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ABSTRACT 

Particulate emissions and organic volatiles produced by incomplete combustion processes 

have attracted the attention of many environmental experts. Consequently, increasing concern 

has been directed towards the study of human health problems caused by carcinogenic and 

mutagenic soot components such as polycyclic aromatic hydrocarbons (PAHs) and polyenes 

from various combustion systems. Soot from many combustion systems are well-known 

precursors for numerous toxicological impacts in the environment as well as biological 

structures. This study investigated the nature and toxicological effects of soot from simulated 

forest fire, vehicular exhaust, and tyre burning. Soot from these sources was trapped in the 

gas phase using gas trapping apparatus and then dissolved in dichloromethane through a 

porous tube diluter. Volatiles from soot were extracted in dichloromethane for analysis using 

Gas Chromatography interfaced with a Mass Spectrometer (GC-MS). The energetics of 

selected PAHs and their corresponding free radicals was explored using high level quantum 

chemical calculations. Accordingly, the Density Functional Theory (DFT/B3LYP) in 

conjunction with 6-31G basis set was used in this study. The size distribution analysis and 

surface morphology of soot was examined using a scanning electron microscopy (SEM). To 

simulate chronic environmental pollution, 12-week old male albino mice were exposed to 

particulate emissions at a rate of ~ 250 μg
-3

day
-1 

(measured by a gas flow meter) and their 

lung tissues were extracted for bioassay analyses. Comparisons were made between the lung 

tissues of mice exposed to the particulate emissions from the three sources, and the control 

mouse in order to determine the biological impact of particulates on the functioning of the 

lung tissues.  Igor and Image J computational softwares were used to characterize micrograph 

images. Swelling and shrinking of lung tissue cells was observed as a result of exposure to 

tyre and diesel exhaust particulate emissions which caused disconnection of tissues and 

damage to the blood capillaries within the lung alveoli. Organic volatiles detected from tyre 

and diesel combustion included benzene, benzo[a]pyrene, anthracene, and cyclopentafused 

PAHs such as fluorene and fluoranthene. The average particulate size of emissions from 

simulated forest fire using SEM was found to be 11.51 ± 4.91 µm. This study has shown that 

most of the emissions from simulated forest fire fall under particulate matter of ≤10 µm in 

size. Simulated forest fire particulates caused minimum damage to the lung tissues whereas 

particulate emissions from diesel and tyre caused grave damage to the lung system of the 

mice. These effects may be attributed to toxic organic volatiles as well as particulates which 

carry with them active radicals and toxic organic intermediates into the respiratory system. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Background information 

The principal focus of this investigation was to examine the respiratory injury on the lung 

tissues of male albino mice as a result of exposure to particulate emissions (soot) and organic 

volatiles from various combustion sources. Generally, particulate matter is defined as an 

aggregate of small particulates, liquid droplets, and vapors that have been associated with 

respiratory and cardiovascular morbidity, and mortality in susceptible populations (Lippmann 

and Schlesinger, 2000). Ambient particulate matter (PM) of various particle dimensions from 

different sources has been found to originate from a number of human activities (i.e. tyre 

burning, diesel combustion and forest fires) and natural sources (Kelly and Fussell, 2012). 

During incomplete combustion in air-limited conditions at moderately high temperatures, PM 

emissions are dominated by solid carbon aggregates (soot) (Gwaze et al., 2006). The health 

effects of inhaled particles and organic toxins are highly dependent on the deposition and 

retention of particles in the lung (Kreyling et al., 2006). The deposition possibility and 

deposition site of particles is not only governed by their aerodynamic characteristics, such as 

size, density, and shape, but also by other physicochemical properties such as hygroscopicity 

(i.e. water uptake) (Bølling et al., 2009). Experimental studies have suggested a range of 

physicochemical properties influencing the toxic and inflammatory potential of PM and 

possibly particle-induced health effects (Schwarze et al., 2006). Additionally, soot 

particulates are involved in the transmission of nasty odours. For instance, odours from 

incinerators, open fires and burning of food products are transmitted by particulate emissions 

(Köhler and Allgeier, 2015). 

Histochemistry as the aspect of histology concerned with the identification of chemical 

components in biological cells and tissues has been used to explain more about soot effects in 

body organs (Vohr, 2016). To understand the impacts of particulate emissions in biological 

systems, there exist two major components to be analyzed; the first and most clinically 

important are the physiological changes that occur and must be managed clinically to obtain 

optimum outcomes (Bates et al., 2015). The second component relates to the biochemical 

changes responsible for the observed physiological changes (Bergethon, 2013). 

Consequently, histochemistry evaluates the soot emissions as an altering agent in the 

microstructures of the biological cells (Fahlman, 2011). To appreciate the impacts of soot on 



2 
 

biological structures, microscopy techniques such scanning electron microscopy (SEM), the 

electron microscope, and the light microscope were used in this study. 

Particulate emissions from combustion of tyre, diesel, and other petroleum fuels is a 

dominant contributor to particulates of ≤ 2.5 µm (PM2.5) and particulates of ≤ 10 µm ( PM10) 

and contains emissions of carbonaceous particles with fused and free polycyclic aromatic 

hydrocarbons (PAHs) (Xi and Zhong, 2006). These fuels may generate long chain 

hydrocarbons which further undergo degradation to produce free radicals which are 

considered biologically hazardous. PAH and long chain hydrocarbons metabolism in the 

body generates electrophilic and reactive metabolites that have been indicated as initiators of 

pulmonary cytochrome P450 in diesel exhaust particles (Murphy et al., 2008). Furthermore, 

ambient airborne particulates consist of persistent free radicals and reactive oxygen species 

(ROS) implicated in the generation of cellular oxidative stress and cell damage (Li et al., 

2008). The persistent oxidative stress contributes to decreased lung function and exacerbates 

asthma, bronchitis, and pneumonia among people living in areas of high levels of particulate 

air pollution (Perez-Padilla et al., 2010; Ko and Hui, 2012). Although exposure to particulate 

emissions has been linked to diminished lung development and function in children, the 

underlying biological mechanism responsible for enhanced susceptibility is largely unknown 

(Jayaraman et al., 2010). 

Epidemiological studies have shown that there is an association between ambient air PM 

concentrations and health effects. PM, in general, has been mostly linked to excess 

cardiovascular mortality (Brunekreef and Forsberg, 2005), lung cancer (Sexton et al., 2007; 

O'Connor et al., 2008) and cardiac arrhythmias (Delfino et al., 2005). All these effects vary 

in strength with sampling location, type, and season and fraction size. Nonetheless, granular 

particulates have been mostly associated with respiratory disease and cardiopulmonary 

morbidity (Brunekreef and Forsberg, 2005; Brook et al., 2010). Toxicological research has 

confirmed the organic credibility of the findings of epidemiology studies and demonstrated 

that PM-induced toxic effects are often dependent upon PM size and composition (Mirowsky 

et al., 2013). Moreover, if the origin of the smoke particulate emissions is of organic nature, 

then the smoke may cause numerous ill health problems including central nervous system 

breakdown, lung inflammation, and mucous membrane irritation in addition to other ailments 

(Chaturvedi, 2010). The oxidative potential of airborne particles is yet to be understood; 

however, some studies have established that fine PM have been associated with the 

generation of high levels of reactive oxygen species (Bates et al., 2015).  
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Soot is the mass accumulation of polycyclic aromatic hydrocarbons (PAHs) species above a 

certain size i.e. transition from gaseous species to solid particles through chemical growth 

(Frenklach et al., 1985; Frenklach and Wang, 1991, 1994b). Soot can also be considered as a 

product of incomplete combustion, accompanied by the presence of PAHs, nano-sized carbon 

particles and few fullerenes (Bachmann et al., 1996; Bruno et al., 2002; Apicella et al., 

2006). Soot formation comprise four major processes i.e. homogeneous nucleation of soot 

particles, particle coagulation, particle surface reaction (growth and oxidation), and particle 

agglomeration (Palmer and Cullis, 1965). Although soot formation is a complex area of 

study, it has become necessary to investigate various phenomena at the nano scale and how it 

affects biological functions as precursors for cancer, oxidation stress, aging, and other 

degenerative diseases that affect the respiratory landscape. Chronic exposure can lead to 

allergies, bronchitis, and emphysema, while acute exposure can cause impaired judgment, 

eye and respiratory irritation, and even death. Particulate soot is a major cause of reduced 

visibility in many parts of the United States. It can also cause damage to paints and building 

materials (Berdahl et al., 2008). 

The physics of soot formation is a fire which is a consequence of a fuel among other 

conditions. Therefore, heat, fuel, and chemical reaction are necessary components for the 

development of a fire (Chaturvedi, 2010). Fire is a complex, dynamic, and physicochemical 

processes and is the result of rapid chemical reaction generating soot, heat, flame, and light 

(Lautenberger et al., 2005). Soot consists of PM, as well as a variety of invisible combustion 

gases and vapours suspended in the fire atmosphere (Gad, 1990; Wright et al., 2009). 

Particulate matter is the sum of all solid and liquid particles both organic and inorganic 

particles such as soot, dust, smoke and liquid droplets (Silverman, 2012). These particles vary 

greatly in size, composition and origin. Based on the size, particulate matter is often divided 

into two groups i.e. the coarse fraction that contains larger particles with a size ranging from 

2.5 µm to 10µm (PM2.5 – PM10) and the fine fraction contains the smaller ones with a size up 

to 2.5 µm (PM2.5) (Marcazzan et al., 2001). The particles in the fine fraction which are 

smaller than 0.1 µm are called ultrafine particles. 

Accordingly, this study examines particulates, organic volatiles, and the health impacts of 

particulate emissions from various sources on the lung tissues of male albino mice with the 

aim of deriving the pathological impacts of inhaling such particulates by higher-order animals 

such as man. This contribution is also necessary in understanding the health consequences of 

airborne particulates and organic toxins especially from vehicular soot, indiscriminate tyre 

http://www.greenfacts.org/glossary/def/fine-particles-ultrafine-particles.htm
http://www.greenfacts.org/glossary/mno/mass-units.htm
http://www.greenfacts.org/glossary/def/fine-particles-ultrafine-particles.htm


4 
 

burning, and disasters such as fireworks and forest fires. The information obtained is 

fundamental in assisting governments and environmentalists to make informed decisions 

concerning environmental pollution from the thermal degradation of organic materials. 

Generally, the organic volatiles (PAHs) considered detrimental to biological health has been 

discussed extensively in this study.  

1.2 Statement of the problem 

In view of increased forest fires, increased vehicular emissions and unconventional thermal 

destruction of tyres, soot and organic pollutants have gained significant attention in biological 

and environmental health. Soot has been reported to contain substances that are not only 

carcinogenic but also mutagenic. They act as precursors for oxidative stress, cancers and 

respiratory problems. Previous studies have shown that soot can cause decreased lung 

function, heart and liver problems. Soot particulates exists in the environment in form of 

PAHs, polyenes, coronene and long chain hydrocarbons. According to a major study 

published in New England Journal of Medicine in 2007, long term exposure to urban air 

pollution containing soot increases the risk of coronary heart diseases. In several human 

experimental studies using a well-validated exposure chamber setup, diesel exhaust (DE) has 

been linked to acute vascular dysfunction, respiratory problems and increased thrombus 

formation. 

1.3 Objectives 

1.3.1 General objective 

To investigate soot particulate emissions from various combustion sources and their 

pathological impacts on the lung tissues of albino mice 

1.3.2 Specific objectives 

1. To determine the molecular combustion by-products from the thermal degradation of 

various biomass materials (tyre, diesel, and simulated forest components). 

2. To characterize the particulate emissions (soot) from various combustion sources. 

3. To explore the physiological effects of various particulate emissions on the 

respiratory tissues of male albino mice.  
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1.4 Hypotheses 

1. The thermal degradation of selected biomass materials will not give similar molecular 

reaction products 

2. Several combustion sources will not emit particulates of the same aerodynamic 

diameter 

3. Soot will not cause lethal physiological consequences on the respiratory tissues of 

male albino mice 

1.5 Justification 

The mechanism by which particulate emissions and organic volatiles cause toxicity is quite 

complex. In the past few years, significant effort has been made towards understanding the 

particulate nature of soot from various combustion systems and their toxicological impacts in 

biological structures. Despite soot formation being a complex study area, it has become 

necessary to investigate their particulate size and their clinical effects on human health and 

natural ecosystems. Traffic emission studies suggest increased rates of respiratory and 

cardiovascular disease and risk of premature death near busy urban streets or highways. 

Therefore, great attention has been drawn to the chemistry of particulate emissions, PAHs 

and hydrocarbons such as 1, 3-butadiene, benzene, and toluene by scientists all over the 

world. Accordingly, the chemistry of rich flames, particularly that involved with hydrocarbon 

growth into PAHs and ultimately soot, has become one of the most active research areas in 

combustion chemistry. Furthermore, the histochemistry of soot has gained mounting global 

attention through the use of research animals. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Sources of soot 

Soot formation is understood to have two major patterns in the combustion processes 

(Indarto, 2008). The first and probably the most famous formation of soot is through 

aggregation of poly-cyclic aromatic hydrocarbons (PAHs) (Bauschlicher et al., 2000). This is 

also known as "growing PAHs" scheme in which the precursors (e.g. ethylene or small 

hydrocarbons radical) react to form cyclic molecules such as benzene (C6H6), naphthalene, or 

coronene (Norinaga and Deutschmann, 2007). Emissions from the selected combustion 

sources are major concern due to hazardous gases such as CO and SO2, polycyclic aromatic 

hydrocarbons (PAH) and particulate matter that are produced from carbon, sulfur and other 

components used in tyre and diesel production. A recent research conducted by Downard et 

al. (2015) revealed that emissions of hydrocarbons ranged between 1800-60,000, 31,000-

35,000 and 1300- 3700 mgkg
-1

 of tyre burned, respectively during a controlled burn study. 

The total average emissions ranged from 64,500-149,000 mgkg
-1

 of tyre in an open burning 

simulation (Downard et al., 2015).  

 

Poly-cyclic aromatic hydrocarbons (PAH) are major class products of combustion of tyre and 

diesel. The formation of PAHs and soot has become one of the central themes of research 

activities in the area of combustion of hydrocarbons fuel and other materials such as biomass 

and municipal waste incineration (Paulik et al., 2016). Various theoretical models simulate 

particle formation and evolution in different types of flames; however, soot formation 

modeling in terms of short time scales, for example the shock tube experiments, takes place 

in a few milliseconds. This restriction has made it difficult to model soot formation with the 

use of the conventional Hydrogen-Abstraction-Acetylene-Addition (HACA) model 

(McIntosh and Russell, 2014). It requires the investigation and the development of various 

chemical reaction routes of soot precursor formation and growth together with an adequate 

kinetic representation. This is because of the mounting environmental concerns of pollutant 

emission from combustion sources and fires. For this reason, research activities span 

experimental, theoretical and computation efforts, and covers a diverse spectrum of the 

physics and chemistry of the combustion processes such as; homogeneous nucleation of soot 
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particles, particle surface growth and oxidation, particle coagulation and agglomeration 

(Eggersdorfer and Pratsinis, 2013). 

A study that was conducted in a laboratory environment showed that emission factor for total 

(gaseous and particulate) PAH was 5330 mgkg
-1

 of worn out tyre in an open burning 

simulation and 11,450 mgkg
-1

 of powdered tyre in a controlled thermal degradation study 

(Orasche et al., 2012). PAHs are primary and secondary reaction products from combustion 

of tyre. At higher temperatures in controlled environments, it has been found that light 

olefinic and aromatic compounds, arising from butadiene and styrene, are volatilized. These 

volatilized light olefins and aromatics evolved eventually combines to form PAH compounds 

via Diels-Alder type reactions (Saunders, 2013). The PAHs produced especially, from tyre 

and diesel combustion range from two to six rings in size and may contain methyl or other 

alkyl substituents. The major component of tyre combustion emissions is benzo[a]pyrene 

(B[a] P). This is a five-ring PAH that has been extensively studied as it is very toxic and it 

has been  classified by the International Agency for Research on Cancer (IARC) as a known 

human carcinogen and is used as a general indicator of carcinogenic PAH emissions (Tilton 

et al., 2015). In oxygen limited combustion environments, PAH emissions increase. 

Quantities of PAH emissions from large-scale open burning of tyres are limited, since these 

PAH emissions have been studied under controlled environments (Siddens et al., 2012). 

Examination of soot and liquid samples collected from tyre combustion in Quebec revealed 

165 individual PAH with two to seven aromatic rings and molecular weights ranging between 

216 to 302 Daltons (Da). Aromatic compounds containing sulfur, nitrogen and oxygen, 

including phenols, quinolines, thiophenes and carbazoles have also been identified as 

products of tyre combustion (Wang et al., 2007). Some examples of PAHs are presented in 

Figure 2.1. 

                                             

Figure 2.1: Examples of PAHs; naphthalene and acenapthalene. 

 

Along with the above properties, PAHs also have the ability to travel long distances in the 

environment. PAHs, especially those with three to four rings, are semi-volatile and have the 
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ability to screen between gaseous and particulate phases. Moreover, PAHs can bond on 

surface waters and soils for long periods of time, which later are then re-evaporated into the 

atmosphere. PAHs are also strongly associated with soot or black carbon that is released 

during fossil fuel combustion (Weidemann et al., 2016). 

 

Recent research has also shown that PAHs can react with particles and sunlight once emitted 

or exposed to the environment. These reactions can alter the behaviour of the chemicals, or 

transform them into new toxins. Once in the atmosphere, PAHs can react with other 

pollutants such as ozone, hydroxyl radical, sulfur dioxide, and nitrogen dioxide. Upon 

reacting with these chemicals, PAHs can become more toxic (Abdel-Shafy and Mansour, 

2016). Some PAHs have been shown to have half-lives of just hours to days in the 

atmosphere due to these chemical transformations (Forbes and Garland, 2016). 

 

Another method of soot formation is via polyene molecules (C2nHn) (Crittenden and Long, 

1973). This scheme is rarely addressed, although polyenes have been detected in high 

concentrations during combustion processes (Mansurov, 2005). Therefore, polyenes could be 

one of the major precursors for soot formation in combustion systems due to their unique 

reactivity. A detailed kinetic model for the formation of soot from the perspective of flame 

modeling can be viewed as comprising of two principal components: gas-phase chemistry, 

which determines the flame structure, and soot particle dynamics, which describes the 

evolution of the particle ensemble. 

2.2 Formation of soot in the gas-phase 

The mechanism of soot formation consists of several stages. For instance, starting with an 

aliphatic fuel, the fuel molecules are first broken down into smaller hydrocarbon molecules 

and free radicals either by pyrolysis or oxidation reactions. These small particles exist in the 

gaseous form which latter combine to form larger particles. 

2.2.1 Soot particle precursors 

The nature of soot particle inception involves polyacetylenes (polyenes), iron species, or 

polycyclic aromatic hydrocarbons as the key gaseous precursors to soot formation (Calcote, 

1981). Polyenes (C2nH2) can be described as a linear molecule consisting of carbon atoms 

and, in the neutral charge state; they have one hydrogen atoms in each end of the chain 

(Kugler, 1999). The highest detected polyenes molecule in the flame was as long as C14H2, 
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but only C4H2 can be isolated in significant amounts (Gaffney et al., 2015). Polyene 

concentration was varied depending on the fuel used for the combustion and the reaction 

time. The idea of polyene as the soot growing precursor was proposed by Homann (1967) 

who found that there were a group of species which disappeared rapidly during the soot 

growth and were no longer detected at the end of the oxidation reaction zone (Mansurov, 

2005; Indarto, 2009). From another experimental work, it was pointed out that the 

investigation of the absorption profiles for ‘pre-soot’ species in pyrolysis and oxidation of 

different fuels indicated the presence of species capable of absorbing in the visible and 

ultraviolet region of the spectrum before the emergence of soot (Haynes, 1981). However, the 

major sources of soot particles is via macro-cycloalkanes and PAHs (Kamens et al., 1988). 

The PAHs hypothesis also embraces the particle inception through formation of aromatic-

aliphatic-linked hydrocarbons which later graphitize (D'Anna et al., 1994). The formation 

and growth of aromatic species bridges the main combustion zone chemistry and soot 

formation. The aromatic molecules are themselves toxic and subject to environment 

regulations (Shaw and Connell, 1994). 

2.2.2 Growth of aromatics 

The modeling of soot formation and growth in combustion was considerably influenced by 

the work of Frenklach (Frenklach et al., 1985; Frenklach and Wang, 1994a). The authors 

suggested a detailed kinetic mechanism of soot formation and growth via PAHs called 

HACA. This model involves Hydrogen-Abstraction-Acetylene-Addition (HACA) which has 

two principal steps i.e. abstraction of a hydrogen atom from the reacting hydrocarbon by a 

gaseous hydrogen atom which activates the aromatic molecule (Frenklach and Wang, 1991). 

Ai + H → Ai- + H2                                                                                                                 (2.1) 

Equations 2.1 and 2.2 shows the addition of gaseous acetylene molecule to the radical site 

formed which propagates molecular growth and cyclization (D'Anna et al., 1994). 

A C H productsi  2 2                                                                                                      (2.2) 

Ai is an aromatic molecule with i peri-condensed rings and Ai- is its radical. The significance 

of these two reaction-paths feature was identified in the very first attempt at numerical 

modeling of detailed reaction kinetics of the growth of aromatics (Frenklach et al., 1985) . 

The first step activates a molecule to further growth by converting it to a radical. Therefore, 

the key feature of this step (HACA step), as proposed in equations 2.3 and 2.4 is its 

reversibility (Frenklach and Warnatz, 1987; Richter et al., 2005) i.e. 
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A H A Hi i   2                                                                                                              (2.3) 

A H Ai i  2                                                                                                                     (2.4) 

The reversibility of the acetylene addition step, reaction (2.4), or more precisely, the degree 

of its reversibility is what determines whether this step will contribute to molecular growth 

(Siegmann, 2002). Kinetic model of soot formation, from the perspective of flame modeling 

can be viewed as a composition of two principal components; gas-phase chemistry, which 

determines the flame structure, and soot particle dynamics, which describes the evolution of 

the particle ensemble (Chung, 2011). 

2.2.3 Growth of other species 

Acetylene is not the only species that propagates the growth of aromatic rings, but also 

methyl, propargyl, and cyclopentadienyl (Henning and Howard, 2000). According to 

Glassma (1979) stabilized structure of the reacting radicals of hydrocarbons with conjugated 

structure and their derivatives are critical intermediate to soot nucleation (Frenklach et al., 

1983). For instance, in the pyrolysis of benzene, the aromatic growth is initiated by the 

formation of biphenyl as presented in scheme 2.1 (Perez et al., 1991). 

 

Scheme 2.1: Mechanistic formation of soot from biphenyl radical 

Scheme 2.2 proposes the growth of soot via acetylene addition according to Frenklach, (1986 

and 1988). This pattern appears at different conditions and fuel as well as in flames with 

increased stoichiometry and pressure (Kazakov et al., 1995). 

 

Scheme 2.2: Mechanistic formation of soot via acetylene pathway 
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2.2.4 Migration reactions 

Theoretical investigations reveal new reaction pathways for aromatic ring growth (Richter 

and Howard, 2000). For instance the formation of soot via a five-membered aromatic ring as 

shown in scheme 2.3, anchors this theory. 

 

Scheme 2.3: The formation of a cyclopentadiene precursor for soot formation 

 

Scheme 2.4; Interconversion of five- and six-membered rings 

 

Scheme 2.5: Migration of the cyclopenta ring along zigzag aromatic edges 
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All the pathways above have one critical mechanistic feature in common in that the reaction 

pathway is induced or assisted by hydrogen atom migration (Frenklach., 1998). For large 

aromatic structures, like condensed multi-ring soot precursors or those developed at the edges 

of the soot particle surface, the H migration step opens an additional and somewhat faster 

channel for reaction pathways 2.3, with the result of at least doubling the rate of cyclization. 

Reaction pathway for instance, 2.4 and 2.5 open substantially new possibilities for surface 

growth, as will be discussed in the next section. Researchers have studied the five-member 

ring migration along a graphene edge and concluded that an important implication of the 

migration phenomenon is that, while five-member rings are constantly being formed on the 

growing edge, they do not accumulate, but rather they are converted to six-member rings 

(Singh et al., 2015). 

2.2.5 Surface migration 

The postulate of chemical similarity provides a natural extension of the gas-phase chemistry 

of aromatics, which in turn enables a faultless coupling of the gas-phase reaction model with 

that of surface growth and oxidation (Frenklach and Wang, 1994b). At the same time one 

must realize that the postulate of chemical similarity is only an assumption. In reality, one 

should predict differences between gaseous and surface reactions even in cases of seemingly 

analogous molecular interactions (Frenklach and Ping, 2004). The primary cause of the 

possible dissimilarity is the difference in steric confinements of reactive sites. In other words, 

the reaction of a gaseous species with a surface radical may have the ‘‘sticking probability ’’ 

and equilibrium constant varying with the nature of the neighbouring sites and their 

occupancy (May et al., 2010). This phenomenon is presented in Figure 2.6. Furthermore, 

while the localized steric factors may affect the surface kinetics in its own right, sometimes, 

like in the case of surface migration, it leads to substantially different overall reaction kinetic 

patterns (Veshikini et al., 2015). By analogy with diamond film growth, the five-membered 

ring migration has important implications for the surface growth of soot particles (Frenklach 

and Ping, 2004). The migrating five-membered rings will propagate the zipper filling of the 

zigzag surface, via the reaction pathway ensuring that the growth proceeds via a continuous 

front (Edwards et al., 2014). A ‘‘collision’’ of these propagating fronts may create a site that 

cannot be filled by cyclization and thus cannot support further growth, again reminiscent of 

the diamond case (Frenklach, 2002). Formation of such surface defects may be responsible 

for the loss of reactivity of the soot particle surface to growth (Jorg et al., 2000). 
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Scheme 2.6: Mechanistic formation of soot via surface migration of radical species 

2.3 Particulate phase 

In spite of the great effort in understanding the mechanism of hydrocarbons and soot 

formation, there are still numerous uncertainties which need to be studied experimentally and 

theoretically. The formation and evolution of soot particles includes processes like soot 

particle nucleation, surface growth and oxidation, coagulation and agglomeration which are 

briefly described in the following sections. 

2.3.1 Particle nucleation 

The transition of gas-phase species to solid particles is probably the least understood part of 

soot formation. Here, at some critical size of hydrocarbon radical species begin sticking to 

each other during collision, thus forming dimers (Frenklach and Wang, 1994b). PAH dimers 

collide with PAH molecules forming PAH trimers, or with other dimers to form tetramers, 

and so on. Individual PAH species keep increasing in size via molecular chemical growth 

reactions leading to soot formation (Frenklach et al., 1985). To test for PAH dimerization and 

chemical-reaction growth of aromatics it was found that particles increasing in size were 

continually formed (Miller, 1991). However, a model of purely chemical growth for the soot 

nuclei formation has been suggested in a series of studies (Dobbins and Subramaniasivam, 

1994). In this proposition, soot particles stick together to form chain-like structures (Chen et 
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al., 2010) as observed in scheme 2.7. Experimental data shows that this process occurs later 

when soot particles "mature" or "age" (Bejaoui et al., 2015). The chain-like structure has 

been analyzed in terms of fractal geometry (Megaridis and Dibbins, 1990; Koylu and Faeth, 

1992; Puri et al., 1993). The possible pathway of soot nucleation according to Krestinin 

(1998) is as follows. 

 

Scheme 2.7: Soot nucleation 

2.3.2 Particle coagulation 

This is a process in which small particles collide with each other and coalesce completely to 

larger spherical particles (soot). Experimental studies have shown that the particles in the 

initial stages of soot formation look spherical and later acquire a fractal shape (Haynes, 

1981). Thus, particle coagulation is usually classified as coalescent growth and 

agglomeration into fractal aggregates (Mehta, 2008). In coalescent growth particles are 

assumed to be spherical. They collide and coalesce completely, forming new spherical 

particles (Gelbard and Seinfeld, 1980; Friedlander, 2000).  

The experimental evidence (Dobbins and Subramaniasivam, 1994) and computational results 

show that there is a substantial deviation of particle size distribution function from self-

preserving form in the soot particle inception zone (Frenklach and Wang, 1994b).  

It is usually proposed that formation of spherical soot particles precedes that of aggregates, 

but the transition from spherical to fractal growth is not well understood (Appel et al., 2000). 

According to Saarikoski et al. (2008) the particles are composed of viscous matter (liquid 

droplets) that coalesce completely at small size, but do not have sufficient time for fusion as 

the particle size increases (Saarikoski et al., 2008). Also it has been shown that nearly 

spherical shape of the primary particle is the product of simultaneously occurring coagulation 
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and surface growth and that the transition to aggregates is caused by cessation of surface 

growth (Howard and Longwell, 1983). However, recent numerical simulations indicates that 

soot particle growth has been modeled using time-dependent Monte Carlo simulations via 

ensemble collisions between small geometrically perfect spheres (Khosousi and Benjamin, 

2015; Liu et al., 2015; Reddy et al., 2015). This atomistic model for particle inception is a 

combination of kinetic Monte-Carlo and molecular dynamic methods. The model is applied 

to investigate the growth of aromatic compounds up to the nano-size range in chemically 

specific way. This approach preserves the atomic scale structures like bonds, bond angles and 

dihedral angles as the soot precursors evolve into three-dimensional structures (Violi, 2004). 

Consequently, with the collisions, the particle sphere surfaces grow at a prescribed rate 

(Zhang et al., 2009). Through simulations, particle sphericity is affected by two factors; 

surface growth rate and size of the colliding particles (Yapp and Kraft, 2013; Khosousi and 

Benjamin, 2015). 

2.3.3 Soot particle oxidation 

The process of soot particle oxidation is similar to the surface growth. In fact, oxidation is 

also a surface reaction, in which primarily should be treated as catalytic combustion. 

Potential soot oxidants are O, O2, OH, and CO2. According to Frenklach (1987), the major 

oxidation process occurs at the very beginning of soot particle growth, which is the soot 

particle nucleation period, where a rapidly decreasing concentration of O2 in fuel-rich 

environments is observed. However, the hydroxyl radical is the most abundant oxidizing 

species under fuel-rich condition. The authors stated that OH could suppress soot formation 

via oxidative destruction of precursors, and OH radical concentration might be an important 

factor in soot precursor kinetics (Higgins et al., 2002). This led to a conclusion that OH 

radical is the limiting oxidative reactant under fuel-rich condition as the soot decreases with 

an increase in OH concentration. Experimental studies performed showed that CO2 has 

chemical dilution, and thermal effects on soot formation reduction (Liu. et al., 2001). They 

suggested that the chemical mechanism of CO2 addition might be to promote the 

concentrations of oxygen atom and hydroxyl that in return increase the oxidation of soot 

precursors in soot formation regions. The researchers also observed that the concentration of 

acetylene decreases as a result of CO2 addition. However, due to the lack of data on the 

mechanism of soot particle oxidation, a one-step treatment is often used, assuming the rate 

law for the CO formed as given by Warnatz et al. (2006). 
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where i =O, OH, O2, Yi = reaction probability when molecule i hits the soot surface, Zi= 

collision number of molecule i per unit time and area, and as = soot surface per unit volume. 

2.4 Histopathology of particulate emissions  

The interest in controlling soot emissions is due to the understanding that soot particles can 

adsorb harmful PAH onto their surfaces. Small soot particulate emissions contribute to the 

development of health problems; pollution of air, water, and soil; soiling of buildings; 

reductions in visibility; impact agriculture productivity and global climate change. Many 

toxicological and epidemiological studies established that exposure to combustion 

particulates have been linked to acute short term problems such as irritation of the eyes, nose, 

and throat, vomiting, light-headedness, headache, heartburn, numbness, bronchitis, chronic 

respiratory, cardiovascular, cardiopulmonary, allergic diseases (shortness of breath and 

painful breathing), cancer, and premature death (Bogarra et al., 2016). Other studies have 

also shown that particulates can lead to inheritable mutations (Huang et al., 2016).  

 

Potential health impacts of particulate matter, ozone and carbon monoxide formed from 

emissions of tyre and diesel on newborn children include birth defects, growth retardation 

and sudden infant death syndrome. Tyre, forest fires and diesel combustion contains a variety 

of confirmed carcinogenic compounds such as formaldehyde, acetaldehyde, dioxins and 

PAHs and even oxygenated-PAHs (García-Pérez et al., 2016). At least 30 toxicological 

studies link diesel exhaust to lung cancers (Akbaba and Kurt, 2016). Other Studies have 

linked tyre soot to bladder cancer (Robjohns et al., 2015). On average, long-term 

occupational exposures to particulates have been associated with an increase of ~ 40% in the 

relative risk of lung cancer (Tomczak et al., 2016). A case study based on population 

identified statistically significant increases in lung cancer risk for truck drivers, rail, road 

workers and heavy equipment operators especially in the thermal degradation of tyre. 

Several organizations have reviewed epidemiologic and pathological experimental studies 

related to aerosols and lung cancer (Pease et al., 2016). They have proposed classifying 

particulates especially those from exhaust emissions as “potential, likely, probable, or 

definite’’ carcinogens for humans (IARC, 2005; White, 2008). Apart from the health 
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problems soot combines with other air pollutants to form atmospheric brown clouds (ABCs) 

which cause numerous adverse environmental health effects (Thurston et al., 2016).  

Extensive studies analyzing the effect of diesel emissions exposure in rats have demonstrated 

increased accumulation of particles and aggregates of particle laden macrophages in the 

alveoli and per bronchial interstitial tissues as well as local inflammation, epithelial 

proliferation, fibrosis and emphysematous lesions (Noël et al., 2016). Diesel emissions are 

associated with reproductive system impacts in animals. Pregnant rats exposed to diesel 

emissions exhibited elevated testosterone in the mother and reproductive organ changes such 

as masculinization of fetuses. Animal studies suggest soot particulate emissions may affect 

the immune system, eventually leading to a compromised immunity to bacterial infections in 

the lung (Pardo et al., 2015).  

2.5 The toxicological impacts of soot 

Soot particulate has now become an issue in the global environment due to the health 

problems and environmental degradation it causes. Animal studies on rats exposed to soot 

nanoparticles of 22 nm diameter has shown that soot particulates can be translocated to the 

connective tissue of the heart (fibroblasts) (Geiser et al., 2005). Within 30 minutes post 

exposure, large quantities of intra-tracheally instilled soot nanoparticles (30 nm) have been 

found in platelets in the pulmonary capillaries of rats (Oberdörster et al., 2005). 

Soot particulates are known to increase morbidity and mortality rates. Soot toxicity is a 

subject of both environmental and biological concern. Vehicular exhaust from combustion of 

gasoline, diesel, and other petroleum fuels is a dominant contributor to fine (PM2.5) and 

ultrafine (PM0.1) particulates and contains emissions of carbonaceous particles with fused and 

free polycyclic aromatic hydrocarbons (PAHs) (Pey et al., 2009). PAH metabolism through 

phase xenobiotic metabolism generates electrophilic and reactive metabolites that have been 

indicated as inducers of pulmonary cytochrome P450 in diesel exhausts particles (Rengasamy 

et al., 2003). Furthermore, ambient PM contains persistent free radicals and reactive oxygen 

species (ROS) implicated in the generation of cellular oxidative stress (Dellinger, WA.Pryor, 

et al., 2001; Baulig et al., 2003).  

Depending upon the chemical characteristics of burning materials and environmental 

conditions, such as temperature and oxygen content, the amounts and particulate size of soot 

products, gases, and other volatiles generated vary from fire to fire (Chaturvedi, 2010). The 

ultrafine small particulates are more harmful to human health than are the large particulates. 
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The soot particulate matter having a diameter less than 2.5 µm are called PM2.5 and they are 

capable of by-passing the body’s respiratory filters and penetrating deep into the lungs (Wang 

et al., 2013). For instance, in children fine particles of soot are associated with upper and 

lower respiratory impact, as well as retardation of lung growth and crib death (Kenley et al., 

2011). Soot as a poison leads to development of respiratory diseases such as asthma, 

emphysema, and consequently cancer (Barfknecht, 1983; Pope et al., 2002). Soot reduces 

pulmonary function and causes irritation of the respiratory tract. These symptoms occur at 

concentrations of soot above 3.5 mg/m
3
, according to the Occupational Exposure Safety and 

Health Administration (OSHA) (Thomas et al., 2000). Women exposed to high levels of 

PM10, (especially those coated with PAHs) have been observed to give birth to children with 

defects. Such children are slow to learn and face an increased risk of cancer (Wang et al., 

2013). 

2.6 Visibility 

This is the distance at which an object can be just perceived against the horizon sky. The 

airborne particulates scatter the sunlight and reduce the light flux. As a result, the contrast 

between the objects and their background gets diminished and visibility becomes impaired. 

The fraction of light scattering by any one particle is called the single scattering albedo, 

denoted by w0 (Cheng et al., 2015). This single scattering albedo depends upon the diameter 

of the particulates. Those having the size ranging from 0.1 nm to 1.0 nm have a high value of 

w0, since their diameters are comparable to the wavelength of visible light. Hence, this 

causes a significant reduction in visibility (Dong et al., 2015). 

2.7 Odour  

Soot particulates are involved in the transmission of unpleasant odours. Some particulates are 

volatile and therefore, their odours spread from one place to another. Some aerosols are non-

volatile and do not possess any odour, however, they serve as a transport medium for volatile 

matter which possess odour (O'Dowd et al., 2002). For instance, odours from incinerators, 

open-dump fires and food products are transmitted by particulates (Köhler and Allgeier, 

2015). 

2.8 Soiling and damage to materials 

Soiling is an optical effect which is essentially the darkening of reflectance that results from 

the deposition of airborne particulate matter to exterior building or structure surfaces. 

Therefore, an important part of soot particle pollution is the soiling of man-made surfaces. 



19 
 

Hence, the processes of cleaning, painting and repairing exposed surfaces become an 

economic burden. Chemical degradation of materials due to deposition of atmospheric acid 

particles (especially sulphur from tyre burning) is an important aspect of material damage 

(Guidotti, 2016). Since airborne particulate matter is of two classes, PM10 and PM2.5, they 

differ not only in size but also in source, chemical composition, physical properties and their 

formation processes. In addition, the soot damages painted surfaces such as walls, doors and 

automobiles. Soot deposited on urban buildings imparts an unaesthetic appearance. The 

deposition of soot on fabrics also lowers their texture and lifespan (Dong et al., 2015).  

 

The degree of soiling is influenced by the optical and chemical compositions of airborne 

particulate matter. Saffaripour et al. (2015), observed that a diesel soot particles are about 3.5 

times blacker than the average urban particulate. Hence, diesel smoke tends to stick to 

surfaces more than average particulates. The authors compared the reflectance of diesel soot 

with known reflectance of average urban particulates. They concluded that only 1/3 to 1/4 of 

the mass of diesel soot compared with urban particulates was required to achieve a stain of 

equivalent darkness. Hence, diesel soot is expected to have a greater affinity to surfaces than 

generated atmospheric particulates. The liquid components of diesel particulates allow it to 

adhere to a surface more readily than dry average particulates (Maricq, 2007). Diesel soot has 

a greater tendency to smear and is more difficult to remove than dry particulates due to its 

liquid components (Andrews et al., 2013). 

2.9 Significance of this study 

This study characterized and identified the toxic compounds formed from selected 

combustion sources i.e. tyre burning, forest fire and motor exhaust. The energetics of selected 

PAHs/long chain hydrocarbons and their corresponding free radicals were explored using 

high level quantum mechanical calculations of Density Functional Theory (DFT/B3LYP) in 

conjunction with 6-31G basis set. The surface morphology and particle size distribution of 

soot was characterized by scanning electron microscopy (SEM) in conjunction with Igor and 

Image J computational softwares. Moreover, this study identified new organic compounds in 

combustion sources especially forest fire, building upon the qualitative analysis of previous 

study. Particular emphasis was placed upon characterizing unique organic compounds that 

may serve as tracers for this source to identify and quantify their presence in future 

atmospheric studies. The study also provides the first side-by-side comparison of emissions 

from the open combustion of forests, tyres and diesel in situ and in the laboratory. With 
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parallel methods of sample collection and analysis, we can understand the differences in 

combustion of various combustion sources and laboratory measurements, including the 

effects of dilution of emissions and chemical aging. These comparisons provide information 

as to what effect these parameters have on combustion emissions. Finally, the understanding 

of the composition and quantity of organic compounds emitted from these three combustion 

sources is important to evaluating the extent of human population exposure by investigating 

behavioural nature of the mice and qualitative bio-assay of tissues exposed and non-exposed 

tissues to various types of soot for their toxicological impacts on mice. 
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1 Materials 

The reagents used in this study were of analytical grade (purity ≥ 99%). Methanol and 

dichloromethane were purchased from Sigma Aldrich, Inc., St. Louis, Missouri, USA. Clean 

tyre samples were obtained from a tyre waste yard while diesel was purchased from a local 

retail outlet and used without further treatment. 

3.2 The combustion reactor system 

The combustion reactor used for the simulation of forest fire was fabricated by a local Jua 

Kali artisan and comprises of three major parts i.e. the feedstock cage, chimney and the 

funnel as shown in Figure 3.1. The funnel traps the gas-phase particulate emissions and 

directs it to the chimney. The chimney is connected to a porous tube that directs gas phase 

emissions to a solvent in a conical flask. This is a self-developed porous tube which prevents 

the loss of fine particles and semi-volatile vapours when sampling is carried out from high 

temperatures and open burning. This allows reliable sampling from harsh conditions, such as 

in-furnace sampling of aerosols. The dimensions of the reactor were 28 × 24 × 20 cm. 

 

 

Figure 3.1: Reactor assembly for the simulation of a forest fire 
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For the case of tyre, the reactor used was a muffle furnace (Thermo-Scientific), USA whose 

internal heating compartment has dimensions of 5 cm × 6 cm × 8 cm. The heater is fitted with 

a temperature regulating knob. The temperature of the heater ranges from 20 °C to 1000 °C. 

At the top of the heating compartment is a hole which allows the gas-phase trapping tube to 

pass through. The sample holder in the heating compartment was quartz reactor of 

dimensions:  i.d. 1 cm × 2 cm (volume   1.6 cm
3
) fitted with gas collecting tube which can 

withstand high temperatures of up to 1200 ˚C. The reactor system used in this study is 

presented in Figure 3.2 below 

 

Figure 3.2: Reactor assembly and the tyre gas-phase trapping apparatus 

3.3 Collection of soot from forest fire simulation 

The feedstock for forest fire included different species of plants i.e. woodchips from forest 

residues and fresh plant materials of nineteen different plant species were collected, mixed 

and used as raw material for simulated forest fire. The nineteen plant species were: 

Eucalyptus globus, Acacia abyssinica, Fam mimosaceae, Spathodea campanulata, Prunus  

africana, Dombeya torrida, Todalia asitica, Croton megalocarpus, Hagenia abyssinica, 

Albizia gummifera, Albizia lebbeck, Markhamia lutea, Erythrina abyssinica, Cynodon 

nlemfuensis, Digitaria scalarum, Tagetes minula, Biddens pilosa, Croton elliotanus and 

Cupressus bakerii. These materials were obtained from Egerton University botanical garden 

(Kenya). The plant species were identified and then arranged in the reactor for forest fire 

simulation and soot collection whereby its gas phase was dissolved directly into 

dichloromethane through a porous tube diluter. The volatile extracts were then transferred 

into amber vials for GC-MS analysis. The char was also packed in amber vials for SEM 

analysis. 



23 
 

 

3.4 Particulate emissions from the thermal degradation of waste tyre 

Tyre is composed of different components (rubber, carbon black, steel, fillers, and sulphur as 

the major components), which additionally are heterogeneously distributed along the tyre. 

Therefore in order to investigate a representative sample of the whole tyre, a cross-section 

piece of 4–6 cm wide and 8-9 cm long (≈200 g) of a commercial car tyre was used in the 

pyrolysis experiments. The larger piece was sliced into small pieces in order to fit in the 

reactor. Tyre burning was conducted in a quartz reactor of dimensions ~ 1.6 cm
3
 as described 

in section 3.2. The gas phase components were passed over dichloromethane (DCM) and 

packaged into 2 mL vials for analysis using a GC-MS. The soot/char was also packaged in 

amber vials for SEM analysis. 

For determination of percentage yield of tyre sample in terms of volatiles emitted, another 

tyre sample was heated at various temperatures; 200, 250, 300, 350, 400, 450, 500 and 500 

°C at a constant residence time of 10 minutes. The residue formed at every pyrolysis 

temperature was collected and weighed in order to determine char yields. 

3.5 Soot collection from vehicular exhaust 

The gas phase of the exhaust soot was trapped directly from the motor exhaust diesel vehicle 

(lorry) and immediately dissolved in dichloromethane through a partial exhaust flow dilution 

system (porous tube diluter). The dissolved sample was then stored at room temperature (25 

o
C) for analysis using GC-MS.  

3.6 Gas Chromatography-Mass Spectrometer (GC-MS) Analysis 

Organic by-products from tyre and diesel burning was passed through 10 mL 

dichloromethane solution (DCM), filtered using a filter paper (Whatmann no. 10) and 

investigated using Agilent 6890 Gas chromatograph hyphenated to an Agilent mass selective 

detector (MSD), 5890 series. About 1 µL of filtered sample was injected into a GC column 

(DB-5MS, 30 m × 250 um × 0.5 µm). The temperature of the injector port was set at set at 

200 °C to enable the conversion of organic components to the gas-phase prior to MS analysis. 

Temperature programming was applied at a heating rate of 15 °C for 10 minutes, holding for 

1 minute at 200 °C, followed by a heating rate of 25 °C for 4 minutes, and holding for 10 

minutes at 300 °C. Electron Impact ionization energy of 70 eV was used. Molecular products 

were identified using the National Institute of Science and Technology software (NIST, 

USA) and confirmed by enhanced data incorporated into the Chemstation of Agilent’s MSD 
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(Kibet et al., 2012). To ensure the correct compounds were reported, the peak shapes and the 

retention times of molecular products with those of pure compounds (standards) were 

compared, and found to match with remarkable accuracy.  

3.7 Scanning Electron Microscopy (SEM) analysis 

Soot samples were heated from ambient temperature to 600 
o
C at a heating rate of 5 

°
C min

-1
 

under an inert N2 gas flow. A gold coating of 9 nm (prepared using 6nm by 1.5 nm layers) 

was applied to the stub to reduce charging of the non-electrically conductive particles. A 

JEOL JMS 7100F SEM was used to image the soot. To aid identification of the soot, 

elemental analysis of both Pt and F was conducted using Noran system seven version 3.1 

Ultra dry SSD X-ray detectors (EDX). For improved image clarity, a second sample of soot 

was coated with a 3 nm Au layer to allow higher resolution images to be obtained. All images 

were captured at an angle of 45
o
 to improve definition of surface morphology. 

3.8 Computational methodology 

In order to investigate the molecular behavior and energetics of volatiles which was identified   

in this work, thermochemical calculations were conducted using Gaussian ’09 computational 

platform (Frisch et al., 2009). The geometries were optimized at DFT/B3LYP using the 6-

31G basis set (Zhang et al., 2010). Diffuse and polarization functions included large atoms 

because they were necessary in the optimization of large molecules and radicals, that is, 

polarization functions were also added on hydrogen atoms in order to account for the 

presence of hydrogen-bonds (Saron et al., 2008). Chemissian ver.4.38 computational 

software was used to model molecular orbital energy level diagrams, electron density maps as 

well as determine the band gap energies of frontier orbitals (HOMO-LUMO) (Lenoid, 2012) 

for the selected organic volatiles (PAHs). 

3.9 Experiments involving research mice 

3.9.1 Mice handling 

Eleven male mice (M. musculus) of eight to ten weeks old were purchased from Kenya 

Medical Research Institute (KEMRI). All mice were housed at the Biological department 

together with the inhalation facility within Egerton University, in a 20 × 43 × 18 cm 

polycarbonate cages with a wire-top system containing Tech pellet/corn-cob bedding in 

temperature and humidity controlled rooms. The mice were divided into four groups, that is, 

three for vehicular exhaust soot, three for tyre soot, three for simulated forest fire soot and 
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two control mice. They were maintained on a 12-hour-light/12-hour-dark cycle. The mice 

were provided with standard chow and they were allowed to acclimate for one week prior to 

the experiments. All animal procedures and handling was performed in accordance with 

standards established by the Kenya Animal Welfare Acts as set by the National Guidelines 

for the Care and Use of Animals in Research and Education in Kenya (Kimwele et al., 2011).  

3.9.2 Soot particulate exposure protocol for albino mice 

The aim of this study was to define the effects on the lung tissues of mice resulting from 

whole-body exposure to soot. During exposure periods the wire-top lid was replaced with a 

sealed top and high-efficiency airflow system to deliver gaseous particulate by unidirectional 

flow. Mice were exposed to soot from the different sources by whole-body exposure for 6 

hours (two hours in the morning, two hours in the afternoon and two hours in the late evening 

respectively) per day for 14 consecutive days. During exposures, animals were provided with 

food pellets but no water to reduce wet conditions and therefore prevent dilution effect. 

Pulmonary response to exposure was evaluated after each soot exposure protocol is 

completed.  

 

Within 2 hours of completing the 14-day exposure protocol, mice were sacrificed by 

euthanizing with sodium pentobarbital/chloroform first, then dissecting them to remove and 

analyze the organs of interest (Yu et al., 2002). The trachea was exposed, cannulated, and 

secured with a suture. The lungs were immediately removed from the thorax and frozen in 

liquid nitrogen. Twenty-four hours later, a portion of the lung tissue was homogenized in 0 

o
C Tris-hydro-chloride (CH2C (CH2OH) 3.HCl) buffers (25 mM Tris, 1 mM EDTA). The 

lungs were lavaged four times with a single volume of phosphate-buffered saline. Then the 

samples were analyzed for damage or any change caused by soot. Thereafter, the test organs 

and other carcasses for the experimental mice were incinerated in the Animal Health 

department incinerator of Egerton University. 

3.9.3 Mice respiratory tissue analysis 

Qualitative bio-assay of tissues exposed and non-exposed to various types of soot was 

investigated for their toxicological impacts on model mice. The behavioral nature of the mice 

was monitored over time after exposure to exhaust soot, forest fire soot, and soot from tyre 

combustion at an interval of six hours. The mice were then dissected for internal damage 

examination caused by soot inhalation. To determine biological effect of soot exposure, 
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texture, colour and shape of lung tissues of health mice (control) were compared with those 

of mice exposed to soot. Here, micrographs were taken using a Light Microscope interfaced 

with a computer for comparison. 

3.10 Data analysis and presentation 

Igor and Image J computational softwares were used to analyze images. One-way analysis of 

variance (ANOVA) was performed to compare the concentration of toxic compounds formed 

during combustion. A t-test was used to compare mean sizes of soot particles formed. Data 

was presented in form of micrographs, images and tables. 
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1 Molecular distribution of organic volatiles from selected combustion sources 

In these experiments, critical molecular components of soot particles were detected. This 

includes; long chain hydrocarbons, large cyclic hydrocarbons, PAHs and oxygenated 

hydrocarbons. These results are remarkable. They suggest that there must be a clear 

distinction between soot particles and the volatile components of combustion. Therefore, our 

experiments have demonstrated that soot ‘black carbon’ could be a rigid mass of PAHs which 

could not be dissolved by organic solvents to allow for detection. The following sections 

gives some of the molecular compounds detected during the combustion of various biomass 

materials (simulated forest fire), combustion of diesel (vehicular soot), and tyre burning. 

Interestingly, all the three sources of soot investigated in this experiment gave similar 

molecular products although at different intensities. 

4.2 Molecular volatiles from simulated forest fire  

This study was able to identify various molecular organic toxins from simulated forest fire. 

These included aromatic hydrocarbons, oxygenated combustion by products such as dibenzo-

p-dioxin, 2H-benzopyran, long chain oxygenated hydrocarbons, and long chain 

hydrocarbons. Their intensities varied significantly. For instance, the long chain oxygenated 

hydrocarbons and long chain hydrocarbons were abundant in particulate emissions while the 

aromatics were found in low concentrations. 

 

Figure 4.1: GC-MS chromatogram for selected volatiles from forest fire 
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The volatiles which were detected in this study under simulated forest fire were molecular 

compounds characterized by long chain hydrocarbons. These include tricosane, tricosene, 

octadecenoic acid, nonadecene. However, there was also detection of dibenzo-p-dioxin, 2H-

benzopyran, benzene, naphthalene, and methanoic acid (Table 4.1).  The GC-MS 

chromatogram for forest fire volatiles is reported in Fig. 4.1, vide supra. 

Table 4.1: Volatile components from simulated forest fire identified using GC-MS 

No Molecular toxin Molecular 

structure  

Retention time 

(mins) 

Molecular mass 

(g/mol) 

A Benzene 

 

16.12 78.05 

B Indene 
 

18.38 116.08 

C Methoxy acetic acid 

 

20.15 90.03 

D 2H-benzopyran 

 

20.37 132.06 

E Cyclopropaneoctanal 

 

20.53 168.15 

F Dibenzo-p-dioxin 

 

22.40 184.19 

G Phthalic acid 

 

22.83 166.03 

h  Oleic acid 

 

24.15 282.26 

I Tetracosane 
 

25.35 338.39 

J Cyclotetracosane 

 

25.79 336.38 
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These compounds are discussed further because of their characteristic behavior to cause 

serious environmental and biological concerns. At reasonably high temperatures, these 

compounds may transform to more dangerous products and cause serious ailments to 

biological systems as discussed in section 4.5. Table 4.1 presents the molecular structures of 

major GC-MS compounds detected in this study. For instance, dibenzo-p-dioxin which has 

the ability to convert into the poisonous chlorinated dibenzo-p-dioxins under conditions 

desirable reported elsewhere (Evans and Dellinger, 2003, 2005; Kibet et al., 2013). 

The abnormal rise in the baseline for GC-MS analysis can be attributed to the dirty nature of 

samples from forest fire as the temperature increases. Increase in temperature is usually 

accompanied by high pressure and thus the rise in the GC-MS baseline. Although the 

molecular products detected using GC-MS were of low intensities (Table 1), these 

compounds are considered toxic. For instance benzene and naphthalene are well-established 

carcinogens (Junjie et al., 2014). They can metabolize in the body system to yield more toxic 

components such as quinones (Bolton et al., 2000).  The toxicology of these compounds will 

be discussed subsequently in brief (section 4.3). 

4.3 Molecular toxins emission from tyre and diesel  

Most molecular toxins from fuel combustion are mainly hydrocarbons, especially PAHs. The 

GC-MS chromatograms for molecular volatiles from tyre and diesel burning are presented in 

Figures 4.2 and 4.3 respectively. Polycyclic aromatic hydrocarbons are organic compounds 

that consist of two or more fused aromatic rings and are known to have mutagenic and 

carcinogenic effects. Their main source is the incomplete combustion of carbon-containing 

materials including coal, biomass and gasoline and diesel fuels. Their structures lead to many 

different ring arrangements, which give rise to a wide range of isomers. Thirteen major 

compounds of molecular mass ranging from 78.05 (benzene) to 254.33 g/mol 

(benzo[a]pyrene) were identified from the combustion of diesel sample (Table 4.2). The GC-

MS chromatograms for the organic volatiles (PAHs) identified from combustion of diesel are 

indicated below.  
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Figure 4.2: GC-MS chromatogram for selected volatiles from diesel combustion 

 

From the above GC-MS chromatograms the following tabulated compounds were elucidated 

with help of the NIST library. 

 

Table 4.2: Organic volatiles from the thermal degradation of diesel sample 

No Molecular toxin Molecular 

structure  

Retention 

(mins) 

Molecular formula 

mass (g/mol) 

A Benzene 

 

16.12 78.05 

B Indene 
 

18.38 116.08 

C Benzaldehyde 

 

18.41 106.04 

D o-cresol 

 

19.85 108.14 

E Benzofuran 

 

20.15 118.13 

F Fluorene 

 

20.43 166.22 

G Anthracene 
 

20.51 178.08 

H Phenanthrene 

 

20.78 178.08 
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I Fluoranthene 

 

21.62 202.08 

J Pyrene 

 

22.40 202.08 

k Chrysene 

 

25.84 228.09 

L benzo[a]pyrene 

 

26.89 252.09 

m 2-phenylphenanthrene 

 

24.22 254.33 

 

The above results show the dominance of some compounds over others. For instance, the 

GC-MS chromatograms above (Fig. 4.2) show the four PAHs with the highest concentrations 

as observed during the thermal degradation of diesel i.e. the indene (two ringed), fluorene 

(three ringed), fluoranthene (four ringed) and pyrene (four ringed). Indene is the lightest of 

the four PAHs with a molecular weight of 116.08 g/mol while the other three most abundant 

PAH have a molecular weight of 166.22 for fluorene and 202.08 g/mol for pyrene and 

fluoranthene respectively. 

The enhanced concentrations of PAHs are largely in the higher molecular weight range. This 

study reveals that four or less membered ring PAHs are in gaseous phase which is in 

agreement with previous studies that two to four ring PAH are primarily found in the gaseous 

phase, while five to seven ring PAH are primarily found in the particulate phase. Whereas 

thirteen volatile compounds (PAHs) were identified from diesel combustion, eight major 

PAHs were identified from the thermal decomposition of tyre (Figure 4.3).  
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 Figure 4.3: GC-MS chromatogram for selected volatiles from tyre combustion 

 

With the help of NIST library and Chemstation the following compounds for the tyre 

combustion; 

Table 4.3: Organic volatiles from the thermal degradation of tyre 

No Molecular toxin Molecular 

structure  

Retention 

(mins) 

Molecular formula mass 

(g/mol) 

I Benzene 

 

16.12 78.05 

ii Benzaldehyde 

 

18.41 106.04 

iii Propylcyclohexane 

 

19.35 126.14 

iv Benzofuran 

 

20.15 118.13 

V Fluorene 

 

20.43 166.22 

vi Anthracene 
 

20.51 178.08 

vii Pyrene 

 

22.40 202.08 

 

Tyre combustion also revealed varying concentrations of the various compounds, for 

example, benzaldehyde, fluorene and pyrene had the highest concentrations. These results 

imply that tyre combustion mainly generates PAHs as the major organic volatiles. Of the 
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eight detected compounds in this work, only three volatiles cannot be classified as PAHs i.e. 

benzene, benzaldehyde and propylcyclohexane. It is evident therefore from this study that 

diesel and tyre combustion by-products were mainly PAHs, some of which have been 

implicated as a series of biological ailments. The PAHs from the thermal degradation of 

diesel (Table 4.2) were significantly more than the PAHs derived from the thermal 

decomposition of tyre (Table 4.3). Nonetheless, the relative intensity of particulate emissions 

from tyre was significantly low. Nonetheless, tyre burning generates a lot of soot in 

comparison to diesel burning.  

The detection of cyclopentafused PAHs mainly in the combustion of diesel (fluorene and 

fluoranthene) is an indication that diesel particulate emissions are very toxic.  This is because 

cyclopentafused PAHs are more bio-active than their analogous PAHs without the cyclopenta 

moiety (Labota et al., 2005).  Fluorene was also detected in tyre burning. A few oxygenated 

compounds also considered xenobiotic (chemical compound that is foreign to biological 

systems) and eco-toxicants because of their bio-activity were detected in this investigation. 

This included o-cresol, benzaldehyde, and benzofuran. Whereas the intensities of organic 

toxins were very high in diesel emissions, the intensity of the same organic toxins were very 

low in tyre burning. However, it was noted that numerous straight chain alkanes such as 

tetracosane, pentacosane, decaline, nonane, and decane (although of very low intensity) were 

detected in our experiments. Straight chain alkanes are also well known components of 

particulate emissions and are conventionally established organic toxicants.   

PAHs have previously been identified in tyre combustion and given the negative health 

impacts associated with them; their concentrations are of considerable interest. However, not 

all PAHs are of the same toxicity. The structure of a particle and the substituted groups 

determine harmful properties of PAHs. Many PAHs belong to the group of carcinogens, in 

particular the unsubstituted PAHs as well as the nitrated and methylated ones, and those 

containing the carboxylic group. Nonetheless, a significant amount of sulphur dioxide may 

have been evolved during the thermal degradation of tyre and this may contribute to some 

pathological problems observed in the lung tissues of albino mice. This is because 

conventionally sulphur is a major component in tyre manufacture.  

4.4 Oxygenated organic volatiles 

Combustion of forest biomass, tyres and diesel generates analogs of cyclic and polycyclic 

aromatic hydrocarbons that contain heteroatoms (May et al., 2012).  An oxygenated PAH 
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(oxy-PAH) is a PAH with one or more carbonyl functional groups. Examples of oxy-PAH 

structures detected in this work are shown below. 

                                                                                    

                                                                          

Figure 4.4: Oxygenated volatiles detected in this study 

Oxy-PAHs have been measured in the environment and are detected in particulate matter 

emitted by combustion sources such as waste incineration, petrol and diesel emissions, bio-

mass burning and tyre combustion which are inclusive in this study. Oxy-PAHs have also 

been shown to undergo some reactions (secondary reactions) as a result of parental PAHs 

combining with atmospheric oxidants like hydroxyl radicals. The presence of heteroatoms in 

these polycyclic compounds changes their interactions with biological tissues, giving them 

different health effects, when compared to PAH. Carbonyl functional groups on PAH do not 

increase mutagenic properties of these compounds however their oxyl radical are very can 

cause serious cellular damage. 

4.5 Molecular toxins that may easily transform into hazardous products 

Although it would appear that a few volatiles are detected in this study, many minor 

molecular compounds characterized by long chain hydrocarbons were also detected. These 

include tricosane, tricosene, octadecenoic acid, nonadecene. Interesting molecular 

compounds of environmental concern were also identified; 2H-benzopyran and 1, 2-benzene 

dicarboxylic acid. These two compounds will be discussed further because of their 

characteristic behavior to cause serious environmental and biological concerns. At reasonably 

high temperatures and in presence of small amounts of chlorine and a transition metal such as 

iron or copper, they can convert into the most toxic class of compounds referred to as 

benzofurans usually implicated in various poisoning episodes of humans and animals (Evans 

and Dellinger, 2003, 2005; Kibet et al., 2012; Nganai et al., 2012), and are by far the most 

dangerous organic toxins to be identified in the environment in recent times.  Fig. 4.5, below, 
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presents the molecular structures of 2H-benzopyran and 1,2-benzene dicarboxylic acid which 

have the ability to convert into benzofurans under conditions desirable for the formation of 

such compounds (Kibet et al., 2013). 

 

Figure 4.5: Benzofuran like structures of some molecular compounds identified in this work 

4.6 Decomposition profile of waste tyre 

The lowest mass loss from tyre combustion was recorded at a temperature of 200 °C and 550 

°C. This means that the temperature of 200 °C is not sufficient to effect evolution of organic 

volatiles. Again at 500 °C most volatiles had been emitted at temperatures between 250 °C 

and 500 °C. These mass loss effects are well shown in the curve below (Figure4.6). Initially, 

there was a slight decrease in percentage char yield at 200 °C and 250 °C. However, between 

300 °C and 500 °C there was drastic change in % yield. 

 

 

Figure 4.6: Char percentage (%) yield from thermal degradation of tyre 
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The decrease may be associated with high mass loss due to emission of moisture and volatiles 

especially PAHs such as fluorene and fluoranthene. This observation is in agreement with 

other results of biomass and tyre combustion which indicate that high mass loss occurs 

between 400 °C and 500 °C (Sharma and Hajaligol, 2003). The mass loss between 450 °C 

and 500 °C was ~39.2%. This region corresponds with the highest release of molecular 

organics. Thus, by 500 ˚C most organic compounds will have been formed so that any further 

increase in temperature results in sharp decrease in the thermal degradation products (Fig. 

4.6). These results corroborate previous data reported in literature on thermal degradation of 

tyre (Kibet et al., 2015; Ding et al., 2015). 

4.7 Characterization of soot organic volatiles from fuel combustion 

At an associated magnification of ×400, the particulate soot of tyre and simulated forest fire 

soot were examined. The micrographs of forest fire soot were remarkably interesting. It was 

arduous to get a clear image of the soot in the whole range of magnification. However, we 

managed to obtain a somewhat neat image after several trials as shown below. 

       

Figure 4.7: SEM image and particle size distribution (Gaussian red) of soot particles from 

simulated forest fire 

Image J was used to measure the sizes of the soot and size distribution was predicted using 

Igor software. The mean diameter of the soot was found to be 11.51 ± 4.9 µm (cf. Fig. 4.7). 

This size of 11.51 microns is ~10 micrometers, hence can be classified as PM10. PM10 is 

among the most harmful air pollutants. When inhaled, they evade the respiratory system's 

natural defenses and lodge deep in the lungs. Health problems begin as the body reacts to 

these foreign particles. PM10 can increase the number and severity of asthma attacks, cause or 

aggravate bronchitis and other lung diseases, and reduce the body's ability to fight infections. 
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Though particulate matter can cause health problems to almost everybody, some people are 

more vulnerable to PM10 adverse health effects. These "sensitive populations" include 

children, the elderly, exercising adults, and those suffering from asthma or bronchitis.  These 

adverse health effects are greatly dependent on the deposition and retention times of these 

particles in the body. This means that the deposition probability and site of particles is 

governed by their aerodynamic properties, for instance size, density and shape, and the 

physicochemical properties like hygroscopicity (Kreyling et al., 2007; Hudda and Fruin, 

2016). Experimental studies have identified a range of physicochemical properties that 

influence the toxic and inflammatory potential of PM, and possibly particle-induced health 

effects. The major concerns are recent studies that link PM10 exposure to the premature 

deaths of people suffering from heart and lung diseases, especially the elderly. The 

particulate size of soot from tyre burning was quite large (16.23 ± 3.36 µm) (Figure 4.8). 

Notably, to obtain enough data points to plot size distribution curves several micrographs 

taken at the same magnification were used. 

     

Figure 4.8: SEM image and particle size distribution (Gaussian blue) of soot particles from 

tyre burning 

From the micrographs reported in this study, simulated forest fire particulates emissions 

appear smaller than those from tyre burning. Nonetheless, the two types of emissions fall 

within the PM10 category of airborne particulates. Although, these particulates are fairly, 

large and may not be inhaled deeper into the respiratory system, their deposition on the 

respiratory surface for instance the lung tissues (microphages and alveoli) may inflict serious 

biological damage. 
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4.8 Statistical analysis of particulates 

Statistical analysis shown in table 4.4 based on the particulate means indicates that there is a 

significant difference between particulate size of tyre emissions and forest fire emissions at 

95% confidence limit. The calculated F-value = 2.13 while F-critical = 1.69, confirming that 

the difference between the two sets of data is significant. Moreover, the P-value = 0.000 and 

thus less than 0.05 level of confidence. 

Table 4.4: Mean sizes of particulates formed during tyre combustion and simulated forest 

fire 

Statistical measure Mean  No. of particles 

Forest fire particulates 11.51 ± 4.90 40 

Tyre particulates 16.23 ± 3.36 40 

4.9 Biological health effects of molecular volatiles 

Although information in literature is limited on the toxicological impacts of long chain 

hydrocarbons identified in this work, there is cause to conclude that they can affect 

respiratory organs and possibly enhance the growth of tumors along the respiratory tract. This 

is because these molecular compounds (α-octadecene and cyclotetracosane) are bulky and 

may be capable of causing health burdens when inhaled in large amounts. The fact that these 

compounds can possibly exhibit radical characteristics is another indication they are 

poisonous because radicals are reactive species which can react with biological structures 

inducing cell assault and consequently cell injury (Dellinger, Pryor, et al., 2001; Maskos et 

al., 2008). For instance, α-octadecene can easily exhibit radical behaviour as predicted by 

scheme 4.1. Whereas molecular α-octadecene may not be toxic, its corresponding free radical 

α-octadecenyl radical may be very toxic considering its reactive nature. Generally, at high 

temperatures, formation of free radicals is the predominant intermediate pathways for 

formation of molecular by-products. Isopulegol owing to the electron rich centre it possesses 

can also form a carbon centred radical in addition to the oxygen centred radical. 

 

Scheme 4.1: Formation of α-octadecenyl radical (carbon-centered radical) from molecular α-

octadecene 
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The toxicity of oxygenated molecular compounds is well documented in literature. Aldehydes 

for instance in this case cyclopropaneoctanal are well known toxicants classified as 

carcinogenic, and may be cytotoxic or genetoxic (Baker et al., 2006; Lin et al., 2008). 

Oxygenated components of combustion can form very reactive oxygen species commonly 

referred to as ROS. Production of ROS may result in severe oxidative stress within cells 

through the formation of oxidized cellular macromolecules, including lipids, proteins, and 

DNA (Helen and Paulson, 1997; Moridani et al., 2004). This implies that methoxy acetic 

acid, oleic acid and isopulegol are good candidates in the production of reactive oxygen 

species. Nevertheless, for the purpose of this study, methoxy acetic acid and 1, 2-benzene 

dicarboxylic acid will be given detailed treatment to represent the characteristic behavior of 

other oxygenated molecular by-products of combustion in the production of reactive oxygen 

species (ROS). 

Abstraction of an H radical by an OH radical in methoxy acetic acid results in the formation 

of an oxygen centered free radical as proposed in scheme 4.2. The formation of methoxy 

radical and the epoxide (oxiran-2-one), step 3, are proposed to proceed via the formation of 

an intermediate radical methoxyacetoxyl radical formed from step 2. Step 1 is proposed to 

proceed via the loss an OH radical from methoxy acetic acid to yield methoxyacetoxyl radical 

which can convert to the epoxide, oxiran-2-one, and methoxy radical via step 4.  Steps 1 and 

2 are competing reactions but it has been established in literature that a reaction initiated by a 

H radical proceeds faster than one initiated by OH radical (Kibet et al., 2013). Both steps 3 

and 4 form the most unstable epoxides (oxiran-2-one and oxirane respectively). Epoxides are 

generally quite unstable because of the strain in the molecule. Therefore epoxides are very 

reactive and may be the cause of various degenerative biological diseases, and environmental 

disasters such as explosions which may result in harmful organics. 
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Scheme 4.2: Mechanistic formation of oxygen centered radicals from methoxy acetic acid 

1, 2-benzene dicarboxylic acid can undergo dehydration reaction before ultimately forming 

isobenzofuran-1,3-dione or a benzoketone (bicyclo[4.1.0]hepta-1,3,5-trien-7-one) via the 

mechanism proposed in scheme 4.3, vide infra. Although short-lived, the intermediate 

biradical is expected to be very reactive (Dagaut et al., 1996) and thus capable to damaging 

DNA and other cellular tissues. Hydroxyl radicals in combustion systems are a well-known 

candidate for initiating DNA damage and ultimately triggering the production of ROS in 

biological environments (Dellinger et al., 2000).   

4.10 Computational results 

Using DFT/B3LYP computational framework in conjunction with 6-31G basis set, it was 

found that the formation of the biradical (scheme 4.3, vide infra) proceeded with a modest 

endothermicity of 15.21 kcal/mol. The biradical was proposed to transform into two possible 

products via two mechanistic pathways which were tested theoretically to determine the 

mechanistic channel with the lowest energy.  
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Scheme 4.3: Proposed mechanism for the conversion of molecular 1,2-benzene dicarboxylic 

acid to isobenzofuran-1,3-dione and bicyclo [4.1.0] hepta-1,3,5-trien-7-one. 

 

The findings indicated that the formation of isobenzofuran-1,3-dione progressed with 

minimum energy of 0.04 kcal/mol and therefore highly favored compared to the 

decarboxylation of the biradical which proceeded with a high endothermic energy of 56.53 

kcal/mol. Therefore, the decarboxylation process is not thermodynamically preferred. This 

explains why isobenzofuran-1,3-dione was detected in this work while bicyclo [4.1.0] hepta-

1,3,5-trien-7-one was never detected or was below the detection limit of the instrument. It 

turns out therefore that the use of theoretical calculations is critical in predicting the possible 

mechanistic pathways and fate for an environmental pollutant.  

Although some of the molecular volatiles discussed in this study may have no documented 

toxic characteristics in literature, there is a possibility they may cause cell impairment by 

covalently bonding with cellular nucleophiles leading to oxidative stress and other related 

illnesses (Sidney and Pearson, 1990). 
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4.11: Molecular orbitals and electron density maps  

The Highest occupied molecular orbital (HOMO) and the Lowest unoccupied molecular 

orbital (LUMO) are conventional acronyms for the highest occupied and lowest unoccupied 

molecular orbitals respectively. These orbitals are the pair that lies nearest in energy of any 

pair of orbitals of two molecules which permits them to interact more strongly (Wyrick et al., 

2015). The HOMO–LUMO band-gap energies for some selected PAHs are presented in 

Table 4.5. The reactivity index (band gap) of the compounds with small difference implies 

high reactivity whereas large difference in band-gap energy implies low reactivity. 

Benzo[a]pyrene has the smallest HOMO–LUMO energy gap (0.072 eV) and therefore more 

reactive compared to fluorene (0.150 eV) and fluoranthene (0.122 eV). This implies that 

benzo[a]pyrene is more reactive than fluorene and fluoranthene. 

Table 4.5: Band-gap energies for the PAHs investigated in this work 

Compound HOMO (eV) LUMO (eV) ΔE=ELUMO-EHOMO 

(eV) 

Fluorene -0.353 -0.203 0.150 

Fluoranthene -0.345 -0.223 0.122 

Benzo[a]pyrene -0.315 -0.243 0.072 

 

The band-gap energy between the HOMO and the LUMO is directly related to the electronic 

stability of the chemical species. This means that benzo[a]pyrene having a lower HOMO 

energy value of −0.315 eV is much more stable making it a good nucleophile compared 

fluorene (-0.353 eV) and fluoranthene (-0.345 eV) which are energetically higher in the 

HOMO (Parr and Pariser, 2013). The HOMO-LUMO energies of these PAHs are low and 

correspond to their potential reactivity towards biological systems. The molecular orbital 

profile for fluorene is presented in Figure 4.9 
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Figure 4.9: The HOMO-LUMO band gap for fluorene determined using Chemissian 

The construction of 2-D and 3-D electron density contour maps for fluorene was achieved 

using Chemissian computational code and reported in Figures 4.10 and 4.11. 
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Figure 4.10: 2-D electron density contour map for fluorene calculated using Chemissian 

 

Figure 4.11: 3-D molecular orbital diagram showing electronic density for fluorene at an 

isovalue of 0.02 

Electron density maps are very important in understanding electrophilic and nucleophilic 

sites. Conventionally, the negative potential sites (red colour) represents regions of 

electrophilic reactivity and interactions through π–π bonding within aromatic systems and 
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positive potential sites (blue colour) represents regions of nucleophilic reactivity. These maps 

are critical in determining regions of high electron density within a molecule. Electron 

distribution gives insight on the behaviour of a particular toxicant and probably the binding 

site during reactions with biological structures or tissues. 

4.12 Histochemistry 

This is the study of the identification and distribution of chemical compounds within and 

between biological cells using histological techniques such as histology stains, indicators and 

light (optical) and electron microscopy. 

4.12.1 Examination of lung damage by particulate matter 

Environmental particulates in the air are a mixture of components like organic chemicals, 

nitrates, sulphates, metals, soil, and dust particles. Carbon makes up roughly 60% of 

particulate matter in the air, primarily in the form of organic volatiles and elemental carbon. 

The elemental carbon, i.e. black carbon, is a major pollutant formed in the combustion 

process. In general, the surface area of inhaled particulates is more decisive of their toxicity 

than their size, and smaller particles tend to have a larger relative surface area. Consequently, 

it is well-known that nano-particulates can penetrate deep into the respiratory tract during 

breathing and thereby cause significant respiratory problems. 

In order to understand the inhalation toxicity of particulates, lungs of albino mice exposed to 

particulates for six hours/day were examined by a light microscopy interfaced with a 

computer to assess the effects on the tissues. Figure 4.12 presents the extracted lungs from 

albino mice exposed to various types of soot particulates. 

 

Figure 4.12: Image 1 is the lung exposed to diesel while 2 is the lung exposed to tyre 

particulates  

After sections of 3~4-μm thick were cut and stained with hematoxylin and eosin (H&E), they 

were examined histologically. Two exposure-related findings were apparent in comparison to 

the control lung sample (Figure 4.13A, vide infra) i.e. 

http://www.ivyroses.com/Chemistry/GCSE/What-is-a-compound.php
http://www.ivyroses.com/HumanBody/Histology/Histology-Stains.php
http://www.ivyroses.com/HumanBody/Eye/What-is-Light.php
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i. Maximum to mild yellow-brown to black pigmentation within the alveolar 

macrophages following a 7 day exposure of tyre and 9 days exposure of diesel 

combustion exhaust. 

ii. Minimal increase in alveolar macrophages (histiocytosis) following exposure to 

simulated forest fire soot. 

The alveolar histiocytosis was characterized by slightly increased number of alveolar 

macrophages that in general were diffusely distributed throughout the lung. The pigmented 

particulates found in the alveolar macrophages from the recovery animals were more 

commonly observed in punctate aggregates, possibly reflecting continued cellular processing 

of the material. Histopathological effects in the lung following exposure to the three 

combustion sources shows that the control mouse exposed to ambient air for 14 days had 

normal alveolar air spaces and septa (Figure 4.13 A).  

 

Figure 4.13: Lung tissue photographs obtained from a light microscope at ×200 

magnification; A-control (non-exposed), B- forest fire particulate exposed tissue, C- tyre 

particulate exposed tissues, and D–diesel particulate exposed tissue. 
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Air spaces contain scattered pulmonary interstitial macrophages. The mice exposed to forest 

fire soot (Figure 4.13B) showed minimally affected airways. However, the mice that were 

exposed to the diesel soot (Figure 4.13D, died after 9 days of exposure) indicated that 

alveolar air spaces contained increased macrophages with minimal to mild pigmentation 

while those exposed to tyre emissions (Figure 4.13C) died after 7 days. Clearly, as observed 

in Fig. C, pulmonary alveolar macrophages contained dark yellow to black intracytoplasmic 

pigments. Deposition of soot particulates (black pigments can be noted in Figures 4.13B, C, 

and D). 

4.12.2 Effects of particulate emissions on the lungs tissues of albino mice 

This study proposes that soot emissions alone may not be responsible for the observed effects 

noticed in Figure 4.13B, C and D. Clearly, from the GC-MS data, numerous classes of toxic 

organic volatiles are also released during the thermal degradation of diesel and tyre samples 

and may contribute markedly to cell injury, growth of tumors, and eventually death. 

Nevertheless, soot may also pose serious health impacts probably because of the organic 

radicals bound to the soot particles. This observation is evident in tyre emissions which 

accelerated the death of the mouse exposed to it despite few organic volatiles detected in tyre 

burning in comparison to those detected in combustion of diesel. Although, the GC-MS 

analysis of simulated forest fire emissions conducted in this study was not substantial, it is 

possible to extrapolate based on the results of tyre burning that not many organic toxins can 

be formed from forest fire emissions. Nonetheless organic volatiles from forest fire are the 

subject of critical discussions in our ongoing studies on fireworks, forest fires, and volcanic 

fires. The toxicity of organic volatiles especially PAHs are well-documented in literature and 

will not be discussed further.     

 

The respiratory tract epithelium normally begins at the nostrils and extends to the alveoli. Its 

cellular composition conventionally varies greatly by function and structural site along the 

respiratory path. Volatiles carried into the respiratory tract are known to pass over epithelial 

cells in the nostril (Barile, 2013). These cells represent a natural block whose function is the 

removal of inhaled foreign substances. They are most likely the primary cells to exhibit the 

adverse consequences of exposure to inhaled particulates and thereby may serve as a 

sensitive and direct measure of particle toxicity (Landsiedel et al., 2014) as observed in 

Figure 4.13C and D, vide infra. Epithelial cells lining the tracheobronchial tree, central acini, 

and alveoli of the lungs also serve as sensitive indicators of the pattern of induced injury due 
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to soot emissions deposition and subsequent particle-mediated events in these regions. Two 

important sites for particle deposition in the lungs are the respiratory bronchioles and central 

acini. These two sites showed significant damage as evidenced in Figure 4.13C. These 

structures form the transitional zone between the air conduction path and gas exchange 

alveoli. In mice, the transition from the terminal bronchiole to the alveolar duct is immediate 

(Townsley, 2012). In contrast, humans possess a more complex transitional zone, with one to 

three generations of airways. Because the respiratory bronchioles and central acini are 

primary sites for lung injury after exposure to airborne pollutants (Adamson et al., 1999), it is 

critical to understand the effects of particle deposition on structural and functional changes in 

this region (Pinkerton and Joad, 2000).  

This study has demonstrated that diesel exhaust inhalation and tyre soot inhalation for a 

substantial period (i.e. 7 days for tyre and 9 days for the diesel particulate exposure) of time 

aggravates the neutrophilic lung swelling or proinflammatory chemokine expressions related 

to lung dysfunction. The mouse exposed to tyre emissions died after a week (7 days) while 

that exposed to vehicular diesel soot died after 9 days of exposure. On the other hand, the 

mouse exposed to simulated forest fire soot did not die even after 14 days of continuous 

exposure although it showed signs of weakening and watery eyes. Nevertheless, the lung 

pathology observed in the mice following the experimental exposures to the particulate 

emissions from different fuels (forest fire, tyre, and diesel) showed significant similarities; 

airway epithelial, necrosis, and parenchymal congestion, edema, hemorrhage and 

inflammation (Figures 4.13B, C, and D). However, the microscopic examination of lung 

sections indicated marked differences between the lungs of exposed mice, and the control 

(Figure 4.13A). A great accumulation of soot particles was found surrounding the bronchioles 

in the lymphatics, with the surrounding alveolar wall structures frequently absent especially 

in the tyre particulate and diesel-exposed lungs. This condition is similar anatomically to that 

of the centrilobular emphysema as reported in literature (Ghio et al., 2000). 

Particulate emissions generated by tyre burning exhibited extensive destruction to the tissues. 

This is because of evident damage to the cells which was significant: capillary disconnection 

and blockage of air pathways (Figure 4.13C). Exposure of mice to diesel soot particles also 

impaired cell proliferation in the alveolar region of the lung (Figure 4.13D). Clear evidence 

of inflammation was observed in all exposures. However, forest fire soot showed minimal 

damage (Figure 4.13B). Remarkably, in all exposures, the biological response in the airways 

and lung tissue to inhalation of soot particles was dependent on the source of particulate 
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emissions. Focal airway epithelial necrosis was found in the trachea and with decreasing 

frequency distally not noticed in terminal bronchioles. The damage to the endothelium and 

the alveolar epithelium resulted in the creation of an open interface between the lung and the 

blood which facilitated the spread of soot particulates from the lung systemically, and 

ultimately a systemic inflammatory response (Morrison and Bidani, 2002).  

It is well established in literature that, the injury to epithelial cells handicaps the ability of the 

lung to pump fluid out of airspaces (Bhanothu et al., 2012). Fluid filled airspaces, loss of 

surfactant, micro-vascular thrombosis, and unsystematic repair reduces resting lung volumes, 

leading to increased ventilation-perfusion discrepancy from right to the left shunt resulting to 

breathing problems. In addition, lymphatic drainage of lung units appears to be reduced, i.e. 

dazed by the acute injury which contributes to the build-up of extravascular fluid (Luh and 

Chiang, 2007). Vessels were markedly congested while in others, vessels were distantly 

pulled apart (Figures 4.13C and D). Edema was also observed around broncho-vascular 

trunks, Figures 4.13B, C, and D, vide supra. The non-specificity of these changes mostly 

reflects the direct toxicity of many soot components, the effects of products released from 

locally altered or reactive inflammatory leucocytes, platelets and endothelial cells and 

changes in the flow of the lung blood (Morrison and Bidani, 2002). There were more 

convincing differences between the tyre and diesel exposures, from the fact that the tyre soot 

caused sudden death (after 7 days) as compared to mouse exposed to diesel soot which died 

after 9. There was also swelling and shrinking of tissues cells i.e. the tyre and vehicular diesel 

soot volatiles caused disconnection of the connective tissues and blood capillaries within the 

lungs, which evidently caused swelling and shrinking as noted in Figures 4,13C and D, vide 

supra. 
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CHAPTER FIVE 

CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusion 

Particulate emissions from simulated forest fire, thermolysis of tyre and diesel were found to 

yield numerous compounds of diverse classifications; PAHs, long chain hydrocarbons, 

oxygenated by-products, aromatic compounds and special class of compounds (dibenzo-p-

dioxin, and 2H-benzopyran). The special class of compounds including dibenzo-p-dioxin in 

presence of small amounts of chlorine and a transition metal such as iron may lead to the 

formation of the deadliest environmental pollutants referred to as chlorinated dioxins. 

Therefore, emissions from forest fire can be deadly in their own right. This study has also 

investigated the mechanistic formation of free radicals from neutral molecular products 

which are considered injurious to human health and established precursors for cancer, 

respiratory ill health, and oxidative stress. The formation of isobenzofuran-1, 3-dione from 

molecular 1, 2-benzene dicarboxylic acid (phthalic acid) as one of the major by-products of 

forest fire has successfully been elucidated theoretically in this study 

The soot particulate size from simulated forest fire and tyre burning were found to be slightly 

larger than PM10 but they are attributed to belong in this class of particulates. These types of 

particulates may be responsible to alveoli microphage injury, damage to respiratory tract, and 

other degenerative diseases including aging and whizzing of the lungs. They are capable of 

penetrating deep into the alveoli of the lungs. 

This study has also indicated that exposure to tyre and diesel exhaust particulates have the 

greatest impact on lung tissues and may cause serious biological ailments to higher order 

animals such as man. There is also the production of irritant compounds such as                   

PAHs - benzene, benzo[a]pyrene, pyrene, and cyclopentafused PAHs (fluorene and 

fluoranthene) as reported in this study and literature surveys. These organic toxicants may act 

as precursors that disrupt the normal lining of the respiratory tract and cause potential 

swelling, airway collapse, and respiratory distress. Forest fire soot, however, may cause some 

health effects but requires a longer duration of exposure before the impacts become 

significant. Moreover, there was a plausible degree of neutrophilic infiltration seen in the 

lung specimens as a results of exposure to diesel and tyre particulate emissions. Accordingly 

as reported in literature surveys, exposure to increased ambient amounts of particulate 
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emissions is associated with an increase in morbidity and daily mortality especially in 

industrialized cities. A probable biological mechanism linking soot exposure and 

pathophysiological effects has not been fully established. This study, nevertheless, has 

proposed that a number of factors may be responsible for ill health occasioned by particulate 

emissions; exposure to particulate matter, organic volatiles, and radicals which may be bound 

to particulates   

5.2 Recommendations 

Although this study has thoroughly investigated the particulate emissions and organic 

volatiles from common combustion sources (tyre, diesel exhaust, and simulated forest fire), 

the following recommendations are necessary: 

1. There is need to investigate the radical behaviour of intermediates generated during 

combustion using electron paramagnetic resonance spectroscopy (EPR). 

2. Characterization of particulate emissions from diesel would be necessary in order to 

classify them as either PM10 or PM2.5. 

3. There is need to protect forests from fire outbreaks in order to secure natural habitats, 

prevents annihilation of food chains and most importantly minimize pollution which 

could be detrimental to both humans and naturals ecosystems. 

4. There is also need of continuous improvement of vehicular engines and use of 

catalytic converters in exhaust pipes to reduce or prevent emission of harmful 

particulates in the environment. 
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APPENDICES 

Appendix 1: A sample of SEM micrograph from tyre burning 
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Appendix 2A: MS-Fragmentation pattern for benzene 
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Appendix 2B: MS-Fragmentation pattern for fluorene 
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Appendix 2C: MS-Fragmentation pattern for anthracene 
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Appendix 2D: MS-Fragmentation pattern for fluoranthene 
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Appendix 2E: MS-Fragmentation pattern for benzo[a]pyrene 
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Appendix 3: Thermochemistry output file for optimization of isobenzofuran-1,3-dione 

------------------- 

 - Thermochemistry - 

 ------------------- 

 Temperature   298.150 Kelvin.  Pressure   1.00000 Atm. 

 Atom  1 has atomic number  6 and mass  12.00000 

 Atom  2 has atomic number  6 and mass  12.00000 

 Atom  3 has atomic number  6 and mass  12.00000 

 Atom  4 has atomic number  6 and mass  12.00000 

 Atom  5 has atomic number  6 and mass  12.00000 

 Atom  6 has atomic number  6 and mass  12.00000 

 Atom  7 has atomic number  1 and mass   1.00783 

 Atom  8 has atomic number  1 and mass   1.00783 

 Atom  9 has atomic number  1 and mass   1.00783 

 Atom 10 has atomic number  1 and mass   1.00783 

 Atom 11 has atomic number  6 and mass  12.00000 

 Atom 12 has atomic number  8 and mass  15.99491 

 Molecular mass:   104.02621 amu. 

 Principal axes and moments of inertia in atomic units: 

                           1         2         3 

     EIGENVALUES --   324.872951034.581081359.45403 

           X            0.00000   0.00000   1.00000 

           Y            0.00000   1.00000   0.00000 

           Z            1.00000   0.00000   0.00000 

 This molecule is an asymmetric top. 

 Rotational symmetry number  2. 

 Rotational temperatures (Kelvin)      0.26661     0.08372     0.06371 

 Rotational constants (GHZ):           5.55522     1.74442     1.32755 

 Zero-point vibrational energy     222969.3 (Joules/Mol) 

                                   53.29093 (Kcal/Mol) 

 Warning -- explicit consideration of   7 degrees of freedom as 

           vibrations may cause significant error 

 Vibrational temperatures:    170.61   382.04   489.34   607.79   741.76 
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          (Kelvin)            843.66   882.48  1028.62  1040.85  1070.48 

                             1115.41  1251.87  1348.67  1412.00  1445.09 

                             1450.39  1543.70  1628.26  1675.86  1821.52 

                             2025.97  2080.07  2109.97  2318.05  2336.81 

                             2796.25  4479.95  4497.30  4517.97  4521.30 

  

 Zero-point correction=                           0.084925 (Hartree/Particle) 

 Thermal correction to Energy=                    0.090834 

 Thermal correction to Enthalpy=                  0.091779 

 Thermal correction to Gibbs Free Energy=         0.055516 

 Sum of electronic and zero-point Energies=           -342.280263 

 Sum of electronic and thermal Energies=              -342.274353 

 Sum of electronic and thermal Enthalpies=            -342.273409 

 Sum of electronic and thermal Free Energies=         -342.309671 

  

                     E (Thermal)             CV                S 

                      KCal/Mol        Cal/Mol-Kelvin    Cal/Mol-Kelvin 

 Total                   56.999             22.430             76.320 

 Electronic               0.000              0.000              0.000 

 Translational            0.889              2.981             39.836 

 Rotational               0.889              2.981             26.238 

 Vibrational             55.222             16.469             10.246 
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Appendix 4A: 2-D electron density contour map for fluoranthene predicted using 

Chemissian 
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Appendix 4B: HOMO-LUMO band gap for fluoranthene determined using Chemissian

 

 

 

 

 

 

  



77 
 

Appendix 5: Albino mice in the cage for soot/smoke exposure  

 

 

 


