o bensithons

Insoluble “brown carbon”

emitted by marine engines:
relevance to a warming Arctic

Joel C. Corbin (NRC Canada; formerly PSI Switzerland)

H. Czech (U. Rostock); D. Massabo (U. Genoa), F. Liu, S. Pieber, J. Orasche, B. Stengel, F. Buatier de
Mongeot, C. Mennucci, A.A. Mensah, M. Zanatta, G. Jakobi, P. Lobo, G.J. Smallwood, R. Zimmermann, A.S.H. Prevot,

I. El Haddad (PSI) and M. Gysel (PSI)

PAUL SCHERRER INSTITUT

L_ —

Canadi w ‘%

SES UNIVERSITA —,
HelmholtzZentrum miinchen g1} CEGLLSIUD! -
Deutsches Forschungszentrum fiir Gesundheit und Umwelt >/ DIGENOVA ¢ . _.'
W

I *I Mational Research  Conseil national de
I Council Canada recherches Canada



Outline

. Light-absorbing carbon (LAC)
“brown carbon” (brC) in heavy fuel oil (HFO) PM
Identity of brC in heavy fuel oil PM
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Optical properties of brC in heavy fuel oil PM
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Types of light-absorbing carbon (LAC)

Corbin et al, in prep. 2018

Soot BC Char BC "Tar" Brown carbon (brC)
Solubility Insoluble in any common solvent Soluble
Substantial solar 300-500 nm

300-1000 nm (black) (yellow/brown)

Amorphous solid Distinct sp2-bonded
(sp3 and sp2 bonding)  organic molecules

Vapourization at ~4000 K ~1000 K ~600 K

Oxidation,
partial pyrolysis, ...

absorption at A =

Chemical state Contorted graphene layers (sp2 bonding)

Produced by Flame synthesis Fuel-droplet pyrolysis Partial pyrolysis

“Tar balls”:
previously identified
only in biomass-
burning smoke [3]

[2] Char: Chen, Shah et al. Energy
[3] brC: Laskin et al., Chem Rev. 2015

[1] Soot: Alexander et al., Science
Fuels 2005

2008

ETH NPC 2018 | Joel.Corbin@nrc-cnrc.gc.ca



Importance of LAC

emitted by shipping in the Arctic

1. 1pg of LAC emitted in Arctic gives 5x more Arctic warming than
1pg of LAC emitted in midlatitudes [1]

2. Less Arctic sea ice will lead to more Arctic shipping [2]

3. Arctic particularly sensitive to BC-on-snow climate forcing [3]:
1750 vs. 2000
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5.000 regional effects
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[1] Sand et al.,, ] Geophys. Res. 2013; [2] AMAP 2015 [2] Skeie et al, ACP 2011
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Heavy fuel oil (HFO)

& HFO emissions (HFO-PM) TN HE IMO ¢
_en Arctic
!
 HFO most widely used (57%) e
Arctic marine fuel [1] )
\.\
* 1-2% sulfur content ff
(> sulfur scrubbers will be required J;;"h
globally in 2020) —
e HFO-PM emissions high in organic ‘
PM (OM) and BC. é |
. ‘Belar‘l;{;/\mé:‘} IMO:;;&-

Heavy fuel oil
(HFQ)

Heizwert: 38,7 Mg

H:C 1.87 Sulfate
0:C0.02

OM/0C 1.20

[1] Lack, 2016
Map--ICCT, 2017
Pie chart--Corbin et al., Env Sci Tech 2018
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Traditional “brown carbon” (brC) in HFO PM

. “brown carbon”
[{] ” 1.0_
* Apparent brC typlcally —_— (absorption in excess of BC)
defined as “excess = 08-
absorption” 2 2 "BC”
S 0.6 Extrapolated from A > 700 nm
0 brC typically absorbs only at A A with slope = -1 (AAE = 1)
<500nm [1] ; 0.4
« We observed anomalous 5 021 B
« » . o
HFO-PM “brC” absorption: 0.0
0 20% of 600-nm total at 50% 400 500 600 700 800 900
load [ 2] Wavelength [nm]

Brown carbon

50%
load

Black carbon (AAE=1)

0- T T 7T Fr T r [ T T T T [ T T 7 [ T 7T T T [T T T 1]

400 500 600 700 800 900
Wavelength [nm]

Absorption [%)]

[1] Laskin et al., Chem Rev 2015 [2] Corbin et al., ]. Geophys. Res. 2018
NC-CNC
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Outline

Light-absorbing carbon (LAC)
“brown carbon” (brC) in HFO-PM
Identity of “brC” in HFO-PM

Optical properties of brC in HFO-PM

e > b =
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This study: engine details

4-stroke research diesel engine
Single-cylinder, 80 kKW
1500 rpm

150 mm bore

e 180 mm stroke

Results from this study:
Corbin et al, |. Geophys. Res. 2018
Corbin et al., Environ. Sci. Tech. 2018
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Hypothesis 1:

Is the unique “brC" in HFO-PM due to asphaltenes?

HFO fuel & HFO-PM: an asphaltene

* Asphaltenes (hexane-insoluble,
toluene-soluble molecules)

are known to absorb near-infrared
light [1]

e Hypothesized because methanol
extracts of HFO-PM and HFO fuel
are both high in O- and N-PAHs [2,3]
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[2] Sippula et al. Environ. Sci. Tech. 2009
[3] Streibel et al., Environ. Sci. Poll. 2017
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Hypothesis 1: Is HFO-PM ‘brC’ due to asphaltenes?

Corbin et al., in prep. 2018

a AAE
1.71 i‘ ® HFO-PM, untreated
250 — 1‘ € HFO-PM, water-extracted
\ 0 water, hexane
1.72 & . A h |
— ‘ r r
200 \’ . water, hexane, toluene
5 171 8 s ng
G 150169 &'m .
wl \* » - .
T.:% . 4 ~ e
100 NS TR
‘Hﬁ_‘ gh"’-..:“"-_
Y S s e _;
50 — TTe~-g

300 400 500 600 700 800 900
Wavelength [nm]

o AAE = 1.7 before and after = Toluene-insoluble “brC” - not asphaltenes
» First observation of insoluble “brC”
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Hypothesis 2: is HFO-PM ‘brC’ due to char-BC?

Scanning electron microscopy

e Hypothesis: Char BC Corbin et al., in prep. 2018
(BC with diameters ~1pum)
may show anomalous
optical properties.
0 SEM showed no char in our
samples.
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Hypothesis 2: is HFO-PM ‘brC’ due to char-BC?

Scanning electron microscopy

e Hypothesis: Char BC Corbin et al., in prep. 2018
(BC with diameters ~1um)
may show anomalous
optical properties.

0 SEM showed no char in our
samples.

 SEM identified tar spheres
(involatile, amorphous
carbon “tar” spheres,

stable in electron beam)
in HFO-PM.
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Hypothesis 3: tar is the 'brC’ species in HFO-PM

Raman spectroscopy

Mean normalized Raman intensity

1.4+

1.2+

1.0+

0.8

0.6

0.4+

0.2

0.0

.................. Soot, rich flame ~=—— HFO-PM, untreated e sp3/sp2 ratio in
Soot, lean flame = = = HFO-PM, solvent extracted HFO-PM substantially

., higher than BC.
R4 0 Related to AAE of 1.8

‘ e HFO-PM taris
molecularly distinct
from BC and brC.

0 HFO-PM tar is a new

type of LAC (light-
absorbing carbon).

D4 D1 D3 GD2

600 800 1000 1200 1400 1600 1800 2000

1
Raman shift [cm ]

Corbin et al., in prep. 2018
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Thank you.

Summary of tar properties

' ? , :
Questlons ' Corbin et al, in prep. 2018
Soot BC Char BC "Tar" Brown carbon (brC)
Solubility Insoluble in any common solvent Soluble
Substantial solar 300-500 nm

300-1000 nm (black)

absorption at A = (yellow/brown)

Chemnical state Contorted graphene layers Amorphous solid Distinct sp2-bonded
(sp2 bonding) (sp3 and sp2 bonding)  organic molecules

Vapourization at ~4000 K ~1000 K ~600 K

Produced by Flame synthesis Fuel-droplet pyrolysis Partial pyrolysis DAL,

partial pyrolysis, ...

Tar identified as
dominant light
absorber in HFO-PM
emissions,

at low loads.
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Thank you
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MAC (MAE) of BC from this study’s engine

bapn,780 = MAC7gy™Crpe — (0.5 2 2.3)x1 0’
MAC,,, = 7.8 + 1.8
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[1] Corbin et al., ] Geophys Res 2018 Cgc [HgmM ]
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