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Carbonaceous nanoparticle formation 
in flames

Jacob Martin, Gustavo Leon, Kimberly Bowal, Angiras Menon, 
Laura Pascazio, Maurin Salamanca and Markus Kraft
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Outline

1. Motivations

2. Problem

3. Precursor 

4. Nanoparticle
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Bond 2013
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Motivation ïclimate change
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IPCC 2013
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Motivation ïclimate change

Internal combustion engines and 

furnaces produce black carbon.

Agricultural fires also produce 

brown/organic carbon. 
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We need to do more than just reduce CO2
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Ogen 2020

Motivation ïhealth impact

Å SARS correlation with air pollution 

index in China (Cui et al. 2003)

Å Preprint from Harvard shows 1 ɛg/m3

in PM2.5 is associated with an 2-15% 

increase in COVID-19 death rate? (Wu 

et al. medRxiv 2020)

Å Particulates as carrier of the virus? As 

with influenza and measles (Setti et al. 

2020)

Å Is it due to copollutant NOx?           

(Ogen 2020, Martelletti et al. 2020)

PM10

NOx

Wu et al. medRxiv 2020

Martelletti et 

al. 2020

From 66 administrative regions in Italy, 

Spain, France and Germany, 78% of 

COVID-19 deaths occurred in the five 

most polluted regions. (Ogen 2020)
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https://earth.nullschool.net/

PM2.5

April

2019

https://earth.nullschool.net/
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https://earth.nullschool.net/
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2020

https://earth.nullschool.net/
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Lavvas, P., Sander, M., Kraft, M., & Imanaka, H. (2011). 

Surface chemistry and particle shape: processes for the 

evolution of aerosols in Titan's atmosphere. The 

Astrophysical Journal, 728(2), 80.

Space, the final frontieré

Ames Research Centre

NASA
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Carbon black... Applications
Pigment blacks

ωUsed for printing inks ςparticle   
size and surface determine 
colourand viscosity
ωThe coating sector uses jet black 
ςoxidised, fine particles
ωPlastic  industry ςfine particles 

for UV resistance and for anti-
static, e.g. power cables, carbon 
brushes and electrodes
ωPaper industry ςmedium size 

particles ςdecoration
ωConstruction industry ςcoarse 

particles
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Reinforcing and rubber blacks

ωDiscovered by accident in the 19th

century
ωReplaced zinc oxide
ωEliminates the stickiness of rubber

ωActive blacks
ωE.g. tires ςsize: 20 nm

ωSemi-active 
ωE.g. floor mats ςsize: 50 nm

ωCharacterisedby size, surface area 
and after treatment
ωMore than 90% of carbon black for 

the rubber industry

Carbon black... Applications
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ñA major breakthrough in understanding carbon 

[soot] formation will have been achieved when it 

becomes possible in at least one case to account 

for the entire course of nucleation and growth 

of carbon on the basis of a fundamental 

knowledge of reaction rates and mechanismsò

Palmer and Cullis, 1965

Problem statement



mk306@cam.ac.uk Markus KRAFT 17

Shipmap.org

Bockhorn 1994

Dark zone
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Dark zone

Nanoparticles

Å PIMS, Half-mini DMA, Nano-SMPS 

(Grotheer, Wang, DôAnna, Biswas) 

Å SAXS, WAXS (di Saito) 

Å AFM (DôAnna, Minutolo, Wang)

Å LII (Michelsen, Desgroux)

Å Helium ion microscopy (Wang, 

Kohse-Hohinghaus)

Å In-situ TEM; oxidation (Thompson, 

Toth), nanoindentation (Biswas, 

Dassenoy) 

Polycyclic aromatic hydrocarbon

Å HRTEM (vander Wals, Kraft, 

Niessner, Mathews).

Å Time resolved LIF, Band gap, 

Raman , micro-FT-IR (Desgroux, 

Miller, DôAlessio, DôAnna, 

Thompson, Minutolo, Wang)

Å HR-AFM (IBM, Wornat, DôAnna) 

STM (Thürmer)

Å Tunable PI-MS, i2PEPICO (Fei Qi, 

Michelsen, Hansen, Desgroux) 

atmospheric (Carbone) HR-MS 

(Miller, Sarathy), SI-MS (Desgroux, 

Focsa)
Courtesy of J. W. Martin
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Sootingpropensity of fuels 

Smoke point lamp (ASTM D1322)

An improved methodology for 

determining threshold sooting

indices from smoke point 

lamps

Roger Watson, Maria Botero, 

Christopher Ness, Neal M. 

Morgan, and Markus Kraft, 

Fuel 111, 120-130, (2013).

Reproduced and extended by 

researchers at Aachen 2018 

FURTI: Fuel

uptake rate 

measurement 

with 

threshold

https://como.ceb.cam.ac.uk/publications/F-111-120-130/
https://como.ceb.cam.ac.uk/people/rw406/
https://como.ceb.cam.ac.uk/people/mlb42/
https://como.ceb.cam.ac.uk/people/cjn34/
https://como.ceb.cam.ac.uk/people/nmm22/
https://como.ceb.cam.ac.uk/people/mk306/


mk306@cam.ac.uk Markus KRAFT 20

Sootingpropensity of fuels 
Yale co-flow diffusion

doped-heptane flame

Yield sooting index (YSI) doped 

methane diffusion flame. Provides 

comprehensive unified scale. 

(McEnally, Pfefferle et al. 2018)

FLiPPID for 

Inverse Abel 

transform from 

colour ratio 

pyrometry (Dreyer, 

Kraft et al. 2019).

https://como.ceb.cam.ac.uk/resources/flpyro/

Colour ratio pyrometry

Improved methodology for performing the inverse Abel transform of flame images for color ratio 

pyrometry Jochen Dreyer, Radomir I. Slavchov, Eric J. Rees, Jethro Akroyd, Maurin Salamanca, 

Sebastian Mosbach, and Markus Kraft, Applied Optics 58(10), 2662-2670, (2019).

https://como.ceb.cam.ac.uk/resources/flpyro/
https://como.ceb.cam.ac.uk/publications/AO-58-2662-2670/
https://como.ceb.cam.ac.uk/people/jd766/
https://como.ceb.cam.ac.uk/people/ris26/
https://como.ceb.cam.ac.uk/people/jwja2/
https://como.ceb.cam.ac.uk/people/ms2506/
https://como.ceb.cam.ac.uk/people/sm453/
https://como.ceb.cam.ac.uk/people/mk306/
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Modelling

Courtesy of J. W. Martin



mk306@cam.ac.uk Markus KRAFT 22

Stochastic Particle Method  (SPM)
- Type space

Binary tree

Aggregates are formed by primary particles that are formed by molecules (PAHs).

Ἅ

π Ễ π
ể Ệ ể
ὧ Ễ π

Adjacency matrix
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SPM - Type space

ὴ ὴάȟȣȟά ȟὶȟὀ
Primary particle

ὶĄ primary radius

ὀĄ primary coordinates

Molecule (PAH)

Composed of 

ὲ ά carbon atoms, 

ὲ ά sites &

Edgeconnectivity matrix Ἇά

Atom (Carbon)

ά ά ὧȟȣȟὧ ȟίȟȣȟί ȟἏά

ὧ ὧ ὼȟὥȟ‏ȟ
ὼĄ atom coordinates
ὥĄƘŜǘŜǊƻŀǘƻƳ ǘȅǇŜ όIΣ hΣ Χύ

ȟ‏
ρȟ
πȟ

for edge atoms
otherwise

(where reactions happen)
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SPM - Type space

The model is based on reactive sites, each with specific reaction rates.

ί ί ὧ ȟὧ ȟ–

ὧ ȟὧ Ą first and last carbon atoms of a site 

typically where reaction starts (H abstraction)
–Ą site type

Site
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SPM - Particle evolution

Numerical simulations of soot aggregation in 

premixed laminar flames

Neal M. Morgan, Markus Kraft, Michael 

Balthasar, David Wong, Michael Frenklach, 

and Pablo Mitchell, Proceedings of the 

Combustion Institute 31(1), 693-700, (2007).

Simulation of primary particle size distributions in a 

premixed ethylene stagnation flame

Dingyu Hou, Casper Lindberg, Mengda Wang, 

Manoel Y. Manuputty, Xiaoqing You, and Markus 

Kraft, Combustion and Flame 216, 126-135, (2020).

https://como.ceb.cam.ac.uk/publications/PotCI-31-693-700/
https://como.ceb.cam.ac.uk/people/nmm22/
https://como.ceb.cam.ac.uk/people/mk306/
https://como.ceb.cam.ac.uk/people/mb404/
https://como.ceb.cam.ac.uk/publications/CaF-216-126-135/
https://como.ceb.cam.ac.uk/people/csl37/
https://como.ceb.cam.ac.uk/people/mym24/
https://como.ceb.cam.ac.uk/people/mk306/
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SPM - Particle evolution

Å The interaction energy between two spherical particles was derived from the L-J potentials of the 
constituent atoms of the two particles.

Å A coagulation efficiency model for soot was proposed based on the interaction energy between the 
colliding partners and their kinetic energy.

On the coagulation efficiency of carbonaceous nanoparticles

Dingyu Hou, Diyuan Zong, Casper Lindberg, Markus Kraft, and Xiaoqing You, Journal of 

Aerosol Science 140, 105478, (2019).

https://como.ceb.cam.ac.uk/publications/JoAS-140-105478-/
https://como.ceb.cam.ac.uk/people/csl37/
https://como.ceb.cam.ac.uk/people/mk306/
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SPM - Aromatic site modelling 

Soot 

island

Soot 

island

<---> highly reversible reactions
(partial equilibrium)

Ą forward reaction faster 
than reverse (steady state)

Leon, Gustavo, et al. "A new methodology to calculate process rates 

in a kinetic Monte Carlo model of PAH growth." Combustion and 

Flame 209 (2019): 133-143.


