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Soot formation dynamics
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Soot oxidation dynamics
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Soot oxidation dynamics
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Soot agglomerate morphology
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Soot agglomerate morphology
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Soot agglomerate morphology
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Soot agglomerate morphology
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Soot oxidation dynamics
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Soot oxidation dynamics
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Soot oxidation dynamics
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Soot oxidation dynamics
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Soot oxidation dynamics
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Soot oxidation dynamics
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Oxidation of Nascent Soot, =0 ms
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Oxidation of Nascent Soot, =0 ms
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Oxidation of Nascent Soot, t =217 ms
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Oxidation of Nascent Soot, t =217 ms
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Oxidation of Nascent Soot, t =217 ms
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Impact of Combustion Conditions
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Impact of Combustion Conditions
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Impact of Combustion Conditions
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Conclusions

- Soot morphology is given by a
universal power law [1]:
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Conclusions
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 The classic NSC correlation
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Impact of T on oxidation dynamics
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Soot mobility size by oxidation
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Soot mobility size by oxidation
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Soot mobility size by oxidation
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Oxidation at different [O,]
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Oxidation at different T
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Impact of PP diameter on oxidation
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Impact of oxidation on morphology
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Validation of surface oxidation
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Impact of Oxidation on Density

a
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Impact of Oxidation on Density
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Impact of Oxidation on Density
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Impact of Oxidation on Density
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Impact of Oxidation on Density
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Sensitivity on internal structure
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Comparison to other oxidation rates
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Reduction of soot reactivity
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DEM Back-up Slides



Soot Dynamics by Discrete Element Modeling (DEM)

i) Initial configuration after inception
has largely ended.

T=1830K
dimo =2 nm
Mtot,o =4.5-1016 m-3

[1,2]
i) Discrete Element Modeling (DEM) % D

of Particle Motion and Coagulation [3] S ¢ 7N
" 4 '0 o o

|||) Surface Growth (SG) by HACA mechanism [4- 6] H,

® o0

rlb’AC’A
0 ‘ y
o

wczﬁz .
®o°

Soot [6]
Mass Balance
® for each C,H, reaction:

[1]1 Abid AD, Heinz N, Tolmachoff ED, Phares DJ, Campbell CS, Wang H. (2008) Combust. Flame 154, 775. d 3 d3

[2] Camacho J, Liu C, Gu C, Lin H, Huang Z, Tang Q, You X, Saggese C, Li Y, Jung H, Deng L, Wlokas |, Wang H. (2015) T p.new _ yZ8 old +m
Combu§t. Flame 162, 3810. . . IOSOOZ‘ IOSOOl‘ 2¢

[3] Goudeli E, Eggersdorfer ML, Pratsinis SE. (2015) Langmuir 31,1320. 6 6

[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

[6] Kelesidis GA, Goudeli E, Pratsinis SE. (2017) Proc. Combust. Inst. 36, 29.



Soot Dynamics by Discrete Element Modeling (DEM)
i) Initial configuration after inception T P 7=1830K
has largely ended. U dimo =2 nm

Mtot,o =4.5-10% m
[1,2]

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

i) Surface Growth (SG) by HACA mechanism [4-6]:
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[1]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 |, Wang H. (2015)
Combust. Flame 162, 3810.
[3] Goudeli E, Eggersdorfer ML, Pratsinis SE. (2015) Langmuir 31,1320.
[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. 4
[6] Kelesidis GA, Goudeli E, Pratsinis SE. (2017) Proc. Combust. Inst. 36, 29.



Nascent Soot Mass-Mobility Relationship
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Evolution of Nascent Soot Morphology
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DEM-derived Soot Size Distributions
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DEM-derived Soot Size Distributions
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DEM-derived distribution of &im over nlp
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Average Particle Diameter, nm

Soot Aggregation Dynamics by DEM
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Soot Aggregation Dynamics by DEM
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DEM, This work
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Comparison to Experiments:
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Comparison to Experiments:
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Comparison to Experiments:
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Soot Size Distribution, HAB = 0.8 cm
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Nascent Soot Mass-Mobility Relationship
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Characterization
of Soot Morphology



Soot Effective Density
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Soot Effective Density
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EvoBIution from Nascent to Mature Soot
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Description & Validation



Surface Growth Implementation
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Normalized Total Number Density,

Surface Growth Validation
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Surface Growth Validation
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Benchmarking with Previous Studies
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Coagulation Validation
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Evolution of Soot Mobility Size
and Mass Distributions



Evolution of Geometric Standard Deviation
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Sensitivity Analysis on
Flame Synthesis Parameters
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Effect of Primary Particle Diameter

DEM-derived Power Law:
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Temperature Effect

e DEM-derived Power Law:

S15 - p

AN Cm 045

9] d, "

(D)

=

@ 10 - A r=1830K
()

2 b

=N AK

S e

% 5 - zﬁé r=1320 K

(D)

N

T

S

o O | | ' | ' |
< 0 100 200 300

Number of Primary Particles, 72Jp 30



Temperature Effect
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Effect of Initial Concentration, vizo
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Effect of Nuclei Diameter, 2ip,0
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Surface Growth Implementation
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Effect of Reaction Rate, »#4c4
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Effect of Reaction Rate, »#4c4
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Free Molecular (FM) Regime Models

Experiments:
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Carbon Black: A $10 B Industry

Furnace Process

11 Mt/year
in 2012 [2]

Lamp Black Précess [1]
China, 2000 BC

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

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



8 Mt of soot emissions every year!

I% Transportation

0 1 2 5 10 20 50 100 200 500 & per year
m 2

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



Soot Morphology & Optical Properties

100nm

— Light scattering
2=C / H=10
Light absorption depending on
combustion source
dlp
Primary particle
diameter Soot agglomerate ““Mobility diameter

m

[1] Lapuerta, M.; Barba, J.; Sediako, A. D.; Kholghy, M. R.; Thomson, M. J. J Aerosol Sci 2017, 111, 65. 3



Soot Morphology & Optical Properties

100nm

— Light scattering
[1]
C/H: 10

Light absorption Regar_dless of

combustion source
Mie Theor
for spheres “Mobility diameter
i) Optical Diagnostics, Fire detectors: ii) Climate forcing [3]:
SIEMENS E?] Highest
UK: ‘. L 3 i uncertainty!

1 billion £/year g* 0.71 W/m?
due to false P —~ *§ 25 % of total
alarms [2]! , 50 forcing

CO, CH, Soot

[1] Lapuerta, M.; Barba, J.; Sediako, A. D.; Kholghy, M. R.; Thomson, M. J. J Aerosol Sci 2017, 111, 65. (Direct)
[2] Chagger, R.; Smith, D. The causes of false alarms in buildings, 2014, bre.co.uk. 3
[3]1 Bond, T. C.; Doherty, S. J.; Fahey, D., et al. J Geophys Res 2013, 118, 5380.



Soot formation dynamics

Mature soot:
adlm =30

éf?@(r@?ght
aB&rber and
scatterer [5]

Nascent soot:
3nmc< dlm < 30

nr@@hﬁ/ é?ﬁf)rbo Incipient soo:

visible and IR [4] Al <3nm

[11 D'Anna, A.; Rolando, A.; Allouis, C.; Minutolo, P.; D'Alessio, A. Proc Combust Inst 2005, 30, 1449.
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[5] Michelsen, H.A.; Schrader, P.E.; Goulay, F. Carbon 2010, 48, 2175.
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Soot Dynamics by Discrete Element Modeling (DEM)

) Initial configuration inception has *1#_7 T=1830K
largely ended. - dimo =2 nm

RE Y Mitoro = 45100 m

ot [

o [1.2]

Premixed Ethylene Flame (¢ ~ 2.1)

[1]1Abid, 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.
[3] Goudeli, E.; Eggersdorfer, M. L.; Pratsinis, S. E. Langmuir 2015, 31,1320.
[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. 5
[6] Kelesidis, G. A.; Goudeli, E.; Pratsinis, S. E. Proc Combust Inst 2017 36, 29.



Soot Dynamics by Discrete Element Modeling (DEM)

T=1830 K
dimo =2 nm
Mtot,o =4.5-10% m

[1,2]

) Initial configuration inception has
largely ended.

Premixed Ethylene Flame (¢ ~ 2.1)

b . - T
'T- .
[ ‘

ii) Discrete Element Modeling (DEM) p
of Particle Motion and Coagulation [3] } % 7 \’

[1]1Abid, 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.
[3] Goudeli, E.; Eggersdorfer, M. L.; Pratsinis, S. E. Langmuir 2015, 31,1320.
[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. 5
[6] Kelesidis, G. A.; Goudeli, E.; Pratsinis, S. E. Proc Combust Inst 2017 36, 29.



Soot Dynamics by Discrete Element Modeling (DEM)

i) Initial configuration inception has B e T=1830K
largely ended. CUFnyEokr o dimo =2 nm
./ Nltot,o =4.510"® m

i | [1,2]

Premixed Ethylene Flame

L e '—;J'II
ii) Discrete Element Modeling (DEM)
of Particle Motion and Coagulation [3]
i) Surface Growth (SG) by HACA mechanism [4-6] ® |:2
° O

¢ WNHACA
®  p )

Soot '[KGJ]QHZ oo © ®

Mass Balance
® for each C,H, reaction:
[1]1Abid, A. D.; Heinz, N.; Tolmachoff, E.D.; Phares, D.J.; Campbell, C.S.; Wang, H. Combust Flame 2008, 154, 775.

3 3
[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. d d Id
Combust Flame 2015, 162, 3810. T p.new 10 =TT p,0 /0 +m
[3] Goudeli, E.; Eggersdorfer, M. L.; Pratsinis, S. E. Langmuir 2015, 31,1320. soot Ve soot 2c
[4] Appel, J.; Bockhorn, H.; Frenklach, M. Combust Flame 2000, 121, 122. 6
[5] Saggese, C.; Ferrario, S.; Camacho, J.; Cuoci, A.; Frassoldati, A.; Ranzi, E.; Wang, H.; Faravelli, T. Combust Flame 2015, 162, 3356. 5

[6] Kelesidis, G. A.; Goudeli, E.; Pratsinis, S. E. Proc Combust Inst 2017 36, 29.



Nascent Soot Size Distribution, HAB =

Agglomeration

w/ surface growth
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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. Combust Flame 2015, 162, 3810.

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



Residence Time Soot Dynamics by DEM [1]

20 1 Aggregation _
1.5 dim

—
o
' |
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Median mobility diameter, & $772, nm
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[1] Kelesidis, G.A.; Goudeli, E.; Pratsinis, S.E. CarboB(ﬁlagggnce tl me! Z-, mS



Evo?!ution from Nascent to Mature Soot
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Fractal Dimension, Dy
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Schenk, M., Lieb, S., Vieker, H., B , H., Kohse-Hoinghau 2013) ChemPh m 14, 3248
Kholghy, M.R., Afar YSdkADBbJLp MCh , C., Weingarten JB rshanpour, B., Chernov, V., Thomson, M.J. (2017) Combust. Flame 176, 567.



Discrete Dipole Approximation (DDA)

Input:

Structure of DEM-
derived agglomerate

Refractive index, R/

2
MAC = 3 C = . (Sn _SIZ)

i L 2dv 0 L] 4’

Used to calc Used in optical

nostics!
> A-cllmate fo
U ) & )
%-
Averaging of MAC and C: | } v Good statistics.

« over 100 agglomerates per time step. _ o
v' Computational efficiency.
Kelesidis, G.A.; Pratsinis, S.E. Proc Combust Inst 2019, 37, 1177.

* over 343 orientations.



From nascent to mature soot MIAC
Residence time, Z, ms
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From nascent to mature soot MAC

Residence time, £, ms
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Evolution of soot composition
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Evolution of soot composition
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Evolution of soot composition

Mature soot, dw =10
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Evolution of refractive index, R/

5 - Linear interpolation
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From nascent to mature soot MAC
Residence time, £, ms
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From nascent to mature soot MAC
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Soot formation dynamics

Mature soot:
adlm =30

éf?@(r@?ght
aB&rber and
scatterer [5]

Nascent soot:
3nmc< dlm < 30

nr@@hﬁ/ é?ﬁf)rbo Incipient soo:

visible and IR [4] Al <3nm
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[5] Michelsen, H.A.; Schrader, P.E.; Goulay, F. Carbon 2010, 48, 2175.
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Experimental Set-Up
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¢
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15

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.




Mature soot morphology
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Mature soot morphology
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Mature soot morphology
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Comparison to other sources:
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Comparison to other sources:
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Comparison to other sources:
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Soot light scattering
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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.



Soot light scattering
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Soot light scattering

dim =200 nm
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Oxidation

Nascent soot:
3nmc< dlm < 30

nr@@hﬁ/ e/gs%rloo Incipient soo:

visible and IR [4] Al <3nm

[11 D'Anna, A.; Rolando, A.; Allouis, C.; Minutolo, P.; D'Alessio, A. Proc Combust Inst 2005, 30, 1449.
[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.
[3] Schenk, M.; Lieb, S.; Vieker, H.; Beyer, A.; Golzhauser, A.; Wang, H.; Kohse-Hoinghaus, K. ChemPhysChem 2013, 14, 3248. Trg r<eat tO

Burface growth
& Aggregation

5A

STM 18V

Inception

[4] Bejaoui, S.; Lemaire, R.; Desgroux, P.; Therssen, E. Appl Phys B 2014, 116, 313.
[5] Michelsen, H.A.; Schrader, P.E.; Goulay, F. Carbon 2010, 48, 2175.
[6] Kelesidis, G.A.; Kholghy, M.R.; Zurcher, J.; Robertz, J.; Alemann, M.; Duric, A.; Pratsinis, S.E. Powder Technol 2019, doi.org/10.1016/j.powtec.2019.02.003.Visi ble and | R [1 ]



Atmospheric aging of nanoparticles
Hydrophilic silica

Atmospheric

aging

Increasing
humidity

Capillary forces Extend DEM-DDA for
atmospheric aging

Hydrophobic
soot
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Kelesidis, G.A.; Furrer, F.M.; Wegner, K.; Pratsinis, S.E. Langmuir 2018, 34, 8532.
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8 Mt of soot emissions every year!
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Silica: A flame-made nano-commodity

Dry conditions
A 3 billion industry $ including: during flame synthesis

\
N

Pharmaceutics Cosmetics

Storage & Processing with humidity!

Fluidized agglomerates

[1] Courtesy of Cabot.

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

[3] Courtesy of Prof. Lin, lowa State University.

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



Nanoparticle Agglomerate Morphology
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Aggregation: Agglomeration:

Inception Chemical Bonds!

J Surface
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D > Silica
[1] G.A. Kelesidis, E. Goudeli, S.E. Pratsinis (2017) Proc. Combust. Inst. 36, 29.
[2] S. Tsantilis, S.E. Pratsinis (2000) AIChE J. 46, 407. 2

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




Nanoparticle Agglomerate Morphology

[1]

seff /p 2T o
dim /dlp )

[1] G.A. Kelesidis, E. Goudeli, S.E. Pratsinis (2017) Carbon 121, 527. 2 ‘



Nanoparticle Agglomerate Morphology

Water
Condensation/Evaporation

[1]

Capillary Forces [2]

seff /p 2T o
dim /dlp ) 0

[1] G.A. Kelesidis, E. Goudeli, S.E. Pratsinis (2017) Carbon 121, 527. 2
[2] S. Kutz S, A. Schmidt-Ott (1992) J. Aerosol Sci. 23, S357.



Experimental Set Up

Dilution

Dry Aerosol

Sampling [
rob

SiO,
lk Agglomerates
60 cm "}:

R
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®
Y v ' v
L__|¢|./ N
CH,/0, "‘\— Dispersion O,
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Xylenes

Flame Spray Pyrolysis dim ,dip,
[1] G. A. Kelesidis, F.M. Furrer, K. Wegner, S.E. Pratsinis (2018) Langmuir 34,"8532.



Morphology dynamics by Humidity

Water condensation & evaporation with:
5s=0.2 (dry)




Morphology dynamics by Humidity
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Morphology dynamics by Humidity

Water condensation & evaporation with:
5s=0.2 (dry) 1.1 1.3 - 1.5

11111
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o WA

pleff =427 kgl 445 kg/m® 491 kg/m® 640 kg/m?

Bulk silica density,
p=2200 kg/m?3

50 % increase!

Primary particle diameter, zip = 12
M Not affected by humidity!



Restructuring dynamics of silica agglomerates
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Restructuring dynamics of silica agglomerates
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Restructuring dynamics of silica agglomerates
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Restructuring dynamics of silica agglomerates
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Restructuring dynamics of silica agglomerates
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Restructurlng dynamics of silica agglomerates
B Aggregates w/
X [ dm =60 nm
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Restructurlng dynamics of silica agglomerates
B Aggregates w/
X [ dm =60 nm
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Impact of humidity on agglomerate morphology
Agglomeration Theory [1]:
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[1] G.A. Kelesidis, E. Goudeli, S.E. Pratsinis (2017) Carbon 121, 527. 6
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Impact of humidity on agglomerate morphology

0.5 - Data, S Agglomeration Theory [1]:
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[1] G.A. Kelesidis, E. Goudeli, S.E. Pratsinis (2017) Carbon 121, 527. 6



Impact of humidity on agglomerate morphology
- Data, S: Agglomeration Theory [1]:
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Impact of humidity on agglomerate morphology
Data, S: Agglomeration Theory [1]:
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[2] G.A. Kelesidis, F.M. Furrer, K. Wegner, S.E. Pratsinis (2018) Langmuir 34, 8532.
[3] C.D. Zangmeister, J.G. Radney, L.T. Dockery, J.T. Young, X.F. Ma, R.A. You, M.R. Zachariah (2014) PNAS 111, 9037.



Conclusions

« Nanoparticle Processing & Storage w/ S> 1.3

changes drastically their agglomerate morphology!
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Silica vs Soot agglomerate restructuring
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Normalized mobility diameter, &2/



Silica Vs Carbon black Restructuring
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Silica Vs Carbon black Restructuring
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Number of Primary Particles, n,,

Mass-mobilitv relationshio
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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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