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Soot: The Good Side

« Commercial and personal uses
H

— Pigment in inks and dyes

Sally Smith, Art studio, Berkeley, CA
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Soot: The Good Side

 Positive impact on soil and water

— May increase fertility of soils

TER—

BIOCHAR SOILS OF
THE'AMAZON

Ultrakulture.com

— In small amounts, may sequester pollutants in
natural water supplies
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Soot: The Other Side ==

- Chimney
Sweeps'

Carcinoma
a.k.a.

"Soot Wart"

* Negative impact on health and safety
— Increases risk of pulmonary disease

— Increases risk of cardiovascular disease

— Provides vector for other toxins and carcinogens
— Reduces fire safety and control

* Negative impact on air quality
— Decreases indoor air quality
— Decreases ambient air quality
— Decreases visibility




Soot: The Other Side

Effect of Soot and Ozone on Wheat Crops in India

. ‘ : Uttar Pradesh & Uttaranchal ~ (33%) + :- W Climate
¢ Negatlve ImpaCt On angCUItu re Madhya Pradesh & Chhattisgarh ~ (8%) ' { i i
» Bihar & Jharkhand ~ (6%)
— Reduces crop yield P %‘
Punjab  (20%)
Haryana  (13%) ¢ :
Total: -36.92 %
Total (weighted by area)  (89%) : :‘ %'3;?7:5311332
-100 -50 0 50
. ) L. Percent reduction in crop yield 1980 - 2010
* Negative impact on energy efficiency Burney & Ramanathan, 2014
— Reduces combustion efficiency e
— Increases radiative heat losses —
, N e
[ —

Scale (mm)

Dec, 1997, O'Connor & Musculus, 2013

* Negative impact on Priuses
— Increases stress of Prius drivers




Soot: The Other Side

* Negative impact on climate
— Soot absorbs light — heating effect
— Soot lowers snow reflectivity - heatin
— Soot increases glacial melt — heating
— Soot influences clouds — heatlng/coolmg

* Why focus on soot?
— Short atmospheric lifetime (~1 wk)

Aerosols and Precursors Short Liy€d Gases Well Mixed GHG

Others

-0.5
From IPCC, 2013

Components of Radiative Forcing

co,
CH,

HaloCarbons
N,0O
HFCs—PFCs—SFyg

H,0(Strat.) |

NMVOC

Nitrate g

NO

X

Nltrote

|
|
|
|
|
. Cco
|
|
|
|
|

|
I
| =k
|
I

Mineral Dust

RFari Rapid Adjust.
Aerosol—Cloud

Aircraft

Land Use

Solar Irradiance

0.5
Radiative Forcing (W m™2)

0.0

— Near-term climate-change mitigation candidate
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Radicals
Heavy hydrocarbons and

gas-phase prer’ rsors

' k‘@ ?{Inceptlon
- %‘& »%” Incipient soot
é ® . 3 W ,\ . f . “particles
0L

¢

Polycyclic aromatic hydrocarbon
(PAH) -




What is Soot?
Mature soot particles — Black carbon

Refractory solid Primary particles: 10-50 nm

Absorb strongly of broad wavelength range Aggregates: 100 to 600 nm
C/H ratio of 10-20

Density ~1.8-1.9 g/cm3

Graphitic overlayers hold
aggregate together

Disordered foci or
growth centers,
1-6 nm in diameter Turbostratic graphitic layers or
crystallites aligned parallel to the
primary-particle surface

S Y

Bambha et al., Appl. Phys. B 20

Apicella et al., Proc. Combust. Inst. 2015
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What is Soot?
Incipient soot particles

Transmission electron microscopy

Halo suggests
spreading

Incipient particles: 1-6 nm Atoriic fores mitroscapy and fluidity

Absorb in UV, weakly at longer wavelengths (AFM)

C/H ratio of 1.5-2.5 30 nm
Density ~1.3 g/cm3 0

Abid et al., Combust. Flame 2008
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Wh;t is Soot?

Soot inception; Coalescence, Primary- Surface growth, Particle
Incipient soot surface growth, particle aggregation, T
formation graphitization agglomeration graphitization
ESes

10-50 nm
Size increases 100-600 nm
=
Morphology changes
Liquid Consistency changes Refractory solid .

10-20

1.3 ensity increases 1.8-1.9

»” v

Optical properties change
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Proposed Inceptlon Mechanisms

Thermodynamically driven Kinetically controlled

Chemical reactions between precursors

Nucleation of stable PAH species Clusters of aliphatic and aromatic content
Bound by dispersive forces Covalently bound

Species available too small to condense
at relevant temperatures (1400-1700K)

2N\
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Reactions between stable precursors too slow




Particle-Inception Studies

Co-flow Inverse Counter-flow diffusion flame
diffusion flame  diffusion flame g

Premixed flame

-

Partially premixed diffusion flame
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Incipient- Partlcle Composition

Aerosol Mass Spectrometry using VUV Photoionization (VUV-AMS)
Beamline 9.0.2 at the Advanced Light Source/LBL

Time of flight region

Aerodynamic
lens system

VUV photon

Tunable VUV
100l = Pyrene CieH1o
—— Fluoranthene CieH10
~Chrysene CigH1s

——Coronene CosHis
—Perylene CooHis

©
o

D
o

N
o

Heated copper

Photoionization cross sections (Mb)
N
o

target
. 7.5 8.0 8.5 9.0 9.5 10.0
Particle beam Photon energy (eV)
Our flame Kevin Wilson's machine at the ALS
@F
(M) - - L
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Incipient-Particle Composition

Aerosol Mass Spectrometry using VUV Photoionization (VUV-AMS)

ALS BL 9.0.2
§ Premixed flame
© Ethylene/O,/N,
_ © ~ < C/0=0.70
(4] N N
c N o ™
D 0 ©
N N N

§ © Counter-flow diffusion flame
N © Propyne/O,/Ar
AN

\ Signal

~A-ri 200 250 300 350 400 \
4-ring PAH Mass (u) “'10-ring PAH

Johansson et al., Proc. Combust. Inst. 2017
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Incipient-Particle Composition

12

NUMBER OF HYDR(

14

16

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
mificantly lower ratios of edge to interior C atoms and lower
[bbs 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
nplest classes of molecules examined: onlv one polvacetvlene

] v w

Stabilomers

A

o o §FY
o R g B

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
I).

Very large, highly condensed polyaromatic Cy,H, species, like ¢, (2800 K). Clearly, in the temperature range of interest
the lrge C,, molecules mentiond in the previous section, 8¢ 't work, hust b qt arge befre rephtelie malecle
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 unstabie po] tic molecules larger than Cg,H, are certain to be more
group values to their “exterior” carbon atoms and “eravhitelike” stable than polyacetylenes up to at least 1800 K.

Cy,H,. The most stable C,,H, molecules are acyclic and contain
one double bond and 7 ~ 1 triple bonds. Symmetry numbers of

Stein, Fahr 1985

B &

H PP FRXEE

Fo PP B RPIXLSFLB
BRBBBEL

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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Incipient-Particle Composition

Aerosol Mass Spectrometry using VUV Photoionization (VUV-AMS)

ALS BL9.0.2
Premixed flame § Premixed flame
Ethylene/O,/N, 239 @ Ethylene/O,/N,
_ | cro=0.70 \ © N " C/0=0.70
c 189 263 N S
> 3

Counter-flow diffusion flame
Propyne/O,/Ar 165

Signal

100 150
Mass (u)

Johansson et al., Science 2018

250

Counter-flow diffusion flame
Propyne/O,/Ar

202
226

200 250 300 350 400
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Incipient-Particle Composition

Aerosol mass spectrometry

Premixed flame

Ethylene/O,/N, 239
_ C/0=0.70 \
® 263
E) 189
()]
Gas phase
Molecular beam mass spectrometry
Counter-flow diffusion flame 239— Counter-flow diffusion flame
Propyne/O,/Ar 165 Propyne/O,/Ar
_ _ 91 Gas-phase data
z =
i) k) 165
1)) w
100 150 200 250 100 150 200 250
Mass (u) Mass (u)
Johansson et al., Science 2018 Courtesy of Nils Hansen and Kai Moshammer
>N
/\
(M) e e $Z0000 .. . | @E




Incipient-Particle Composition

Laser microprobe mass spectrometry

Ethylene/air co-flow diffusion flame Ethylene/air inverse diffusion flame

30+ * _
2 e | IDF Soot | .
g C/H=2.2

£ 20 - a * =
g 15l \ . _
e o

5 10 i -
8 | &8 * |

ol |

140 160 180 200 220 240 260 280 300 320 340

Mass-to-Charge Ratio(u )
Blevins et al., Proc. Combust. Inst. 2002

40 165

Low pressure (200 Torr) . ‘ Time of flight secondary

Premixed CHy/0x/N; 20 - "l‘\' H o N S ion mass spectrometry
C/0=0.58, ®=2.32 HIRRENA T

o4 VUUUU LJ LU WU VU

150 155 160 165 170 Desgroux et al., Combust. Flame 2017

0 -l ullld.; A

T 3 T y T : PN
@ 0 200 400 600 @F
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Incipient-ParticIe Composition

Aerosol Mass Spectrometry using VUV Photoionization (VUV-AMS)
ALS BL9.0.2

Cyclopentanaphthalene , e
radical = »«  Phenalenyl a8 s
- 9 [ 9 )
+d > ‘ 'f __ Q:ls ,‘) @
» ‘) ’*“‘ kt ‘. . > O—J
J L..~ L3 " @ J 0 9
)’ ’_) ‘\_‘ &;_‘ [ d ,H, )
il . | :
Fluorenyl >3 »> { ¢ ‘g ) 239 ‘Hrﬂ .
ra P '"’ ' 6. g S " 2 E > ‘é‘r
— |Cyclo- ’ ’ "y pd ryy e \ P oe 9o
(U R91 ‘ ﬂ J‘J &‘,&,__‘_ L _&,x . * ” ', .-
c |penta- > Indeny! f odl Y Y v*sd Ao oo
D | dienyl Vg > Vinylindene  » _,_.J S | % Pl N
) 2 oY o9 radlcalf " T e & 263
T L] L e s <%
. > et 165 189
CC o ». 215
91 g €
65 1 1 5 ‘,‘ €
141 H {k
|
|
i | ald b . k. (N L I, Lu._ |
100 150 200 250
Mass (u)

Johansson et al., Science, 2018




Possible Sobt-lnception Mechanism

Density Functional Theory (DFT)

Phenyl Indenyl »

maintaining an unpaired
electron

Barrierless
reaction

Energy (kcal/mol)
3

Forward barrier:
~4.5 kcal/mol

Clustering of Hydrocarbons
by Radical Chain Reactions

. . ®
. Indenyl-phenyl RSR Barrierless Y “ {
(CHRCR) Mechanism and low-barrier ~ *» e s
reactions * . Foy
Chain reaction — A self-sustaining sequence of reactions ’,

Johansson et al., Science, 2018
wB97X-D functional with aug-cc-pVTZ basis set and ROCBS-QB3 hybrid method @F




Particle GrowthT).;Radical Chain Reactions

Clustering of Hydrocarbons by Radical Chain Reactions (CHRCR) Mechanism

Resonance-stabilized Incipient particles Primary particles
radicals Hydrocarbon clusters Soot aggregates

>
o 3%~ nd o
Fast radical 354" ’ %3 idical-
driven chai ,‘C&M@‘qf surface
reactions A ions
> Mgy ,{‘.’: Py
VL b e
PRI
) ). 4 ;‘f;“«,“&f »(ﬂ’sﬁa "
Y SRR F S 3%
i X 4, . X
5, A

Johansson, Head-Gordon, Schrader, Wilson, and Michelsen,
Science 361, 997-1000 (2018)
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Surface Growth

Hypothesized mechanisms for particle growth

Surface reactions at edge sites

Hydrogen abstraction, C,H, addition (HACA)

HACA at edge sites grows graphene layer size Ring formation
Should increase surface-maturity level

Surface adsorption of small PAHs (4-10 rings)

Adsorption of 4-10-ring PAHs
Not likely to increase surface-maturity level
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Laser-Induced Incandescence
f Sublimation
¢®

Soot volume fraction
Primary-particle size

Thermionic Maturity level of bulk?

Absorption Emission

e

Conduction

9
=
Radiation Y
Vg Annealing
| &
¥ $ ®
¥ / | Oxidation
¥

Michelsen et al., Prog. Energy Combust. Sci. 2015
D e 000 oo ]




LIl for Volume Fraction of Mature Soot

o
S, VP
3
3600} 3 ’ g4500
- . C ©4000
o 3200+ laser fluence | o
5 Q@ £3500
T 28001 1 = @
2 2400 /Laser T 3000
o Q -—
GEJ _ profile e _:%2500
= ~
2000_ ' ;12000
=
& 0.6
High laser fluence .
< 4000 — = 0.5
ey = ©
() 28 gy -
= g = 0.4
© 3000 o 5 0.3
a D e
GEJ C AC‘U 0.2
F 2000 et 8 0.1+
2 d PP EE ‘-.'l. Bl 12T s e e e e e : O_
0 10 20 30 40 50 0.0
Time (ns)

0.1 02 03 04
Laser fluence (J/cm

Goulay, Schrader, Lopez-Yglesias, Michelsen, Appl. Phys. B 2013

0.3

Sensitive and selective #Qr strongly absorbing, refractory particles
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LIl for Volume Fraction of Mature Soot

10fe -
.
oF e, -
Laser-Induced E -
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Incandescence = e
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calibrated with :_)’ i
Extinction £ or e
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I o
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o)
m -
T
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0 100 200 300 400
Volume Fraction (ppbv)

Linear Hencken burner
Diffusion flame
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X-Ray Scattering for Primary-ParticIe Size

Small-angle X-ray scattering (SAXS)
Beamline 7.33 at the Advanced Light Source/LBL




SAXS f

500 1000 1500

or Primary-Particle Size
(nm )

LIl 9

and .
SAXS

7

Difference 6

may be due to
less mature "~
soot particles
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Temperature (K)

LIl for Absorption Cross Section

v
e VT
3
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Goulay et al., Appl. Phys. B 2013

LIl peak signal can be used as a proxy for peak temperature



LIl for Absorption Cross Section

o
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O-abs(532) _ E064 (Lllmax)
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Lopez-Yglesias et al., Appl. Phys. B 2014 532I nm
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Johansson et al., Aerosol Sci. Technol. 2017

Plot and fit slope %
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X-Ray Scattering for Prlmary -Particle Size

Ll

Small-Angle

X-Ray Scattering

(SAXS)

Difference
likely due to
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soot particles
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Aerosol Mass Spectrometry for Precursors

=g 3.3 Bulk maturity
Norm AMS ion signal Dy (nm
00 0.2 04 06 0.8 1.0 1.2% 500P 1(()00 1%00 0 10 ﬁ QU'\
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XPS for Surface Maturity

; : 3 3 '
Norm AMS ion signal Dp (nm) Bulk rBaturlty
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Sﬁﬁace Growth

Hypothesized mechanisms for particle growth
Surface reactions at edge sites

Hydrogen abstraction, C,H, addition (HACA)
HACA at edge sites grows graphene layer size
Should increase surface-maturity level

Ring formation

Surface adsorption of small PAHs (4-10 rings)

Adsorption of 4-10-ring PAHs

Not likely to increase surface-maturity level
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Norm AMS ion signal
0,0 0.2 0.4 0.6 0.8 1.0 1.2$ 500 1000 1500
| | | |
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SAXS
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100 200 300 400 O 100 200 300 400
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Laser Diagnostics for Soot

4AB (mm) Particle oxidized at surface.

e
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Gas-phase PAH drops;
surface matures.

Rapid particle growth;
bulk matures rapidly;
high gas-phase PAH.

Disordered; LIF; no LII.
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Probe Samplir?é

Co-flow diffusion flame Partially premixed diffusion flame

Premixed flame




X-Ray Absorption for Particle Composition

— O* Linear Hencken
= - diffusion flame

— 3 mm
4 mm
— 5 mm
6 mm|
— 7 mm

9 mm
Ex situ NEXAFS spectra -

Normalized signal
|

285 290 295 300 305 310 315 320

Energy (eV)
Energy-level E
diagram S
Z
285eV{ 1
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A T
X-Ray Raman Spectroscopy for Composition
XRS setup on Beamline 6-2 at SSRL/SLAC

Our flame
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X-Ray Raman Spectroscopy for Composition

Integrated n* peak

LinearHeanen _III]IIII[IOI*IIIIIIIIIIIII1IIIIIIIIIIIII ?
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Summary and Conclusions

Molecular growth; Incipient Maturation, Particle growth,
Soot-precursor particle surface growth, aggregation,
formation formation graphitization graphitization

Growth by

. : PAH surface additio
Inception driven by

radical chain rxns

Possibly by radical rxns




The Path Forward

[ ] I ~
Need better experimental tools i st fnebe e

— Particle maturity

— Particle size and morphology Applicable to

— Particle composition - non-steady;,

— Precursors and other gas-phase species | high-pressure,

— Temperature multi-phase

_ Pressure conditions

— Boundary conditions P

* Need better computational tools Y\ Applicable to
— Electronic structure for large, complex species non-steady,

, : . __P=high-pressure
— Mechanisms & rate constants for reactions of large, complex species gh-p ’

Physics-based chemical sub-models and chemical t tmodels | Mult-Phase

— SICS-pAased cnemical subp-modelils and cnemical trranspo i

y P y conditions
PN




=
©
<
—
-
=




Maﬁy,-l\ian.y Thanks to

Olof Johansson, Paul Schrader, Matthew Campbell,

Sandi
@ Ng!c]iolr?al Farid El Gabaly, Ray Bambha, Brian Adamson,
Laboratories

Scott Skeen, Nils Hansen, Kai Moshammer

:U}I ﬁ‘ Kevin Wilson, Martin Head-Gordon, Bruce Rude,
Eric Schaible, Chenhui Zhu, Alexander Hexemer

BERKELEY [B.N-]

L hg‘gg;;‘fﬁ;g‘gﬁ.g;g;;e Tony Van Buuren, Ich Tran, Josh Hammons

a~ wow  Dimosthenis Sokaras, Tsu-Chien Weng,

= @® ACCELERATOR

Ll‘\\o LABORATORY
Dennis Nordlund, Thomas Kroll
US DOE Office of Basic Energy Sciences
Chemical Sciences, Biosciences, and Geosciences Division

Gas Phase Chemical Physics Program

D



Thank you




";,..‘_



