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Stages of Particle Evolution During Combustion
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Characteristics of Mature-Soot Particles

The Product

Graphitic overlayers hold
aggregate together

Bambha, Dansson, Schrader, Michelsen 2013

Turbostratic graphitic layers or Disordered foci or growth centers,
crystallites aligned parallel to the 1-4 nm in diameter

primary-particle surface

Apicella, Pré, Alfe, Ciajolo, Gargiulo, Russo, Tregrossi, Deldique, Rouzaud 2015
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Premixed ethylene/air, C/0=0.67, ®=2.03
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ion count, transformed

Characteristics of Incipient Particles
Incipient-Particle Size

Photoionization mass spectrometry

Premixed ethylene/air

C/0=0.64, ®=1.92 /Appears to be HAB = 15 mm
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Grotheer, Hoffmann, Wolf, Kanjarkar, Wahl, Aigner 2009
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Characteristics of Incipient Particles
Extractive Sampling

Rapid-dilution tube sampling probe
Premixed ethylene/air, C/0=0.67, ®=2.03
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Burner-stabilized stagnation flame
Premixed ethylene/air
C/0=0.60, ®=1.8

V,4s=6.0 cm/s

V,0s=8.5 cm/s

Hp=1_40 cm

K4

K2

[ LR L - H,=1.40cm

Gu, Lin, Camacho, Lin, Shao, Li, Gu, Guan, Huang, Wang 2016
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Characteristics of Incipient Particles
Incipient-Particle Size

Ethylene co-flow diffusion flame
Small-angle X-ray scattering HAB=10 mm Small-angle neutron scattering
: " ; : : Zz
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Mitchell, di Stasio, Le Garrec, Florescu-Mitchell, Mitchell, Le Garrec, Florescu-Mitchell, di Stasio 2006

Narayanan, Sztucki 2009

— Differences may be due to
Neutron beam much larger than SAXS beam
Neutron beam sampled larger particles on flame edge
Range of scattering angles different for 2 experiments
SAXS background subtraction complicated
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What do we know about incipient particles?

They have C/H ratios of ~1.5-2.5.

They are <~3-4 nm in diameter.

They may form at C/O as low as 0.6.

They form at lower HABs and C/O ratios than a second (larger) mode (>~4-6 nm).

They appear to be the source of the larger mode at high C/O.
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Characteristics of Incipient Particles
Incipient-Particle Consistency and Shape
Premixed ethylene/O,/Ar, C/0=0.69, ®=2.07
Transmission electron microscopy (TEM)  Atomic force microscopy (AFM) Helium ion microscopy (HelM)
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Characteristics of Incipient Particles
Incipient-Particle Optical Properties

Premixed ethylene/air, C/0=0.67, ®=2.03
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Optical band gap

0.5eV

0.8 eV

1.4 eV

1.6 eV

Increasing maturity — long-range order

Increasing conjugation length, stacking
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ion count, transformed

Characteristics of Incipient Particles

Incipient-Particle Optical Properties

Photoionization mass spectrometry

Premixed ethylene/air, HAB=15 mm

Photoionization

........... at 193 nm, 6.3 eV
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Characteristics of Incipient Particles
Incipient-Particle Optical Properties

Photoionization mass spectrometry
Irradiation at 1064 nm

| i
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What do we know about incipient particles?

They have C/H ratios of ~1.5-2.5.

They are <~3-4 nm in diameter.

They may form at C/O as low as 0.6.

They form at lower HABs and C/O ratios than a second (larger) mode (>~4-6 nm).
They appear to be the source of the larger mode at high C/O.

They appear spherical and fluid.

They absorb in the UV but weakly at longer wavelengths.

Their photoionization threshold is >6.3 eV.

They have disordered fine structure.

D



. particlesfem®

m

dN/dIinD

Characteristics of Incipient Particles

sMPs size distribution  1NCIpient-Particle Composition
A Premixed ethylene/air, C/0=0.67, ®=2.03, HAB=8 mm

1/
/ \ Atomic Force Microscopy (AFM)/Scanning Tunneling Microscropy (STM)
/
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Absorbance x 103

Characteristics of Incipient Particles
Incipient-Particle Composition

Premixed ethylene/O,/Ar, C/0=0.69, ®=2.07

Particles have high
aliphatic content
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Characteristics of Incipient Particles
Incipient-Particle Composition

Signal (arb. unit)

Aerosol mass spectrometry (AMS) Premixed X-ray photoelectron spectroscopy (XPS)
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Characteristics of Incipient Particle

aser microprobe mass spectrometry

Incipient-Particle Composition Coflow diffusion flame
Aerosol mass spectrometry Photoionization Aerosol Mass Spectromet
o ) PIAMS mass spectrum of incipient soot using 1064-nm
8 Premixed flame laser desorption, 118-nm photoionization
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Characteristics of Incipient Particles
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gure 1. Structures of the most stable isomers in the most stable classes of C,,H,,, molecules (“stabilomers™?).

xctrons. Since graphitelike molecules (polyaromatics) have both
snificantly lower ratios of edge to interior C atoms and lower
ibbs energies per C atom than diamondlike molecules (poly-
lamantanes) of comparable C number, the former molecules
ould always be more stable than the latter at high temperatures.
owever, the relative contribution of edge atoms to overall
ermodynamic stability will decrease with increasing size.

Cy,H,. The most stable classes of moderately sized C,,H,
olecules are expected to be the polyacetylenes. These are the
nolest classes of molecules examined: onlv one polvacetvlene

Incipient-Particle Composition

A

o aw
o0 oo @&
G0

the strain introduced by the second triple bond is substantially
greater than that introduced by the first. This cyclization is further
disfavored by a sizable entropy loss of ~—60 kJ mol™ K™! (Table
.

Very large, highly condensed polyaromatic Cy,H, species, like ¢y H, (2800 K). Clearly, in the temperature range of interest
the large C;, molecules mentioned in the previous section, are in this work, # must be quite large before graphitelike molecules
expected to become increasingly stable with increasing size. become more stable than polyacetylenes. On the other hand,
Although any discussion of such species must be speculative, their regardless of approximations for stabilities of edge C-atoms,
general properties can be coarsely estimated by assigning unstable polyaromatic molecules larger than Cy H, are certain to be more
group values to their “exterior” carbon atoms and “eranhitelike” gyahle than polyacetylenes up to at least 1800 K.

C,,H,. The most stable C,,H, molecules are acyclic and contain
one double bond and n ~ 1 triple bonds. Symmetry numbers of

Stein, Fahr 1985

have the same stability near 2700 K, or 400 K lower than the |
of equal stability for individual molecules.

In view of its estimated 120 kJ mol™" higher heat of form:
(ignoring any antiaromaticity) and its lower entropy, be
cyclobutadiene is always far less stable than ethynylbenzene.
same argument applies to 1,3,5-cyclooctatriene-7-yne, whose
is ~170 kJ mol-! greater than that of ethynylbenzene eve:
suming no ring strain.
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Characteristics of Incipient Particles

Incipient-Particle Composition
Premixed ethylene/0,/N,, C/0=0.70, ®=2.09

2 _Pyrene C16H10 10 B a
=100
~ ——Fluoranthene Cy6H10 0.8
2 Chrysene CigH1sg
-% 80l ——Coronene CosHqy 0.6
—Perylene
& / 0.4 — Pyrene
0 | = Flame, 6 mm
é) % 0'2_ —— Flame, 10 mm 7
o 0 0' | | |
c - | | | 1 1
S 40f 1.0F p
(U —~~
N = o8
9O 20r =
e o 0.6
2 T
o 0./ . . . , L =04 — Fluoranthene -
75 80 85 90 95 100 € 0o — Flame, 6 mm |
Photon energy (eV) c% - —— Flame, 10 mm
| | | |
0.0 1 1 1 1 1
1.0 ¢
. 0.8} Pyrene: ~65%
Masses that look like myrene 5% o
stabilomers are not 0.6 -
i 041 —
always stabilomers Flame. 10 mm
0.2 — Pyrene-fluoranthene fit—
0.0 ] | ] ] ]

75_ . 8&n &R an 95 100
Photon energy (eV)
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What do we know about incipient particles?

They have C/H ratios of ~1.5-2.5.

They are <~3-4 nm in diameter.

They may form at C/O as low as 0.6.

They form at lower HABs and C/O ratios than a second (larger) mode (>~4-6 nm).
They appear to be the source of the larger mode at high C/O.

They appear spherical and fluid.

They absorb in the UV but weakly at longer wavelengths.

Their photoionization threshold is >6.3 eV.

They have disordered fine structure.

They have significant abundances of aliphatic and oxygenated groups.
They have significant abundances of 5-membered rings.

Their precursor masses are consistent between flames, fuels.

Their precursors may not be the most thermodynamically stable isomers.
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Characteristics of Incipient Particles
Incipient-Particle Composition

Aerosol mass spectrometry

§ Premixed flame Premixed flame
© Ethylene/O,/N, Ethylene/O,/N, 239
_ © N < C/0=0.70 . C/0=0.70 \
& N S © 1 263
o2 3 3 o)) 89
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Propyne/O,/Ar Propyne/O,/Ar 165 215 263
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Johansson, Head-Gordon, Schrader, Wilson, Michelsen,
in press
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Characteristics of Incipient Particles
Incipient-Particle Composition

Laser microprobe mass spectrometry

Ethylene/air co-flow diffusion flame Ethylene/air inverse diffusion flame
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Characteristics of Incipient Particles
Incipient-Particle Composition

Time of flight secondary ion mass spectrometry
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Characteristics of Incipient Particles
Incipient-Particle Composition

Aerosol mass spectrometry

Premixed flame
Ethylene/O,/N,

C/0=0.70 \
189

Signal

Molecular beam mass spectrometry

Counter-flow diffusion flame 239— Counter-flow diffusion flame
Propyne/O,/Ar 165 215 263 Propyne/O,/Ar
_ _ 91 Gas-phase data
o o
D k) 165
%) n \
TV 150 200 250 100 150 200 250
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Johansson, Head-Gordon, Schrader, Wilson, Michelsen, Courtesy of Nils Hansen and Kai Moshammer

in press
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Characteristics of Incipient Particles
Incipient-Particle Composition
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Particle Inception by Radical Chain Reactions

Clustering of

Phenyl Indenyl
Hydrocarbons by @42 >89 qommmmmmmmimmmme RSR whose extended
_ ] R" "~y conjugation depends on
Radical Chain s Barrierless RH ' maintaining an unpaired
Reactions 0 *’ / reac"f’”/ A~ electron
(CHRCR) = sl
S
= 40
O
= 60 _
- Barrierless
D .80 and low-barrier
Q reactions
\-100
Forward barrier:
-120- o
~4.5 kcal/mol {'{I‘o ” Cluster / Incipient
+ -
> Ja" | ,J% % nanoparticle
g% &
(. Chemical Chemically grown Dispersion-driven ] R oxd
@e ‘e . :
,:u.. #—-«"" growth cluster / nanoparticle  physical growth ., ‘_ ﬁn‘!}”&%%
d ) .o " “J . .
- ;1 " ok %9 . '_ : ‘ Wq)
*"?,IWI, PAH radical ‘5&?"}9 §“ Af* , B «% ’?
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Johansson, Head-Gordon, Schrader, Wilson, Michelsen, in press
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What do we know about incipient particles?

They have C/H ratios of ~1.5-2.5.

They are <~3-4 nm in diameter.

They may form at C/O as low as 0.6.

They form at lower HABs and C/O ratios than a second (larger) mode (>~4-6 nm).
They appear to be the source of the larger mode at high C/O.

They appear spherical and fluid.

They absorb in the UV but weakly at longer wavelengths.

Their photoionization threshold is >6.3 eV.

They have disordered fine structure.

They have significant abundances of aliphatic and oxygenated groups.
They have significant abundances of 5-membered rings.

Their precursor masses are consistent between flames, fuels.

Their precursors may not be the most thermodynamically stable isomers.
Resonantly stabilized radicals may drive inception.
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Density, Specific Heat, and Their Product

Dependence on Soot-Maturity Level and Temperature
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Data for 44 PAHs @ 298.15 K

Density, Specific Heat, and Their Product

Dependence on Soot-Maturity Level
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14 Assuming that

Incipient soot is composed of precursor PAHs

Incipient soot has C/H ratios of ~1.5-2.5

Maturing means losing H, becoming more graphitic
How do we predict density and specific heat?

o ¢ Bulk measurement
° Crystallographlc value

© é
d
O (o]
(MB/r) o 1eay oyoads

s density is

A
0.0 ﬁ‘(® Approx. constant

H‘ ""-'-".'
| for PAHs for poly Vu |
crystalline for single-
graphite crystal
graphite

m where molecular weight can be given as

C
W, 17 + Wy
w=—H

. C

] 541

1.0

12 14 16 18 20 22
Carbon-to-hydrogen ratio (C/H)

2.4

More details coming soon, Michelsen, in preparation (2018)
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Density, Specific Heat, and Their Product

Dependence on Soot-Maturity Level

298.15 K

<

¢ Bulk measurement

Crystallographic value [{*"

1.4

(MB/r) Sofeay ouoads

Assuming that
Incipient soot is composed of precursor PAHs
Incipient soot has C/H ratios of ~1.5-2.5
Maturing means losing H, becoming more graphitic
How do we predict density and specific heat?

fof I:‘AHfor graphite

o Bulk measurement

e Crystallographic value|

42 14 16 18 20
Carbon-to-hydrogen ratio (C/H)

Approx. constant

More details coming soon, Michelsen, in preparation (2018)



Density, Specific Heat, and Their Product

Dependence on Soot-Maturity Level

Estimates for 298.15 K

, ) The density is
20FR8 "N\ [ \.caemmmmmmeefgpnmanaes '2%) p=W/V,,
E 03 . _
S5 = where molecular weight can be given as
s 198 =
Q o
%’1.0— Cs \ /v /\—10.6;"3" W - We + wy
3 Polycrystalline L o4 - C +1
Oosk _ Graphite | < H
graphite —H02%
OO 1 L1l 1 L1l paaal OO The SpeCiﬁC heat iS
1 10 100 1000
Carbon-to-hydrogen ratio (C/H) C= FE /p
S S

where pc, is constant

Simple equations estimate p and c;
as a function of C/H ratio

More details coming soon, Michelsen, in preparation (2018)
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Density, Specific Heat, and Their Product

Temperature Dependence: High-Temperature Conditions

o
o

Graphite
L L+ 1+ 1 | | : : OO

Volumetric heat capacity (J/cm3K)

o

)

Nearlmga nt

at flame/LIl -
temperature

THo00
Temperature (K)

2000

3000

4000

(M6/r) *o2 1eay oyoads

At high T, pc, is almost independent of T

At high T, pc. is almost independent of material
Law of Dulong & Petit

At high T,
pc.=3R/V,,
R is the universal gas constant
V,, is the molar volume (cm3/mole)
V,, is almost independent of material
esp for materials with the same elements

For more, see Johansson et al. AST 51, 1333-1344 (2017)



Specific Heat

Temperature and Maturity-Level Dependence

1.0 1.2 1.4 1.6 1.8 2.0
CH
4 | | |
C/H=1
Q Calculated values
Oz C/H=2
>)
\0; PAH data Once we have c, as a function of C/H and T,
= CH-100|/ Wwe can use pc, for graphite to derive p as a
o ©_9 .

_°C>2 et i function of C/H and T.
O
:"5 Graphite data
D 1 .
Qo
n

o

] I
1000 1500 2000
Temperature (K)

Va |
0 500

More details coming soon, Michelsen, in preparation (2018)



Particle Growth and Evolution
Evidence for Surface Growth by Hydrocarbon Adsorption and Surface Oxidation



Absorption magnitude, A-dependence

LIl signals
== 3.0 mm |rm T

B TT T T

| == 3.5 mm .\
4.0 mm #®
Ml =& 4.5 mm ;f‘ 1
= 5.0 mm P
| =@— 6.0 mm ¥ —
== 7.0 mm ;
| | == 8.0 mm
—A— 9.0 mm

e 2 =
o o o

2
~
1

[e]
o
|
—
o
®
g
-
3

O
oo
KL

o
(o]
™
. &
P | I
A1
ps | [
2
< -
P
54 E
4
o
'G’v ar
H

o
o
|
]

Normalized peak LIl signal (arb. unit)
g =
T
L
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0.1 2
Fluence (J/cm™)

Dependence on soot-maturity level

Wavelength dependence

lF(/H) _ Oabs(A2) _ ) A1 E(mAz)
F(42) Smax  Cabs (A Az E(mAq)

X, Therssen, and coworkers

m2d3 Td Magnitude

Oabs = y E(m,4) = 6 Wavelength

dependence

High-T graphite value Measured

LIl fluence curves can give wavelength dependence
and magnitude of absorption cross section

For more, see Johansson et al. AST 51, 1333-1344 (2017)



Precursors, Incipient Particle Formation,
and Bulk Particle-Maturity Level

Norm AMS ion signal @4__. Abso.rptlon' Cross secthn
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For more, see Johansson et al. AST 51, 1333-1344 (2017)



Surface-Sensitive XPS Indicates Surface Growth by
Hydrocarbon Adsorption and Oxidation at Surface

Norm AMS ion signal

(§.02.04 06 0510 12 o 1F =« Surface growth delays
11k T "r 1 surface maturity while
10f8, - 10 - bulk matures

Long-range order
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oxidation
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C
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LIl signal from
mature soot
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|
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Mature soot

Height Above Burner (HAB) (mm)

- Surface maturity
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0 100 200 300 400 0 24 8 12
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For more, see Johansson et al. AST 51, 1333-1344 (2017)



Soot Particle Growth and Evolution
Diagnostics for Maturity Level
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Soot Particle Growth and Evolution

Thermophoretic Particle Densitometry (TPD): Particle volume fraction and emissivity
Laser-Induced Incandescence (LII): Mature-soot volume fraction

Partially premixed
ethylene co-flow
diffusion flame

LIl signal from mature soot

2.54 —o—f TPD O=24
{ —e—1 -L1[37)
2.04 —<—f, TPD oxi
£ |
a 1.54
e TPD from
[+})
o
§ Incipient goot
5o
0.5+
0.0 T T T T T
0.0 0.2 04 0.6 0.8 1.0 1.2
& o=Infinity
1.0 O o=24 . G
1 ¥ o=12
0g] X @@ |
% 0.6- % % #
5 04l % Y |
¢ High emissiyity
°21 LowenmssiVity"from mature soot
from incipient spot
0.0 0.2 0.4 0.6 0.8 1.0
Z/H

T

De Falco, Sirignano, Commodo, Merotto, Migliorini, Dondé, De luliis, Minutolo, and D'Anna 2018

Incipient particles
observed by TPD
but not by LII;

Emissivity increases
with maturity

D
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Soot Particle Growth and Evolution
Diagnostics for Maturity Level
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Characteristics of Incipient Particles

Scanning mobility particle sizing

Polydisperse
Aerosol In
Sheath i
Air In
-
Laminar
Flow Filter
High
Voltage
Rod — }
Monodisperse
Excess Aerosol Out
Air Ou}_ ............ —

ll'l www.TSl.com

Diagnostics for Size Distribution

Photoionization mass spectrometry

He
|

sampling line

|-

\ p1~30mbar

burner
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e ~
3 pump'y
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I T ion optics e
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| timing electronics
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= ]
reflectron
pump data handling
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Grotheer, Hoffmann, Wolf, Kanjarkar, Wahl, Aigner 2009
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Characteristics of Incipient Particles
Diagnostics for Composition

X-ray Photoelectron Spectroscopy (XPS)
Photoelectron

r| ==—Signal — Total fit T T
Kinetic XPS . 10 ---Bkzgnd ~—-Defect 1 a -
—sp ——Defect 2
energy 08H—co0 =---c=0 -
——COO - - -Shake up
measured 06|
P — — - 0‘4
0.2
. ) 0.0 | | | | | |
B|nd|ng 1ol 1 1 ] 1 1 1 ]
energy o081
O
%)
— o4
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Characteristics of Incipient Particles
Diagnostics for Size and Shape

Electron microscopy

Incident
electron
beam
(20-400 keV) 1-20 nm resolution
Secondary electrons
Scanning electron
microscopy

SEM
[ Sample |

v 0.05-1 nm resolution
Transmitted beam
Transmission electron microcopy
TEM

Helium ion microscopy

Atomic force microscopy

canning

tip height

E-T SE ' detector

Bell 2009

News.Berkeley.edu 2013
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Characteristics of Incipient Particles
Diagnostics for Composition

Photoionization mass spectrometry

- -
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Characteristics of

Incipient Particles

Incipient-Particle Size

Small-angle X-ray scattering

Scattering of X-rays by electron cloud

To

Small-angle neutron scattering
Scattering of neutrons by nuclei
or electron magnetic moment

Pump
Mica Scattered X-Rays
Mica Window
Window \
|
X-Ray Beam

_.To
Pump
..... Scattered Neutrons
a&

|
Beam
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ey [

||

Neutron Beam
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/

Position Sensitive
Detector

Intensified CCD

w
Beam Stop/ /
|
Burner Assembly Air Air Drive

Motor

Fuel

Burner Assembly | Ai Titve Multidetector
: Motor

«——— Fuel

160 um resolution

Mitchell, di Stasio, Le Garrec, Florescu-Mitchell,
Narayanan, Sztucki 2009

— Advantages of SAXS over SANS
Better spatial resolution
Higher intensity and sensitivity

Mitchell, Le Garrec, Florescu-Mitchell, di Stasio 2006

— Advantages of SANS over SAXS

Better discrimination against background
Lower absorption

Better penetration into dense samples
Less tendency to ionize/damage samples

Potential of isotopic labeling (deuterium) %F
"I e . W % | Yy



Characteristics of Incipient Particles

Diagnostics for Size Distribution
Small-angle X-ray scattering (SAXS)

Scattering ~ electron density

X-ray beam

5 0.01
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c 2
E
£0.001
Random orientations = isotropic scattering (-]1"I
aA]
Momentum transfer parameter
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Characteristics of Incipient Particles
Diagnostics for Size Distribution

Hydrogen-flame
Small-angle X-ray scattering (SAXS) temperature
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Characteristics of Incipient Particles

Premixed ethylene/air
C/0=0.60,

Incipient-Particle Size

Second mode grows in
at larger HABs

Vies=6.0 cm/s
K1 H, (cm)
< 0.95

®=1.8
Burner-stabilized stagnation flame
H, (em) Flame side view
%" 060 =
0.80 cooling assembly
& 1.00 stagnation plate/sample probe (T,)
1 120 X . :
o 1.40 ;

Abid, Camacho, Sheen, Wang 2009

p'-:‘p (cm)
< 060

Incipient-particle size < 5 nm
Gu, Lin, Camacho, Lin, Shao, Li, Gu, Guan, Huang, Wang 2016



Characteristics of Incipient Particles
Incipient-Particle Size

Second mode grows in
at larger HABs

Premixed ethylene/air

C/O=O60, CD=18 1E+14

cn
H ! i
- . S 1E+13
0.80 Q
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S 1010 r\,\h 1..40 Q 1 E+1 2 i
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10° |-
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= Z.
S 107 o

1012

o) 1E+10
* a0
Incipient-particle size < 5 nm

V,4s=10 cm/s
Premixed ethylene/air, HAB=10 mm

0

2 4 6 8 10
diameter, nm
Sgro, De Filippo, Lanzuolo, D’Alessio 2007

Gu, Lin, Camacho, Lin, Shao, Li, Gu, Guan, Huang, Wang 2016
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Characteristics of Incipient Particles
Incipient-Particle Size

Second mode grows in Soot aggregates form
at larger HABs at larger HABs
at higher C/O

Premixed ethylene/air

C/0=0.60, ®=1.8 C/0=0.83/®=2.5

Vies=6.0 cm/s Vias=8.5 cm/s V30s=6.5 cm/s V,0s=15 cm/s
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Incipient-particle size < 5 nm
Gu, Lin, Camacho, Lin, Shao, Li, Gu, Guan, Huang, Wang 2016
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Characteristics of Incipient Particles
Incipient-Particle Size

Thierley, Grotheer, Aigner, Yang, Abid, Zhao, Wang 2007

Signal (counts)

Photoionization mass spectrometry

10*§

-
o

Premixed ethylene/air

Equivalent Diameter (nm)
09 1 2

Mass Weighted
Integrals (399-11787u)
3

0.55 0.60 0.65 0.70
c/o

C/0 =0.71

Wi C/O = 0.65

C/O 06

2x10? 1 o3 5x1 o3
Mass (u)

Particle sizes assuming density of 1.3 g/cm3®* 1 nm

2nm 2.5 nm
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