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Impact of Combustion Conditions 

[1] Camacho J, Tao YJ, Wang H. (2015) Proc. Combust. Inst. 35, 1887. 
[2] Kelesidis GA, Pratsinis SE. Combust. Flame, under peer review.
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Soot reactivity decreases 
with increasing [O2] and T!
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•  Soot morphology is given by a 
universal power law [1]:

•  Soot structure along with internal 
AND external soot surface area 

drive its oxidation!

[1] Kelesidis GA, Goudeli E, Pratsinis SE. Carbon (2017) 121, 527. 
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[1] Kelesidis GA, Goudeli E, Pratsinis SE. Carbon (2017) 121, 527. 

•  The classic NSC correlation 
increasingly underestimates (3 - 7 
times) the soot oxidation rate with 

decreasing T and/or [O2]!
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Thank you for your 
attention! 
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Impact of T on oxidation dynamics 

𝜂 = 1 = 1

𝜂 = 0.24 = 0.24

𝜂 = ​3/𝜑 ( ​1/tanh​(𝜑)  - ​1/𝜑 )Thiele effectiveness factor:

Thiele modulus: 𝜑 = 0.5 ​𝑑↓𝑝  √⁠​​𝑘↓𝑂2 /
𝐷𝑂2   ~ 

O2 diffusion time
O2 reaction    //
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[2] Higgins KJ, Jung HJ, Kittelson DB, Roberts JT, Zachariah MR. (2002) J. Phys. Chem. A 106, 96. 
[1] Ma X, Zangmeister CD, Zachariah MR. (2013) J. Phys. Chem. C 117, 10723.  
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Oxidation at different [O2] 

[1] Camacho J, Tao YJ, Wang H. (2015) Proc. Combust. Inst. 35, 1887. 
[2] Kelesidis GA, Pratsinis SE. Combust. Flame, under peer review.

Ethylene soot [1]
This work [2]
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Oxidation at different T 

[2] Kelesidis GA, Pratsinis SE. Combust. Flame, under peer review.
[1] Camacho J, Tao YJ, Wang H. (2015) Proc. Combust. Inst. 35, 1887. 
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Impact of fuel on soot oxidation 

[2] Kelesidis GA, Pratsinis SE. Combust. Flame, under peer review.

T = 1010 K
[O2] = 0.45 vol %

T = 1010 K
[O2] = 0.45 vol %
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Impact of PP diameter on oxidation 
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Impact of oxidation on morphology 

[1] Ma X, Zangmeister CD, Zachariah MR. (2013) J. Phys. Chem. C 117, 10723.  
[2] Kelesidis GA, Goudeli E, Pratsinis SE. Carbon (2017) 121, 527. 

Mature soot [1]:

Agglomerates [2]:
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Validation of surface oxidation 

Eqs. 1 & 2: 

2ω
ρ

= − Δm m,o
o

d d t

2ω
ρ

= − Δm,o
m m,o

o va,o

d
d d t

d

Eq. 1: 

Eq. 2: 
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[5] 

Essenhigh RH (1988) Symp. (Int.) Combust. 22, 89. 

𝜌= ​𝜌↓𝑜 (​​𝑑↓𝑝 /​𝑑↓𝑝,𝑜  )	
𝑎

Impact of Oxidation on Density 
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Impact of Oxidation on Density 
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Essenhigh RH (1988) Symp. (Int.) Combust. 22, 89. 

Impact of Oxidation on Density 
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𝑎 ~ 3/𝜑

𝜌= ​𝜌↓𝑜 (​​𝑑↓𝑝 /​𝑑↓𝑝,𝑜  )	
𝑎

Impact of Oxidation on Density 

Essenhigh RH (1988) Symp. (Int.) Combust. 22, 89. 
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Sensitivity on internal structure 
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Comparison to other oxidation rates 

[1] Camacho J, Tao YJ, Wang H. (2015) Proc. Combust. Inst. 35, 1887. 
[2] Nagle J, Strickland-Constable RF. (1961) Proceedings of the Fifth Conference on Carbon, 1, 154.
[3] Kelesidis GA, Pratsinis SE. Combust. Flame, under peer review.

Ethylene soot [1]

[4] Lee KB, Thring MW, Beer JM. (1962) Combust. Flame 6, 137-145. 
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Ethylene soot [1]

10 × NSC [1]
Lee et al. [4]

[4] Lee KB, Thring MW, Beer JM. (1962) Combust. Flame 6, 137-145. 



Reduction of soot reactivity 

Gaddam et al. (2016) Carbon 98, 545. 

Oxidation 
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iii) Surface Growth (SG) by HACA mechanism [4-6]:

C2H2

Soot

​𝑟↓𝐻𝐴𝐶𝐴  
[4] 
​𝛽↓𝐶2𝐻2  
[6] 

3 3
, ,

26 6
p new p old

soot soot c

d d
mπ ρ π ρ= +

Mass Balance 
for each C2H2 reaction:

H

H2

[3] Goudeli E, Eggersdorfer ML, Pratsinis SE. (2015) Langmuir 31,1320.

[1] Abid AD, Heinz N, Tolmachoff ED, Phares DJ, Campbell CS,  Wang H. (2008) Combust. Flame 154, 775.

[2] Camacho J, Liu C, Gu C, Lin H, Huang Z, Tang Q, You X, Saggese C, Li Y, Jung H, Deng L, Wlokas I, Wang H. (2015)                                               
     Combust. Flame 162, 3810.

ii)     Discrete Element Modeling (DEM) 
     of Particle Motion and Coagulation [3]

Soot Dynamics by Discrete Element Modeling (DEM) 

[4] Appel J, Bockhorn H, Frenklach M. (2000) Combust. Flame 121, 122. 
[5] Saggese C, Ferrario S, Camacho J, Cuoci A, Frassoldati A, Ranzi E, Wang H, Faravelli T. Wang H. (2015) Combust. Flame 162, 3356.
[6] Kelesidis GA, Goudeli E, Pratsinis SE. (2017) Proc. Combust. Inst. 36, 29. 

i) Initial configuration after inception 
has largely ended. T = 1830 K 

​𝑑↓𝑚,𝑜  = 2 nm 

​𝑁↓𝑡𝑜𝑡,𝑜  = 4.5·1016 m-3 
[1,2] 

𝑡 



Soot Dynamics by Discrete Element Modeling (DEM) 

ii)     Discrete Element Modeling (DEM) 
     of Particle Motion and Coagulation [3]

[3] Goudeli E, Eggersdorfer ML, Pratsinis SE. (2015) Langmuir 31,1320.

[1] Abid AD, Heinz N, Tolmachoff ED, Phares DJ, Campbell CS,  Wang H. (2008) Combust. Flame 154, 775.

[2] Camacho J, Liu C, Gu C, Lin H, Huang Z, Tang Q, You X, Saggese C, Li Y, Jung H, Deng L, Wlokas I, Wang H. (2015)                                               
     Combust. Flame 162, 3810.

iii) Surface Growth (SG) by HACA mechanism [4-6]:

​​𝐶↓𝑠𝑜𝑜𝑡 ↑.  + ​𝐶↓2 ​𝐻↓2  → ​𝐶↓𝑠𝑜𝑜𝑡 -
𝐻 + 𝐻   + 𝐻    

​​𝐶↓𝑠𝑜𝑜𝑡 ↑.  + 𝐻 → ​𝐶↓𝑠𝑜𝑜𝑡 -𝐻  → ​𝐶↓𝑠𝑜𝑜𝑡 -𝐻  

​𝐶↓𝑠𝑜𝑜𝑡 -𝐻 + 𝐻 ↔ ​​𝐶↓𝑠𝑜𝑜𝑡 ↑.  + ​ + 𝐻 ↔ ​​𝐶↓𝑠𝑜𝑜𝑡 ↑.  + ​
𝐻↓2   

​𝑥↓𝐶2𝐻2  = 
0.02 

​𝑥↓𝐻2  = 0.1 

​𝑥↓𝐻  = 10-4  [2] 

[5] 

[4] Appel J, Bockhorn H, Frenklach M. (2000) Combust. Flame 121, 122. 
[5] Saggese C, Ferrario S, Camacho J, Cuoci A, Frassoldati A, Ranzi E, Wang H, Faravelli T. Wang H. (2015) Combust. Flame 162, 3356.
[6] Kelesidis GA, Goudeli E, Pratsinis SE. (2017) Proc. Combust. Inst. 36, 29. 

i) Initial configuration after inception 
has largely ended.

T = 1830 K 
​𝑑↓𝑚,𝑜  = 2 nm 

​𝑁↓𝑡𝑜𝑡,𝑜  = 4.5·1016 m-3 
[1,2] 

1c
m

 

Burner-Stabilized Stagnation Ethylene Flame (φ = 2.07)
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[1] Camacho J, Liu C, Gu C, Lin H, Huang Z, Tang Q, You X, Saggese C, Li Y, Jung H, Deng L, Wlokas I, Wang H. (2015)                                               
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DEM-derived Soot Size Distributions 
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Soot Size Distribution, HAB = 0.8 cm 
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Surface Growth Validation 

DEM in agreement 
with Moving 

Sectional Model
(MSM)
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Evolution of Geometric Standard Deviation 

[2] Landgrebe JD, Pratsinis SE. (1989) Ind. Eng. Chem. Res. 28, 1474.
[3] Goudeli E, Eggersdorfer ML, Pratsinis SE. (2015) Langmuir 31,1320.

Narrowing of SD 
by SG [1] 40 % 

underestimation 
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[1] Spicer PT, Chaoul O, Tsantilis S, Pratsinis SE. (2002) J. Aerosol Sci. 33, 17.
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Effect of Maximum Volume Fraction, ​
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Effect of Initial Concentration, ​𝑵↓𝒕,𝒐   

[1] Camacho J, Liu C, Gu C, Lin H, Huang Z, Tang Q, You X, Saggese C, Li Y, Jung H, Deng L, Wlokas I, Wang H. (2015) Combust. Flame 162, 3810.

Variation within 
experimental 

accuracy
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Carbon	Black:	A	$10	B	Industry		

[1] Ulrich, G.D. Chem Eng News 1984, 62, 22. 

11	Mt/year		
in	2012	[2]	

Furnace	Process	

[2] International Carbon Black Association, Carbon Black User’s Guide, 2012. 

Lamp	Black	Process	[1]	
China,	2000	BC	



8	Mt	of	soot	emissions	every	year!	

Bond, T. C.; Doherty, S. J.; Fahey, D., et al. J Geophys Res 2013, 118, 5380.

Transporta)on	

Open	fires	

Coal,	Biomass	
Combus)on	

mg	
m2	

per	year	



Soot	Morphology	&	Op)cal	Proper)es	

[1] Lapuerta, M.; Barba, J.; Sediako, A. D.; Kholghy, M. R.; Thomson, M. J. J Aerosol Sci 2017, 111, 65.  

​
𝒅↓
𝒎 	

​𝒅↓𝒑 	

Light absorption

Light scattering

Soot agglomerate
Primary particle 

diameter Mobility diameter

[1]	

2 ≤ C/𝑯 ≤ 10
depending on 

combustion source



C/𝑯 = 10 = 10
Regardless of 

combustion source

Soot	Morphology	&	Op)cal	Proper)es	

[3] Bond, T. C.; Doherty, S. J.; Fahey, D., et al. J Geophys Res 2013, 118, 5380.

[1] Lapuerta, M.; Barba, J.; Sediako, A. D.; Kholghy, M. R.; Thomson, M. J. J Aerosol Sci 2017, 111, 65.  

UK:		
1	billion	£/year		
due	to	false	
alarms	[2]!	

0.	71	W/m2	

25	%	of	total	
forcing	

Highest
 uncertainty!

[2] Chagger, R.; Smith, D. The causes of false alarms in buildings, 2014, bre.co.uk.

​
𝒅↓
𝒎 	

Light absorption

Light scattering

i)	Op1cal	Diagnos1cs,	Fire	detectors:	 ii)	Climate	forcing	[3]:	

Mie Theory 
for spheres Mobility diameter

[1]	



Soot	forma)on	dynamics	

[1] D'Anna, A.; Rolando, A.; Allouis, C.; Minutolo, P.; D'Alessio, A. Proc Combust Inst 2005, 30, 1449.

[3] Schenk, M.; Lieb, S.; Vieker, H.; Beyer, A.; Golzhauser, A.; Wang, H.; Kohse-Hoinghaus, K. ChemPhysChem 2013, 14, 3248. 

[6] Kelesidis, G.A.; Kholghy, M.R.; Zurcher, J.; Robertz, J.; Allemann, M.; Duric, A.; Pratsinis, S.E. Powder Technol 2019, in press.

5	A	

[2]	

Incep)on	

Surface	growth	
&	Aggrega)on	

Agglomera)on	
[3]	

[6]	 100 nm	

Incipient soot:

Nascent soot:

Mature soot:

Transparent to 
visible and IR [1]

Strong light 
absorber and 
scatterer [5]

Slightly absorb 
visible and IR [4] ​𝑑↓𝑚  < 3 nm

3 nm < ​𝑑↓𝑚  < 30 
nm

​𝑑↓𝑚  > 30 
nm

5 A	

[5] Michelsen, H.A.; Schrader, P.E.; Goulay, F. Carbon 2010, 48, 2175.

[2] Schultz, F.; Commodo, M.; Kaiser, K.; De Falco, G.; Minutolo, P.; Meyer, G.; D’Anna, A.; Gross, L. Proc Combust Inst, 2019, 37, 885-892.

[4] Bejaoui, S.; Lemaire, R.; Desgroux, P.; Therssen, E. Appl Phys B 2014, 116, 313. 

2 < C/𝐻 < 10 < 10

C/𝐻 ≤ 2 ≤ 2

C/𝐻 ≥  ≥ 
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[3] Goudeli, E.; Eggersdorfer, M. L.; Pratsinis, S. E. Langmuir 2015, 31,1320.

[1] Abid, A. D.; Heinz, N.; Tolmachoff, E.D.; Phares, D.J.; Campbell, C.S.;  Wang, H. Combust Flame 2008, 154, 775.

[2] Camacho ,J.; Liu, C.; Gu, C.; Lin, H.; Huang, Z.; Tang, Q.; You, X.; Saggese, C.; Li, Y.; Jung, H.; Deng, L.; Wlokas, I.; Wang, H.                                                
     Combust Flame 2015, 162, 3810.

Soot Dynamics by Discrete Element Modeling (DEM) 

[4] Appel, J.; Bockhorn, H.; Frenklach, M. Combust Flame 2000, 121, 122. 
[5] Saggese, C.; Ferrario, S.; Camacho, J.; Cuoci, A.; Frassoldati, A.; Ranzi, E.; Wang, H.; Faravelli, T. Combust Flame 2015, 162, 3356.
[6] Kelesidis, G. A.; Goudeli, E.; Pratsinis, S. E. Proc Combust Inst 2017 36, 29. 

i) Initial configuration  inception has 
largely ended.

Premixed Ethylene Flame (φ ~ 2.1)

T = 1830 K 
​𝑑↓𝑚,𝑜  = 2 nm 

​𝑁↓𝑡𝑜𝑡,𝑜  = 4.5·1016 m-3 
[1,2] 
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ii)     Discrete Element Modeling (DEM) 
     of Particle Motion and Coagulation [3]
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[3] Goudeli, E.; Eggersdorfer, M. L.; Pratsinis, S. E. Langmuir 2015, 31,1320.
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iii) Surface Growth (SG) by HACA mechanism [4-6]:

C2H2

Soot

​𝑟↓𝐻𝐴𝐶𝐴  
[4] 
​𝛽↓𝐶2𝐻2  
[6] 

3 3
, ,

26 6
p new p old

soot soot c

d d
mπ ρ π ρ= +

Mass Balance 
for each C2H2 reaction:

H

H2

ii)     Discrete Element Modeling (DEM) 
     of Particle Motion and Coagulation [3]
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T = 1830 K 
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Microscopy [2]

0.01 

0.1 

1 

10 

1 10 100 
Mobility Diameter, ​𝑑↓𝑚 , nm 

SMPS [1]

Agglomeration

Agglomeration 
w/ surface growth

dN
 /

 d
lo

g(
d m

) /
 N

to
t


Nascent Soot Size Distribution, HAB = 1.2 cm 

[1] Camacho ,J.; Liu, C.; Gu, C.; Lin, H.; Huang, Z.; Tang, Q.; You, X.; Saggese, C.; Li, Y.; Jung, H.; Deng, L.; Wlokas, I.; Wang, H. Combust Flame 2015, 162, 3810. 

Coalescence
25 % smaller ​​𝒅 ↓𝒎 !

4 times
larger ​​𝒅 ↓𝒎 

[3] Kelesidis, G. A.; Goudeli, E.; Pratsinis, S. E. Proc Combust Inst 2017, 36, 28.
[2] Schenk, M.; Lieb, S.; Vieker, H.; Beyer, A.; Golzhauser, A,; Wang, H.; Kohse-Hoinghaus, K. ChemPhysChem 2013, 14, 3248.

Solids lines: DEM [3]



Residence Time Soot Dynamics by DEM [1] 
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Evolution from Nascent to Mature Soot 

𝑚~ ​
𝑑↓𝑔  

​𝐷↓𝑓  

​𝐷↓𝑓  = 
3 

​𝐷↓𝑓  = 1.91 



Discrete	Dipole	Approxima)on	(DDA)	

•  Refractive index, RI

Averaging of MAC and C: 
•  over 100 agglomerates per time step.  
•  over 343 orientations. 

Input:

•  Structure of DEM-
derived agglomerate

3
2 ρ

= abs

v

QMAC
d

ü  Good statistics. 
ü  Computational efficiency. 

Used to calculate 
 climate forcing! 

( )
2

11 1224
λ
π

= −C S S

Used in optical 
diagnostics! 

Kelesidis,	G.A.;	Pratsinis,	S.E.	Proc	Combust	Inst	2019,	37,	1177.



From	nascent	to	mature	soot	MAC	
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Morphology is not enough!

From	nascent	to	mature	soot	MAC	

Need of evolving composition & RI!



Evolution of soot composition 
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Evolution of soot composition 
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Evolution of refractive index, RI 
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[5] 

Premixed ethylene  
flame (φ ~ 2.15) 

𝒎  

​𝒅↓𝒎  =  
75 – 250 nm 

𝑪  

𝝀 = 405 nm 
Kelesidis, G.A.; Kholghy, M.R.; Zurcher, J.; Robertz, J.; Allemann, M.; Duric, A.; Pratsinis, S.E. Powder Technol 2019, doi.org/10.1016/j.powtec.2019.02.003.
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Mature soot morphology 
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10 times 
larger mass!
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Models:
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𝝀 = 405 nm Data
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Conclusions 

•  Structure AND Composition are 
essential for soot optical properties!

•  DEM-DDA can be used for 
improved optical diagnostics and 

climate impact calculations!

•  Realistic pathway of soot formation
     by surface growth and agglomeration.
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Outlook 
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Impact of humidity on silica nanoparticle 
agglomerate morphology and size distribution 
Georgios A. Kelesidis,  Florian M. Furrer, Karsten Wegner, Sotiris E. Pratsinis 
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[1] Courtesy of Cabot. 

Silica: A flame-made nano-commodity

[4] A. Fabre, T. Steur, W.G. Bouwman, M.T. Kreutzer, J.R. van Ommen (2016) J. Phys. Chem. C 120, 20446.

[2]

[2] J.H. Scheckman, P.H. McMurry, S.E. Pratsinis (2009) Langmuir 25, 8248.

[1] 
Pharmaceutics Cosmetics 

A 3 billion  industry $ including: 

Storage & Processing with humidity! 

Dry conditions  
during flame synthesis 

[3]

[4]

Fluidized agglomerates 

[3] Courtesy of Prof. Lin, Iowa State University.
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Nanoparticle Agglomerate Morphology

[3] S. Tsantilis, S.E. Pratsinis, S. E. (2004) Langmuir 20, 5933.

Agglomeration:Inception

Coagulation & 
Sintering [2]

Aggregation:
Chemical Bonds! Physical Bonds!

Surface 
Growth [1]
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Nanoparticle Agglomerate Morphology
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Experimental Set Up 

Flame Spray Pyrolysis ​𝒅↓𝒎 , ​𝒅↓𝒑 , ​
𝝆↓𝒆𝒇
𝒇 [1] G. A. Kelesidis, F.M. Furrer, K. Wegner, S.E. Pratsinis (2018) Langmuir 34, 8532.



Morphology dynamics by Humidity 

Water condensation & evaporation with: 
   𝑺 = 0.2 (dry)  = 0.2 (dry) 
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Morphology dynamics by Humidity 

50 nm 50 nm 

Water condensation & evaporation with: 
   𝑺 = 0.2 (dry)  = 0.2 (dry) 1.1 1.3 1.5 

   ​𝝆↓𝒆𝒇𝒇  = 427 kg/m 3 445 kg/m 3 491 kg/m 3 640 kg/m 3

Bulk silica density, 
   𝝆 = 2200 kg/m 3

Primary particle diameter, ​𝒅↓𝒑  = 12 
nm Not affected by humidity! 

50 % ​𝝆↓𝒆𝒇𝒇  increase!
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[1] G. A. Kelesidis, F.M. Furrer, K. Wegner, S.E. Pratsinis (2018) Langmuir 34, 8532.

•  Nanoparticle Processing & Storage w/ S > 1.3 
      changes drastically their agglomerate morphology!  

50 nm 50 nm 

   𝑺 = 0.2  = 0.2 1.1 1.3 1.5 

•  Unique ​𝜌↓𝑒𝑓𝑓  distribution! •  Up to 20 % ​𝑑↓𝑚  reduction. 
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attention! 
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Silica vs Soot agglomerate restructuring 
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[1] X.F. Ma, C.D. Zangmeister, J. Gigault, G.W. Mulholland, .R. Zachariah (2013) J. Aerosol Sci. 66 209-219. 
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Silica Vs Carbon black Restructuring 
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Validation of S calculation 
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Mass-mobility relationship 
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Evolution of mobility size distribution 
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Experimental Set Up 
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Microscopy images 
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Primary particle size distribution 
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[1] A. Fabre, T. Steur, W.G. Bouwman, M.T. Kreutzer, J.R. van Ommen (2016) J. Phys. Chem. C 120, 20446.


