful engine. Theoretically, if there is further 

iron added, more of the fuel would be utilized for combustion because of the iron’s 

increasingly effective catalytic properties with increased concentrations. 
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Table 5 - Organic Acid Extractions from PM - Engine 

µg/m3 
Undoped 
Engine 

12.1ppm 
Iron 

Hexanoic Acid ME 0.019465 0.024629 
Succinic or Butanedioic acid ME ND 0.04574 
Caprylic or Octanoic acid ME ND 0.009676 
Glutaric or Pentanedioic Acid ME ND 0.037824 
est..Nonanoic Acid ME ND 0.001759 
Adipic or Hexanedioic Acid ME ND 0.019352 
Capric or Decanoic Acid ME ND 0.011435 
Pimelic or Heptanedioic acid ME ND 0.02375 
Suberic or Octanedioic Acid ME ND 0.019352 
Dodecanoic Acid ME ND 0.011435 
Azalaic or Nonanedioic Acid ME ND 0.036064 
1,4-Benzenedicarboxylic Acid ME 0.008342 0.048379 
1,3-Benzenedicarboxylic Acid ME ND 0.287635 
1,2-Benzenedicarboxylic Acid ME 0.005561 0.02375 
Sebacic or Decanedioic Acid diMe ND 0.098517 
Tetradecanoic Acid ME 0.019465 0.02199 
est...Pentadecanoic Acid ME 0.002781 ND 
1,2,3-Benzenetricarboxylic Acid ME ND 0.010555 
1,2,4-Benzenetricarboxylic Acid ME 0.016684 0.116109 
1,3,5-Benzenetricarboxylic Acid ME ND 0.013194 
Hexandecanoic Acid 0.161283 0.250691 
Oleic Acid 0.016684 0.048379 
Octadecanoic Acid ME 0.193262 0.290274 
Eicosanoic Acid ME 0.008342 0.040462 
Isopimaric Acid ME 0.002781 ND 
Dehydroabietic Acid ME ND 0.010555 
Docosanoic Acid ME ND 0.058934 
Tetracosanoic Acid ME ND 0.030787 
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Figure 22 – Total Organic Acid Extraction from Engine PM 

 
Figure 23 - Composition of Extraction from Diesel Engine 
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Table 6 - Tentatively Identified Compounds from GC/MS 

 

µg/m3 Q value 

12.1ppm Iron - Diesel Engine 

1,2-Benzoquinone 0.0774 78 

Ferrocene 0.1082 93 

2-Methyleicosane 0.0748 90 

3-Methyleicosane 0.0792 91 

   Undoped - Diesel Engine 

Boric Acid 0.2961 95 

Tetradecanal 0.0431 91 

 

4 CONCLUSIONS 

The addition of ferrocene to the laminar jet diffusion flame acted as expected by reducing the 

number and mass of soot particulate. The ferrocene acted as a catalyst in oxidizing the soot 

and fuel. The more ferrocene added to the flame the more it aided in oxidation to the point 

that virtually all hydrocarbons and soot had been oxidized. This was observed at doping 

levels between 525ppm and 700ppm of iron. Using a second degree polynomial fit to the 

data, the optimal doping of the flame should occur at 680ppm. At this point, minimal 

carbonaceous matter should be emitted from the flame because of the effect of ferrocene. 

Furthermore, the amount of ferrocene is enough for the soot to be oxidized fully, but there 

should be a minimal amount of iron primary particles emitted. Any doping beyond this point 

only increases the amount of iron nuclei emitted.  

HC and OA extractions from flame PM resulted in inefficient quantifying of HCs at low 

levels of fuel doping. This inefficiency and inability to recover HC standards used in the 

extraction process demonstrated that soot produced with low levels of iron FBCs creates soot 

that is composed almost entirely of elemental carbon. The soot acts in the same way an 

activated carbon filter would by adsorbing the HCs to its surface. The solvent rinses used for 

the extractions did not have the ability to pull these adsorbed HCs from the surface. Because 

of this, iron doping concentrations between 0ppm and 420ppm produced non-detections for 

all HCs attempted for the GC-MS work. 
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Characteristic accumulation mode particles from the flame were significantly larger than 

those of the engine. This is likely due to an increase in time allowing agglomeration to occur. 

Thus, more primary spherules collided at a greater frequency and/or for a longer duration for 

the flame producing larger particles. Both primary spherules and iron nanoparticles appear to 

have the same diameters regardless of combustion source.  This is likely due to the innate 

characteristics of the chemicals condensing. 

From the engine work, it was observed that as the load on the engine increased, the 

accumulation mode also increased. This is likely due to the increased fuel flow rate 

producing more carbon which will form soot. It was also observed that more iron particles 

are liberated when there is no load on the engine compared to 1.5kW. Even though there is 

less iron being introduced to the system at the lower load, there are not as many available 

surfaces on the carbon agglomerates for the iron to condense on. The increase in carbon 

agglomerates at higher loads offers more condensation area for iron to condense on thus less 

liberated iron is observed. At even higher loads (3kW), the amount of iron introduced to the 

system increases even further resulting in the greatest concentrations of liberated iron 

particles. 

It was demonstrated that increased concentrations of iron to diesel fuel increased the total 

catalytic oxidation resulting in fewer particles in the accumulation mode. The number of 

liberated iron particles is also shown to increase with increased concentrations of iron in the 

fuel from 24ppm to 94ppm. This results because there is more iron in the system to be 

liberated as well as less carbon agglomerates for the iron to bind to. There is an anomaly with 

doping the engine with 12.1ppm of iron. At every engine load, there is more observed iron 

particles and carbon agglomerates with 12.1ppm compared to 24ppm of iron. It is speculated 

that the iron is not being incorporated as a catalyst at this low concentration and that most of 

the iron in the system is being emitted as iron particles.  

It is shown by other researchers that engine ignition temperature decreases with the 

introduction of FBCs (Stratakis & Stamatelos, 2003; Lahaye, Boehm, Chambrion, & 

Ehrburger, 1996). In the GC-MS work performed, the extractions from the PM demonstrated 
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that there was much unburned fuel and crankcase oil being condensed on the surface of the 

PM generated from an engine doped with 12.1ppm of iron. A decrease in engine temperature 

would slow the oxidation of fuel and when the reaction is quenched with the drastic 

temperature drop from being exhausted, there is more fuel still remaining unutilized that 

condenses are the surfaces of the carbon agglomerates. With further increases in iron 

concentrations to the diesel fuel, more fuel should be oxidized prior to quenching due to the 

catalytic oxidation from the iron. Ferrocene was also condensed on the surface of the PM 

lending further support that the reactions were quenched prior to the iron, fuel and oxygen 

fully reacting. The excess fuels condensed are the surface may have potential negative 

toxicological effects when inhaled.  
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