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SOOT - ORIGIN AND PROPERTIES 
Saša Spaić 1 Ivan Bilić 2  

Abstract: Soot can be created as a result of intentional human activity (product for commercial use) or 

unintentionally, as one of the products of combustion and pyrolytic decomposition of organic matter. Soot 

affects the health and quality of the environment, and is a mandatory companion of fire. Therefore, it is very 

important to know the chemistry of soot, the way of formation and growth of its particles, as well as their size 

and morphology. 
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1. INTRODUCTION 

When finding the center of the fire, it is very important to know the types and location of certain 

materials that were in the burned building at the time of the fire. The external manifestations of fire are 

the traces that speak of it. Based on the color of the flames and smoke, it can be approximately 
determined which materials burned in the fire and in which part of the building they were located. The 

size of the flame tells about the intensity of the burning of the material, the amount of material, the 

conditions under which the burning takes place. The amount, density and color of smoke can indicate 
the amount and type of material affected by the fire (dry, moist, fine), the availability of oxygen (draft, 

ventilation), as well as the use of means to accelerate fire. Combustion products are oxides of 

combustible chemical elements present in the material. These are partly gases (CO2, CO, SO2, NOx) 

and partly solid oxides (metal oxides and P2O5). Gaseous oxides are constituents of flue gases, and 
solid oxides are constituents of ash. The two most important elements that burn and are found in every 

organic fuel are carbon and hydrogen. During the burning of organic matter, CO2 and CO are 

produced in the largest amount. In common organic substances, sulfur is mainly present in proteins, 
and during combustion it turns into SO2. Nitrogen from the air does not form oxides in normal fires, it 

is non-combustible and does not support burning. However, the nitrogen present in compounds that 

are fuels, during combustion, turns into its oxides, which can be seen by the brown color of the smoke. 

Materials rich in carbon produce soot when burned. Especially a lot of soot is produced during the 
burning of materials with a high C/H ratio: oils, naphtha, benzene, acetylene, naphthalene, rubber, 

styrene mixtures and other plastics. There are several types of soot: fluffy, dusty, solid, shiny, greasy. 

Fluffy soot glows for a long time and therefore favors the spread of fire through a spark. During a fire, 
certain smells can be felt, which can be used to identify the material present (the smell of ethanol; 

gasoline; keratin - wool, feathers, hair; phosphorus - matches; paraffin - polyethylene; chlorine - PVC; 

levoglucosan - paper, wood, ... ). Noises, noise, breaking, etc. indicate the condition and type of 
material. Crackling indicates that dry and loose material is burning. If the fire is followed by muffled 

explosions, it is done with moist and compacted material. If the explosions are accompanied by the 

scattering of large amounts of soot, it is about plastic masses [1]. 

Soot is one of the main products of fire. This term covers a wide range of products, from 
individual particles to different types and sizes of aggregates. A lot has been written about soot and is 

still being written, so much so that the terminology in this area is still not unambiguous. Soot is not a 

uniquely defined material in size, morphology (structure), or composition. Soot formation proceeds 
continuously from gas-phase hydrocarbon molecules to carbonized, aggregated particles. While soot 

particles undergo this carbonization process, their optical properties evolve, such that they become 

able to absorb and emit light in the visible and near-infrared spectral regions; their density increases, 
and their surface reactivity may also change [2]. It has only been in the last decade, however, that 

experimental and computational techniques in combustion science have been able to peek behind the 
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door to reveal insights into the earliest formation mechanisms of carbonaceous particulates in the 
flame [3]. The aim of this work is to show the structure and composition of soot in one place and in a 

very limited scope, especially considering the needs of students and the interested public in the field of 

fire protection. The list of used literature is given at the end of the paper, but it should be said that 

most of the material is taken from reference [4], which deals very exhaustively with the subject of 

soot. 

2. SOOT 

Soot represents a very broad array of carbon or carbonaceous matter which ranges from individual 
particles (usually spherical, with diameters < 5 nm to > 50 nm) to large, often branched aggregates or 

aggregated chains containing thousands of these primary particles, to even larger and irregular 

graphite-like, particles or aggregates > 10 μm; or complex clusters of these. Primary carbon (carbon 
black or black carbon (BC)) particles or similar particles containing irregular graphene (C) fragments 

and intercalated hydrocarbon or polycyclic aromatic hydrocarbon fragments having various molecular 

weights, as well as curved graphene (hexagonal carbon) structures containing 5-member rings forming 

carbon onion3, fullerene, or nanotube arrays are also soot components [4]. 

The concept of "soot" is a remarkably broad one. It is usually identified with any observable 

combustion regime in the broad context of "smoke". However smoke, even cigarette smoke, is 

minimally soot, and in a more practical sense an extremely complex assortment of particulate matter, 
some of which is "soot", along with a wide variety of volatile organic liquid "particles" (or aerosol) 

and gaseous components. In this paper, soot will be limited in context to carbon, carbon-related, or 

carbonaceous particulate matter. It will be treated as contiguous particulates or aggregates rather than 

carbonaceous particulates with adsorbed species (gaseous or liquid phase) or the creation of surface-
related reaction products (so-called "secondary particulates") created in the environment by reactions 

with other gaseous or aerosol species. For purposes of distinction, "aerosol" will be defined as 

particles of either liquid state matter or particles behaving like liquid-state particles (especially single 

or primary particles) [4]. 

As noted, the treatment of soot in this paper will be limited to carbon-related particulates as 

primary particles or aggregates of these particles produced by variations in combustion regimes where 
technically the combustion or reaction is incomplete, and does not result in simply H2O and CO2 

forming. Incomplete reactions ideally produce variations in concentrations of H2O, CO2 as well as CO 

and C; including aldehydes or aromatic hydrocarbons (or polycyclic aromatic hydrocarbons: PAHs) as 

a result of carbon-hydrogen bonding to form hexagonal benzene rings and associated isomers with 
increasing molecular weights (MW): CxHy (XC + YH); where benzenesʼ (C6H6) molecular weight is 

78 (~ 6×12+6×1) [4]. 

It might be argued that as a six-member (hexagonal) ring structure, benzene represents a 
fundamentally minimum energy, planar geometry as exemplified in many natural hexagonal structures 

in the living world when viewed 2-dimensionally (such as a honeycomb). This structure form can be 

pyrolized by the selective removal of the hydrogen atoms, forming a six-member carbon element 
which can be "polymerized" in a flat sheet, popularly referred to as graphene. Correspondingly, the 

formation of higher molecular weight benzene-derivatives, or PAHs, can form unstable, non-planar 

structures. While deviations in planarity, including ideal curvature of planar carbon (graphene) sheets, 

can infinitesimally raise the system energy, true curvature is introduced by inserting a 5-member ring 
into the hexagonal benzenoid arrays. In this context, the 5-member (pentagonal) ring represents a 

"defect" in the hexagonal, 6-member ring structures and introduces measurable strain energy. The 5-

member ring strains the hexagonal components to create curvature, and as 6-member rings are added 
to complete this array, additional, more symmetrical curvature occurs. These curved fragments can 

become incipient nuclei for regular carbon structures, such as fullerenes and carbon nanotubes, or 
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irregular arrays of curved fragments which can create elemental carbon particles whose energy is 

minimized by forming primary spheres - nanospherules (Figure 1, Figure 2) [4]. 

 

 

Figure 1 - Carbon structures [5] 

 

 

Figure 2 - Graphene originating carbon structures [6] 

 

It should be apparent in this context that soot can be characterized in the following primary 

(particulate) forms: graphene fragments, PAH isomers, regular curved or polyhedral particles: 
fullerenes, including multiconcentric carbon cell structures; carbon nanotubes, including multiwall 

carbon nanotubes (MWCNTs), Figure 3, irregular or turbostratic (structurally amorphous) curved 

graphene fragments (ideally carbon black primary particles or black carbon (BC)), Figure 4, and a 
wide variety of primary, spherical particles composed of variously intercalated, curved graphene 

fragments and PAH isomers representing different molecular weights in varying proportions relative 

to the graphene fragments. Soot has often been differentiated in terms of elemental carbon where little 
or no PAH is present, as in commercial BC, or as organic carbon when measurable amounts of PAH 

are present. Included in this broad soot composition would be variations in crystalline graphite and 

even traces of diamond as a result of the formation of the diamond cubic structure for carbon in 

contrast to the hexagonal-close packed (graphite) crystal structure, Figure 1. Interestingly enough, a 
tiny amount of soot formed on the bottom of a pot on a poorly combusting gas burner contains 

diamond4. These varying morphologies of graphite material compose charred wood or charcoal 
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observed to form during the detonation of carbon-rich explosives [2]. 
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particulates, which in the case of wood combustion soot can contain this complete plethora of 

particulate matter [4]. 

 

 

Figure 3 - Carbon nanotubes: a) singlewall, b) doublewall, c) multiwall [7] 

 

 

Figure 4 - Primary soot nanoparticle formation (nucleation), and growth by PAH isomers 

intercalation within the curved carbon fragments, and subsequent carbon soot nanospherules 

clustering, schematic (left) and wire model (right) [4] 

 

It should be apparent that since soot can contain any or all of these fundamental carbon or 
carbonaceous elements in particle form, soot component particle sizes would ideally range from small 

fullerene diameters ≤ 0.2 nm for C60, to irregular graphitic particles >10 μm; referred to as particulate 

matter (PM10). PM2.5 to PM10 particulates (including aggregates) are referred to as coarse PM while 

PM0.1 to PM2.5 particulates are fine PM. PM0.1 or particulates < 100 nm are referred to as ultrafine 

or nanoparticulates [4]. 
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Most soot particulates are aggregates of singular or complex primary particles, or more complex, 
fractal-like5 branched chains of connected primary (spherical) particles, especially combustion soots 

from diesel engine exhausts, wood burning, candle burning, tire burning, and variations of BC 

production, especially commercial BC production. It should be noted in this context that in the U.S. 

alone, more than 50 million tons of BC are produced annually, with roughly 70% of this production 
used in the strengthening of rubber in tire manufacture, where 30% of the tire is BC. Additionally, as 

an inert strengthening agent, the BC is released into the environment as the tire wears on the highways 

and roadways. Another significant fraction of commercial BC use has been in ink production, which in 

fact represents one of the earliest uses for BC, dating to circa 4000 BC [4]. 

Soot in its broadest context represents a variety of natural combustion particulates as well as a 

great variety of anthropogenic particulates in the environment; the outdoor air and the indoor air; 
including a variety of occupational environments ranging from BC and graphite industries to kitchens 

[4]. 

Two decades ago global soot (or BC) mass abundance was about 7 Tg, while mineral PM 

composed roughly 17 Tg (1 Tg = 106 metric tons) mass abundance of the global atmospheric 
particulates. These particulate loadings, especially BC-related soot particulates, contribute to global 

climate change (especially global warming) along with CO2 emissions [4]. 

Human exposure to this plethora of soot particulates in the broadest environmental context, of 
course elicites a wide range of health effects which continue to be variously debated. Nonetheless, the 

evidence is overwhelming and largely incontrovertible. The first cancer-causing environmental 

nanoparticulate material was in fact identified to be wood soot in chimneys which caused scrotum 

cancer in 9 to 12 year-old boys used as chimney sweeps. This cause and effect was first recognized by 
Percival Potts, a British medical doctor in 1775. More recently, a summary of over 30 epidemiological 

studies links diesel exhaust to lung cancers. Of course diesel exhaust represents a symbiosis of gaseous 

pollutants: CO, NOx, SOx (SO2), O3, etc. and carbonaceous particulates (intercalated graphene 
fragments and PAH isomers), as well as oxidized fragments producing reactive oxygen species (ROS) 

which damage DNA, and are precursors to cancer. Other so-called volatile organics are also often part 

of the exhaust composition [4]. 

Prior to the identification of carbon shell polyhedra (fullerenes) around 1985, there were no real 

concepts of fundamental soot microstructures or even a recognition of fundamental soot 

microstructural components. However, once identified as a fundamental carbon structure in contrast to 

the carbon crystal structures – hcp graphite and diamond, a very rapid understanding developed for a 
range of single-shell and multishell carbon structures: including polyhedral shells, nested fullerenes, 

and tubes. Carbon nanotube images were first published in 1976, followed by the high-resolution 

transmission electron microscope (TEM) observations in 1991 [4]. 

Since the discovery of, and identification of buckminsterfullerene (C60) and carbon nanotubes in 

their varying forms, fullerenes have been found in the geological environment, and are generally 

ubiquitous. Similarly, multiwall carbon nanotubes have been observed in a 10,000 year-old Greenland 
ice core, and more recently in kitchens, and the outdoor air, specifically in natural gas combustion 

sources, propane burning engines and other propane gas combustion sources, wood burning and candle 

burning, among combustion regimes [4]. 

Combustion regimes may favor fullerene or even multiconcentric fullerene formation, or mixtures 
of multiconcentric fullerenes and multiwall carbon nanotubes having varying wall numbers and tube 

lengths, etc. Correspondingly, the curved carbon structures may aggregate in turbostratic, spherical 

particles representing traditional soot particles [4]. 

Figure 5 shows an example of aggregated multiwall carbon nanotubes and multiconcentric 

fullerenic particles composing the soot from a blue-flame natural gas (~ 96% methane) kitchen burner. 

Of course this soot is essentially invisible above the burner, but these aggregates were collected using 
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a thermal precipitator which collects nanoparticles directly on transmission electron microscope 
(TEM) grids having a silicon monoxide platform. It can be noted in Figure 5 that the multiwall carbon 

nanotubes (MWCNTs) have a variety of lengths and correspondingly different aspect ratios: 

length/diameter. In addition, there are a large number of multiwall or multiconcentric fullerenic 

particles (with aspect ratio of unity). This mixture of aspect ratios attests to the complexity of the 

flame combustion regime [4]. 

Multiwall nanotube development, shown in Figure 5, can extend to more than 40 concentric 

layers. Of course carbon atoms are added to the edges of the growing tubes to form new hexagonal, 
circumferential rows. But the exact nature of this process is not known. The same is true for fullerenic 

particles which can assume the form of well-define spherical nanoparticles referred to as carbon onion 

structures [4]. 

All soot particles (fullerenes, MWCNTs, turbostratic spherules, etc.) occur in flames as negatively 

and positively charged species [4]. 

 

 

Figure 5 - TEM bright-field image showing MWCNT and multi-concentric fullerene nanoparticle 

aggregate collected above a natural gas burner (blue flame) [4] 

 

The carbon nanospherule particle clusters represent nanoparticulate diameters ranging from 

roughly < 20 to 80 nm, representing many layers of irregularly arranged but regularly spaced 

(graphitically, 0.34 nm) turbostratic curved carbon (graphene) fragments of varying sizes [4]. 

These nanoparticle soot spherules can be envisioned as variations of the schematic and model 

representations shown in Figure 4. So Figure 4 shows variations of curved carbon fragments 
coalescing into clusters6 which can incorporate hydrocarbon or polycyclic aromatic hydrocarbon 

(PAH) isomers of varying molecular weight (depending upon combustion fuels, processes, and 

thermo-kinetics). Correspondingly, as shown in Figure 4, these coalescing fragments and intercalated 

PAH isomers tend toward spherical forms as a consequence of energy minimization. The growing 
spherules can cluster to form physically bonded aggregates, Figure 4b, which can be dense or 

variously branched structures [4]. 

It can be observed in retrospect that soot – in its many forms - can be variously described: as 
aggregates of MWCNTs and multiwall fullerenes or carbon shells, graphitic (crystalline graphite) 

particles, including nanoparticles of graphite, turbostratic spherules composed of curved 

 

                                                
6 A cluster is a group of similar objects, which are bound together, however loosely [2]. 
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graphene/carbon fragments of various sizes mixed with (or intercalated with) varying quantities or 
concentrations of PAH isomers having various molecular weights depending upon the combustion or 

pyrolytic parameters, fuels (sources), etc. Thus soot, as an aggregate, could contain all of these 

variations in particle nanostructure and composition (which includes various concentrations of PAHs 

or other hydrocarbon species). In general, the formation of solid-phase combustion products – PAHs, 
fullerenes, MWCNTs, soot nanoparticles, etc. - is a very rapid process (10-3 to 10-5 s) and a complex, 

multistage process. Acetylene (C2H2) is the most important intermediate product for the formation of 

PAHs during the high-temperature oxidation of any hydrocarbon fuel [4]. 

It can be noted that if the air flow (oxygen level) is reduced for natural gas (methane) combustion, 

the MWCNT composition declines along with polyhedral fullerenes or other more regular 

multiconcentric graphene layer fullerenes, and irregular soot spherule aggregates dominate, or become 
the only aggregate component. Correspondingly, it is apparent that incomplete combustion favors 

spherical nanoparticle soot or produces it exclusively. It is interesting to note that the primary 

nanoparticle spherules for a wide variety of soot from different combustion sources are similar in size 

and size distribution [4]. 

Soot formation is more pronounced in diesel engines than gasoline engines as a consequence of 

the injection and ignition processes. In the gasoline engine, fuel is injected during the engine intake 

stroke and spark ignited, while in the diesel engine fuel is injected during the compression stroke and 
ignited spontaneously by the compression. Combustion in gasoline engines is more efficient than 

diesel engines because the air and fuel mix more thoroughly while in a diesel engine, late fuel 

injection produces fuel-dense pockets in the combustion chamber. This produces more soot when 

ignited. In heterogeneous combustion, soot must always result in a combustion end product which 
depends on the combustion air ratio: smaller nanoparticulate emissions with a supercharged excess air 

ratios. Higher C/H ratio in a fuel also results in enhanced soot formation. But excess air (oxygen), 

while creating higher combustion temperatures, also leads to high NOx formation. Consequently, as 
the soot numbers decline, NOx increases. In perfect hydrocarbon fuel combustion, carbon intercalated 

with PAH isomers, would break down into CO2 and H2O. Therefore soot always favors incomplete 

combustion. Gasoline engines, normally produce reduced soot in contrast to diesel as well as increased 
NOx. Gasoline nanoparticle aggregates appear smaller than diesel while the primary nanoparticles are 

usually one-tenth the diameter of diesel soot (~ 5nm diameter) [4]. 

Biofuel burning, or the anthropogenic burning of wood, grass etc. may differ in terms of soot 

nanoparticle sizes because of the temperature variations characteristic of the combustion regime. 
However, these soots appear similar, if not identical to, those shown for wood, diesel, tire burning. 

Biofuel burning can of course include petroleum-fuel oil and coal, as well as natural gas, which while 

producing considerably less nanoparticulate soots, can place considerable concentrations of aggregated 
MWCNTs and fullerene-related nanoparticles in the atmosphere. Biomass burning produces roughly 

half of all soot worldwide [4]. 

3. CONCLUSION 

Soot is one of the products of incomplete combustion of organic matter. It is mostly an 

undesirable side product (fire, biomass burning, internal combustion engines, mechanical wear of tires 

on roads), but it is also produced commercially (filler in rubber production, raw material for ink). 

When it is found in the living and working environment, due to its properties and interaction with the 
environment, it affects climate changes and the health of the living world. Although soot has been 

known since the time of fire, and people have been using it for several thousand years, its structure, 

formation mechanisms and composition have only become clearer in the last ten years due to the 
development of experimental and computer techniques. The structure, mechanisms of formation and 

composition of soot are discussed in the main part of this work. Knowing the properties of soot is 

important in order to: on the one hand, avoid its formation and thus prevent the harmful effects caused 

by it, and on the other hand, to obtain soot with optimal characteristics during its commercial 

production. 
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