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. Adsorbate chemistry
(A quick tour)

. Chemistry in particle filters
(PFs — ideal chemical reactors)

. Genotoxic particles from gasoline vehicles
(a global threat)
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Do PAHs adsorb on'soot?
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Do PAHs adsorb on soot?
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Chemistry in particle filters j
(PFs —ideal chemical reactors)

Genotoxic particles from gasoline vehicles

-
- ™
. ' ] .
; ]
A .
1
"

239 ETH Conference on Combustion Generated Nanoparticles
Zirich, June 17t — 20t 2019



7 m3 exhaust (2 minutes of an Euro-3 diesel engine (6.1 L, 105 kW)




High quality filters are efficient sinks for.soot. How about adsorbates?

High quality PFs:

accumulate soot and ashes
(>98%)

Can adsorbates penetrate
soot loaded filters? il e
K : Channel
Do filters remove genotoxic
compounds a.m.a.p?

Do filters support the
formation of new toxic Bl e
secondary pollutants? ' "1 det |mode| HFW | pressure | ————1 mm ——
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PAHs - a diverse class of compounds with variable physicochemical properties
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PAHs - a diverse class of compounds with variable physicochemical properties
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Semi-volatile PAHs can 340 °C 404 °C
be stored in new, but
released from soot
loaded DPFs - - ©

448 °C 481 °C

Thus, some PAHs @
can accumulate in filters © @
for long periods of time - OO ~
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4 : Non-catalyzed filter operated <200 °C accumulates soot and adsorbates
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- 1-nitro pyrene is stored in a new, but formed and released
from a soot-loaded DPF (30x)



From one pyrene precursor to 3 nitropyrenes to 15 dinitropyrenes?
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The most potent direct-acting mutagens known are dinitropyrenes
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Fold revertant formation over negative
control (filtered air exposure)
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Steiner et al

Why can filtered, particle-f
Salmonella typhimurium TA100

» = 20X

et 3X || with iron catalyst (Satacen

Oh

2h 4 h 6 h
., Anal. Bioanal. Chem 2015, 407, 5977-5986

Filtered diesel exhaust of a
non-catalyzed filter can
even be more genotoxic!

Non-treated diesel exhaust
is genotoxic after 6 h, also

1x Catalytic DPF lowered

genotoxicity
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Why can filtered, particle-f
Salmonella typhimurium TA100

L= 20X

Oh 2h 4 h 6h

Steiner et al., Anal. Bioanal. Chem 2015, 407, 5977-5986

Filtered diesel exhaust of a
non-catalyzed filter can
even be more genotoxic!

Filteration is not
enough! We need
catalysts converting
genotoxic
compounds not
bakin



Formation of polychlorinated dioxins and furé-s in filters
-



The dioxin pr0b|em (Smckhmm Convention
: POP
« Toxic ) [POPs]

o Persistent, ubiquitous, bioaccumulating

o Side products of various combustion
processes
banned.under the UN Stockholm Convention

« . Thermally stable up to 440°C
o Solid, semi-voaltile, bound to particles

e Should be removed in a DPF if not
formed, de novo
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| I We just have to pick the rig| :
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A sensor for argmatic comp 1 -" ' i

@ @ Endocrine disruptors
I

Hormones

Rat hepatoma cells (H4IIE)
i H Aryl h'ydrocarbon

I receptor (AhR)
® Dioxin-like"

. j compounds
T
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Receptor-controlled Luciferase gene

HO COOH
gene(s) ¢ ,L H \Oszj/ +ATP+0,

\_ RI‘:.IA Cell nucleus Rl':nlA -/
* Cell plasma + Luctierin
Proteins Luciferase -~ o—
' (e.g., enzymes) O 5 :I/
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DNA binding transcription factor L I‘
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« Cyctosolic transcription factor (DNA binding protein,
& 805 AS, ~90°000 amu, ba3|c hellx-turn helix motlve)

. ngand binding domaln (PAS B ASZ30-397) -

« Ligand-AHR complex migrates to nucleus and binds DNA

Hupgﬂ binding domain
e — Aryl Hydrocarbon Receptor

functional domains

Dimerization domain
. -

, , Transcriptional activation
Dl*lﬁ_l?ln?:ng domain _ Ligand binding domain o binding domain

Glutamine
rich



We know a few keys to the aryl hydrocarbon receptor!

The key and lock principle:




We know a few keys to the aryl hydrocarbon receptor!

The key and lock principle:




2,3,7,8-TCDD, the Seveso dioxin, is the ligand with the highest AhR affinity

The key and lock principle:




We know a few keys to the aryl hydrocarbon receptor. They all are PAH like!

Relative affinities of some aryl hydrocarbons:
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AHR-Reporter gene assay:

Cell assays can support a benefit/risk analysis of PFs

Emission factor (TCDD-CEQ)
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Heeb et al. ES&T, 2008, 42, 3773-3779

Wenger et al. ES&T, 2008, 42, 2992-2993



AHR-Reporter gene assay:

Cell assays can support a benefit/risk analysis of PFs
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Cell assays can support a benefit/risk analysis of PFs

ER-CALUX reporter gene assay:

17-beta estradiol

HO OH 1
OH
1 2 6
1.0 6.5 x 107 3.7 x 1077

HO™ 2 Il II HO™ 2 . l HO “
5

3 4
1.5 x 1077 1.1 x 1078 1.0 x 10~°

Wenger et al. J.Appl.Toxicol, 2009, 29, 223-232 Wenger et al. ABC, 2008, 390, 2021-2029



Hormone-like compounds in non-filtered and filtered diesel exhausts!

ER-CALUX reporter gene assay:

[ ]
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Without catalyst Iron-based catalyst

Fe

-55%
FE EEFEENE FRRSEYE Y

Copperfiron-based catalyst

g Fe/Cu

Diesel exhaust sample
B Unfiltered exhaust O Filtered exhaust (diesel particulate filter)
Wenger et al. ABC, 2008, 390, 2021-2029

Heeb et al. ES&T, 2008, 42, 3773-3779
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. Genotoxic particles from gasoline vehicles
) (a global threat)
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What do we know on the properties and toxicity of GDI exhausts?

The GASOMEP project

GASOMEP: Current Status and New Concepts of Gasoline Vehicle Emission

Control for Organic, Metallic and Particulate Non-Legislative Pollutants

https://www.empa.ch/documents/

Authors: P. Comte, J. Czerwinski, A. Keller, N. Kumar, M. Mufioz, S. Pieber, A. Prévét,
A. Wichser, N. Heeb



In 2018, about 927°000 GDI vehicles without filters on Swiss roads (>20%)!

The GASOMERP fleet (n=7)

GDI-1:
GDI-2:
GDI-3:
GDI-4:
GDI-5:
GDI-6:
GDI-7:

DI:

Mitsubishi Carisma (1.8 L)

VW Golf (1.4 L)

Opel Insignia (1.6)

Volvo V60 T4F (1.6 L)

Opel Zafira (1.6 L)

Citroén C4 Cactus (1.2 L)

VW Golf VIl (1.4 L)

Peugeot 4008 (1.6 L, DPF, benchmark vehicle)

4 generation
vehicle technology

Euro-3
Euro-4
Euro-5
Euro-5
Euro-5
Euro-6
Euro-6
Euro-5




Substantial release of nanoparticles, where ever you drive!

urban (26 km/h) extra-urban (45 km/h)  highway (61 km/h) freeway (94 km/h)
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Substantial release of nanoparticles, where ever you drive!

urban (26 km/h) extra-urban (45 km/h)  highway (61 km/h) freeway (94 km/h)
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GDI vehicles release 120 -1900x more particles than the diesel vehicle with DPF

PN emissions (23-400nm) of GDI vehicles (particles/km, hWLTC)
(since 2018 EU limits for diesel- and GDI-vehicles: 600 billion particles/km)

10e09 10e10 10e11 10e12 J0e13 10e14

Mitsubishi Carisma 1.8L Euro-3 " 1900x
RN e am
VW Golf 1.4L Euro-4 370x
g rrrnnn e
Opel Insignia1.6L Euro-5 1200x
IR
Volvo V60 1.6L Euro-5 920x
BRI EEEIE e m
Opel Zafira 1.6L Euro-5 670x
1 T IIIO T TTITIO T T LIMIT
Citroen C4 1.2L Euro-6 120x
BN
VW Golf VIl 1.4L Euro-6 160x
IR O
GDI Flotte (Mittelwert) — 700x
Peugeot 4008 1.6L Euro-5 S

(Diesel with particle filter)
Munoz et al. Atm. Env., 2018, 178, 242-254



GDI vehicles release 120 -1900x more particles than the diesel vehicle with DPF

PN emissions (23-400nm) of GDI vehicles (particles/km, hWLTC)
(since 2018 EU limits for diesel- and GDI-vehicles: 600 billion particles/km)

10e09 10e10 10e11 10e12 10e13 10e14
Mitsubishi Carisma 1.8L Euro-3 ' 1900x
VW Golf 1.4L Euro-4 370x
Opel |ns-E|hat|§So-W_ CTTTI T CUIn T T 1200x
vondye  WHEth 520x
Opel Zafira 1.6L Eurﬁ e 670x
Citroen C4 1.2L Euro-6 120x
VW Golf VII 1.4L Euro-6 160x
GDI Flotte (Mittelwert) . 700x
Peugeot 4008 1.6L Euro-5 bel limit -,

( (Diesel with particle filter)
Salvat et al., SAE 2000, 01-0473, 1-13 Munoz et al. Atm. Env., 2018, 178, 242-254
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nm
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Two modes of GDI particles, one at 20 nm the other at 70 nm.
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GDI particles are nanoparticles!

They will, like diesel particles,
reach the alveoli of the lung
possibly even penetrating
alveolar membranes.



Genotoxic potential of GDI vehicle exhausts (hngTEQ/m3, cWLTC)
(EU ambient air limit: 1 ng benzo(a)pyrene/m3, yearly mean)

0 400

Mitsubishi Carisma 1.8L Euro-3
VW Golf 1.4L Euro-4

Opel Insignia1.6L Euro-5

Volvo V60 1.6L Euro-5

Opel Zafira 1.6L Euro-5

Citroen C4 1.2L Euro-6
VW Golf VIl 1.4L Euro-6

GDI Flotte (Mittelwert)
Peugeot 4008 1.6L Euro-5

800 1200 1600 2000
1700x 38X
1200x 27X
1000x 22x
300x 7X
270x 6X
380x 8x
290x 6X
750x 17x
Above diesel with DPF 45x

B Naphthalin (0.001x)
[J Chrysen (0.01x)
B Benzo(b)fluoranthen (0.1x)

[ Indeno(1,2,3,-cd)pyren (0.1x)
Munoz et al. Atm. Env., 2018, 178, 242-254

B Benzo(a)anthracen (0.1x)

B Benzo(k)fluoranthen (0.1x)

B Benzo(a)pyren (1.0x) <
[0 Dibenzo(ah)anthracen (1.0x)

Fold above
diesel vehicle



One mode left at 90 nm after the GPF

1.0E+08
[#/com] w/o GPF ‘95 km/h Prototype GPF can remove
| nanoparticles by 2-3 orders of
SMPS magnitude, even the 20 nm
eeem=- nSMPS particles
1.0E+06 -
1.0E+04 -
with GPF
SMPS
S nSMPS
1.0E+02

1 10 100 d [nm] Munoz et al. ES&T., 2018, 52, 10709-10718
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GPFs can be as efficient as DPFs and should become BAT

PN Filtration Efficiency 95 km/h

10 100 d [nm]




What do we know on the exhaust properties of all other gasoline vehicles?

GMPI vehicle (Fiat Panda Twinair, Euro 6b, 0.9 L)

No PN-limit for these vehicles!

Even a two-cylinder 0.9 L engine can drink as much as
6.7 L fuel/100 km (155 g CO,/km)!

But at much lower tax!
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Billions of nanoparticles released, where ever you drive!
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PN [particles/cm?3]

non-regulated

The PN-regulated GDI- and the non-regulated GMPI vehicles are in the same league!

107 | .. hWLTC (Volvo V60, 1.6 L, Euro-5) GDI

106 \ — — .
105 I b
10 4
103
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The GMPI vehicle exceeds the PN limit of 600 billion particles/km, even in the hWLTC!

10e09 10e10 10e11 J0e12 J0e13 10e14

Fiat Panda Twintec 0.9L Euro-6
Fiat Panda Twintec 0.9L Euro-6
Fiat Panda Twintec 0.9L Euro-6

+ GPF
+ cGPF




Both filters lowered PN emissions, the catalyzed filter is close to the VERT standard.

10e09 10e10 10e11 10e12 10e13 _

77%
97%

Fiat Panda Twintec 0.9L Euro-6
Fiat Panda Twintec 0.9L Euro-6
Fiat Panda Twintec 0.9L Euro-6




However, a high quality DPF can lower PN emissions 100x below the current limit!

Peugeot 4008 1.6L Euro-5 _,:j|

Fiat Panda Twintec 0.9L Euro-6
Fiat Panda Twintec 0.9L Euro-6
Fiat Panda Twintec 0.9L Euro-6

10e09 10e10 10e11 10e12 10e13 10e14
100]x below[tHe limit [} il x e

860x

190x

30x |




PN emissions of GMPI- and GDI-vehicles are 120 — 1900x above diesel vehicle with DPF
10e14

Mitsubishi Carisma 1.8L Euro-3

VW Golf 1.4L Euro-4
Opel Insignia1.6L Euro-5

Volvo V60 1.6L Euro-5
Opel Zafira 1.6L Euro-5

Citroen C4 1.2L Euro-6
VW Golf VII 1.4L Euro-6

10e09 10e10 10e11 J0e12 J10e13
o rrrrn
1900x
HEERIII LI
370x
HERNIIIEEEERLn
1200x
HEENI R
520x
HEIIIN R
670x
CTIIT T T TT#IT
120x
HElIIIEEE
160x
(T T T
700x

GDI Flotte (Mittelwert)
Peugeot 4008 1.6L Euro-5

Fiat Panda Twintec 0.9L Euro-6
Fiat Panda Twintec 0.9L Euro-6
Fiat Panda Twintec 0.9L Euro-6

860x

190x
30x
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Genotoxic potential of GDI-, GMPI- and Diesel exhausts (ngTEQ/m3, cWLTC)
(EU air quality limit: 1 ng benzo(a)pyrene/m3)

Filter effects on genotoxic potentials are moderate only! VERT-BAT
PN >98%

Lower than for PN! PAHs >80%
(a.m.a.p)

0 400 800 1200 1600 2000 _

Fiat Panda Twintec 0.9L Euro-6 790x - -
Fiat Panda Twintec 0.9L Euro-6 (non-coated gasoline particle filter) 608x 23% 81%
| I |
Fiat Panda Twintec 0.9L Euro-6 (catalytic gasoline particle filter) 511x 35% 929%o
[ Naphthalene(0.001x) [ Benzo(k)fluoranthene (0.1x) [ Indeno(1,2,3,-cd)pyrene (0.1x)

B Benzo(a)anthracene (0.1x) [ Benzo(b)fluoranthene (0.1x) [ Dibenzo(ah)anthracene (1.0x)
[0 Chrysene (0.01x) B Benzo(a)pyrene (1.0x)



Efficiency [-]

More than 60 VERT-tested DPFs. All approved systems are excellent particle filters

1.0
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Genotoxic potential of GDI-, GMPI- and Diesel exhausts (ngTEQ/m3, cWLTC)
(EU air quality limit: 1 ng benzo(a)pyrene/m3)
0 400 800 1200 1600 2000

Mitsubishi Carisma 1.8L Euro-3 1700x 38x
O
VW Golf 1.4L Euro-4 1200x 27x c>> o
Opel Insignia1.6L Euro-5 1000x 22x .g 2
Volvo V60 1.6L Euro-5 300x 7x % ";'
Opel Zafira 1.6L Euro-5 270x 6x 2o
Citroen C4 1.2L Euro-6 380x 8x 5 2
VW Golf VIl 1.4L Euro-6 290x 6X g g
GDI Flotte (Mittelwert) 750x 17x % g
Peugeot 4008 1.6L Euro-5 (catalytic diesel particle filter) 45x h qh, Y
i ) T T
Fiat Panda Twintec 0.9L Euro-6 790x 18x ’6 )
Fiat Panda Twintec 0.9L Euro-6 (non-coated gasoline particle filter) 608x 14x ‘l_ =
| 1 |
Fiat Panda Twintec 0.9L Euro-6 (catalytic gasoline particle filter) 511x 11x
[ Naphthalene(0.001x) B Benzo(k)fluoranthene (0.1x) [ Indeno(1,2,3,-cd)pyrene (0.1x)

B Benzo(a)anthracene (0.1x) [ Benzo(b)fluoranthene (0.1x) [ Dibenzo(ah)anthracene (1.0x)
] Chrysene (0.01x) B Benzo(a)pyrene (1.0x)



. Adsorbate chemistry
(A quick tour)

. Chemistry in particle filters
(PFs — ideal chemical reactors)

. Genotoxic particles from gasoline vehicles
(a global threat)
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A combined effort with many important contributions

VERT team: Andreas Mayer, TTM, Niederrohrdorf, Jan Czerwinski, Sandro Napoli, Tobias
Neubert, Thomas Hilfiker, Samuel Blrki, Peter, Bonsack, Jean-Luc Petermann, Yan Z|mme
Hervé Nauroy, Pierre Comte, Veronique Barthe Uni. Appl. Sci., Bern in Biel. :
Markus Kasper, Adrian Hess, Thomas Mosimann, MatterAerosoIs, Wohlen.
Hans Jaeckle, Urs Debrunner, Oliver Schumm, Intertek Calep Brett, Schlieren.

Wichser, Markus Zennegg, Kerstln Zeyer.

Governement: Peter Bonsack, Philipp Hallauer, Giovanni D’ , Felix Reut
Max Wyser, Gerhard Leutert, Martin Schiess, Swiss Fed. Office for | nV|r nmel
Thomas Gasser, Heinz Berger, Gerhard Stucki, Swiss Federal® Rbad O’Ff
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Filter- & catalyst manufacturers: >60 different diesel particlefilter sys’cems ,: P
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