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27t Mining Diesel Emissions Council Conference, MDEC
On line, November 30%- December 1st, 2021

SIPI- 1



* A success story to begin with
— VERT-approved DPFs in the NEAT tunnels

* Risks and health impact of diesel exhausts
— What should you know about it?

» Catalytic diesel particle filters
— Do DPFs detoxify diesel exhausts?

+ Secondary emissions of emission control devices
— How to avoid or manage them?

@ Empa

aterials Science and Technology

Would you run a diesel engine in your living room an sefve
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- At costs of more than 20 billion CHF
- Constructed from 1993-2017
- Hundreds of construction workers and diesel engines involved

NordportalErstfeld Zuischenangriff Amgsteg ischenang 3 2wischenangriffFaido SiidportalBiasca
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e Enough fresh air at the construction site?

e Enough fresh air at the construction site?

e Concentration of pollutants within occupational health limits?
(MWC of diesel exhausts: 0.1 mg EC// m3 (> 1000x dilution needed)

o Start of the VERT project (since 1995 with Empa)
VERT: Verminderung der Emissionen von Realmaschinenii
(reducti issions of real-world engines in tunne

a0, 4 PM/DME \
Emisizons of construction 100 250

heavy duty engines
Exposition limits
Switzerland MAK 0.2 (EC +00C)
(max. working place conc.)
Germany TRGS

(limitz for working places)
Reguired dilution
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8 Gottardo 2016

NEAT Opening
Ceremony
Juni 2, 2016
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NEAT Opening
Ceremony
Juni 2, 2016

760 ua/m? Best lung cancer prevention!
pg/m

300

Diesel Soot [ug/m]
N
o
o

before 1998 - 2001 2002 2003 2004
1998 2000

SUVA 2004 1 Maximum working place concentration

Back ground concentration
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How to test DPFs, the VERT approach

Something to celebrate!
in 2018

How to test DPFs, the VERT approach

Approved filters have to:

- Reduce PM- & PN-emissions (>98%)
Both in new and aged conditions
(VFT1, VFT3)

- Reduce toxic compounds a.m.a.p.

- Low risks for secondary emissions
(VSET)

Are all diesel particle filters safe?

+ regeneration

Suitability Field
test Inspection
VFT 1 100% periodic.
VERT Filter Test 1 field inspection
Stationary ISO 8178 Smoke puff during free
+ transient acceleration

Opacity < 10%

VSEEI'
VERT Secondary
Emissions Test
IS0 8178
Approx. 200 substances

VFT2
Controlled Field Test
> 2,000 op.hr.
With data-logging

[
VFT3
Verification test
similar to VFT1,
after field test

v

Filter List
Approved trap
systems

7

-« |
Retained in the Filter List,

if failure rate < 3%

Rejected if >5%
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Would you run a diesel engine in your living room an sefve

* A success story to begin with
— VERT-approved DPFs in the NEAT tunnels

+ Risks and health impact of diesel exhausts
— What should you know about it?

» Catalytic diesel particle filters
— Do DPFs detoxify diesel exhausts?

+ Secondary emissions of emission control devices
— How to avoid or manage them?

@ Empa

Materials Science and Technology

What do we know about diesel exhaust after 130 years of application?

e | @ Empa

Materials Science and Technology
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gine exhausts cause ca

MDEC 2021

ne exhausts cause ca

International Agency for Research on Cancer

¢ by
¢ 7}y World Health
\:.j”i,’ Organization
PRESS RELEASE
N*213

12 June 2012

~

IARC: DIESEL ENGINE EXHAUST CARCINOGENIC

Lyon, France, June 12, 2012 - After a week-long meeting of intemational experts, the Intemational
Agency for Research on Cancer (IARC), which is part of the World Health Organization (WHO), today

classified diesel engine exhaust as carcinogenic to humans (Group 1) nce
thal exposure is associated with an increased nisk for lung cance G rou p 1
Background

In 1988, IARC classified diesel exhaust as probably carcinogenic to humans (Group 2A). An Advisory Group

which reviews and recommends future prionities for the IARC Monographs Program had recommended
diesel exhaust as a high prionty for re-evaluation since 1998

There has been mounting concem about the cancer-causing potential of diesel exhaust, particularly based
on findings in epidemiological studies of workers exposed in vanous ings. This was re-emphasized by
the publication in March 2012 of the results of a large US National Cancer Institute/National Institute for
Occupational Safety and Health study of occupational exposure to 1 emissions in underground miners,
which showed an increased risk of death from lung cancer in exposed workers (1)

June 12, 2012

Lung cancer
in exposed workers
1
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xhaust cause canci
The Diesel Exhaust in Miners Study: A Nested Case-Control
Study of Lung Cancer and Diesel Exhaust

Debra T. Silverman, Claudine M. Samanic, Jay H. Lubin, Aaron E. Blair, Patricia A. Stewart, Roel Vermeulen, Joseph B. Coble,
Nathaniel Rothman, Patricia L. Schleiff, William D. Travis, Regina G. Ziegler, Sholom Wacholder, Michael D. Attfield

Manuscript received February 16, 2011; revised June 3, 2011; accepted October 21, 2011

Correspondence to: Debra T. Silverman, ScD, Occupational and Environmental Epidemiology Branch, Division of Cancer Epiderniology and Geneics,
National Cancer Institute, Rim 8108, 6120 Executive Bivd, Bethesda, MD 20816 (e-mail:silvermd@mailin.gov].

Lung cancer

Background  Most studies of the association between diesel exhaust exposure and lung cancer suggest a modest, but con-
sistent, increased risk. However, to our knowledge, no study to date has had quantitative data on historical
diesel exposure coupled with adequate sample size to evaluate the exposure-response relationship between
diesel exhaust and lung cancer. Our purpose was to evaluate the relationship between quantitative estimates of

in exposed workers
exposure to diesel exhaust and lung cancer mortality after adjustment for smoking an¢ =th=r paman 1“! _
confounders.

315 k 8

ethods /& conducted a nested case-control study in a cohort of 12315 workers in eight non-metal

wets o 12575 worer it 12 workers, 8 mines
which included 198 lung capcer deaths and 562 incidence density-sampled control subjec:
subject, we selected up\uﬁvs\ subjects, individually matched on mining facility, sex, r 1 98 I d th
R~ A T ung cancer dea

diesel exhaust exposure, represented by respirable elemental carbon (REC), by job and year,

based on an extensive retrospective exposure assessment at each mining facility. We condud 1 67000 e 1 ’ 000 !000
ical and continuous regression analyses adjusted for cigarette smoking and other potential ¢ in

ables (eg, history of employment in high-risk occupations for lung cancer and a history of res

to estimate odds ratios (ORs) and 95% confidence intervals (CIs). Analyses were both unlagg: H !000’000 S H
B e e e (1710 1 , target value Swiss LRV
e -]

reference date (control subjects). All statistical tests were two-sided.

Results  We observed statistically significant increasing trends in lung cancer risk with increasing cumulative REC and
average REC intensity. Cumulative REC, lagged 15 years, yielded a statistically significant positive gradient in f =
lung cancer risk overall (P, = .001); among heavily exposed workers (ie, above the median of the top quartile
[REC = 1005 g/m®y), risk was approximately three times greater (OR = 3.20, 95% Cl = 1.33 to 7.69) than
that among workers in the lowest quartile of exposure. Among never smokers, odd ratios were 1.0, 1.47 (95%
Cl = 0.29 10 7.50), and 7.30 (95% Cl = 1.46 to 36.57) for workers with 15-year lagged cumulative REC tertiles of
less than 8, 8 to less than 304, and 304 jg/m®-y or more, respectively. We also observed an intera

ki 2 Ve REC (P = -086) such that the effect of each of these : d I h t .
henuca n th presonen f igh et of the v st iesel exnaust exposure.

Conclusion  Our findings provide further evidence that diesel exhaust exposure may cause lung cancer in hu

—=""a potential public health burden
1

J Natl Cancer Inst 2012;104:1-14

Grenzwerte am suvapro
Arbeitsplatz 2009

MAK-Wart c M R Re s5 Messmethoden/
Stoff mi/m? mag/m® besondere
[CAS-Nummer] ippm) Bemerkungan
Dichiorpropen (cis und trans) 0,11 05 2 3

42-75-6]
2,2-Dichlorpropionsaure 1 B 1 B 15 min
[75-98-0] und ihr Natriumsalz
[127-20-8]
1,2-Dichior-1,1,2 2-tetrafluorethan (R 114} [1000 7000 DFG, NIOSH
76-14-21

cyclopentadienyleisen 10e

02-54-5]
Dieldrin (HEOD) H 3 NIOSH
Disselmotor-Emissionen 2 BG
(gemessan als elementarsr Kohlenstof)

L,Diesel engine emissions, measured as elemental carbon, should not exceed 100 ug/m3’

== The precusionnary principle: Because diesel engine emissions are carcinogenic (WHO)
inducing lung cancer in humans, general measures have to be applied to lower exposure to
diesel exhausts with best available technology (BAT).

SI1P1-10
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Luftreinhalte-Verordnung B14.518.142.1
(LRY)
83 Tabelle von krebserzeugenden Stoffen
Stoff Summenformel Klasse

I Benzo(a)pyren CaoHi2 1 |
Benzol CeHs 3

| Dibenz(a, h)anthracen C22Hiy 1 |
1,2-Dibromethan C,H4B1> 3
1.4 Dichlorbenzol CsHyCl2 3
1,2-Dichlorethan CyH4Cl3 3

| Dieselruss 3
Diethylsulfat C4H1004S 2

L=

t

4 _ i

y X
ol ol 111

111
00 1um " 10 100

b
| III[I]I‘ ’I'IILIJII L 11 ]
1pm @ 10 1n 10

r y
4 }
&
& J \ 4
Amm- o
. { € 4
4 b

Journey to the hanoworld: Nanom%;er small particles (>1 nm)

T T W W

1mm 10

100

1m

5

SIPI-11



MDEC 2021

4

Journe to the nanoworld: Nanom%;er small particles (>1 nm)
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Journey to the hanoworld: Nanometer small particles (>1 nm)
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PM 10. . inhalablek‘10 pm
> Pl\ﬁ reach alveoli <1 pmy

»
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» _PM 10 . inhalablekw um
= > PM 1 reach alveoli <1 pmy
> PMO0.1  cross biomembranes < 0.1 pm’*
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&
#
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cross biomembranes < 0.1 pm
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» . PM 10 inhalable’<10 um

=>  PM1 reach alveoli <1 ym
» PMO0.1  cross biomembranes < 0.1 pm

{kl\lk
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» . PM 10 inhalable’<10 um
=> PM1 reach alveoli <1 uym
» PMO0.1 _cross biomembranes < 0.1 ym

{kl\lk

it!
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Six PAHs are carcinogenic according to the WHO

Carcinogenic PAHs

1 1
OO 1

a0

Pyrene Fluoranthene Chrysene Benz(a)anthracene
1 L 1
joce; 00| Q=0
Benzo[b]- Benzolk]- Benzo[a]- Indeno(1,2,3-cd)-
fluoranthene fluoranthene pyrene pyrene

Two are precursors for mutagenic nitro PAHs

Carcinogenic PAHs

1 1 1
e @, O (@
Pyrene Fluoranthene Chrysene Benz(a)anthracene

Q oo}
20 ooy |ody| s

Benzo[b]- Benzolk]- Benzo[a]- Indeno(1,2,3-cd)-
fluoranthene fluoranthene pyrene pyrene
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Oxidative metabolic activation of benzo(a)pyrene

QU0
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Benzo(a)pyrene (BP)

OH

(+) anti 7R,8S,9S,10R-BP-
dihydrodiol-epoxide

(+/-) 7,8 BP-oxide

|

OH

(+/-) 7,8 BP-dihydrodiol

Stereoselective formation of benzo(a)pyrene-DNA adducts
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dihydrodiol-epoxide
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(-) 10R trans-anti-[BP]-triol-
N2-deoxy-guanosine-adduct
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Non-treated
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Non-treated

Problems i of soot nanoparticles
compounds
compounds

- nanoparticles may cross the

h

EU LDV PN limit 600 billion particles/km, EURO-V.NRMM:1 x 10e12 particles/kWh

Non-treated

Problems i of soot nanoparticles
i compounds

compounds

- nanoparticles may cross the

hd Do catalytic DPFs detoxify diesel exhausts?

EU LDV PN limit 600 billion particles/km, Euro-V NRMM:1 x 10e12 particles/kWh
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Would you run a diesel engine in your living room an se

* A success story to begin with
— VERT-approved DPFs in the NEAT tunnels

* Risks and health impact of diesel exhausts
— What should you know about it?

+ Catalytic diesel particle filters
— Do DPFs detoxify diesel exhausts?

- Secondary emissions of emission control devices |
— How to avoid or manage them?

@ Empa

Materials Science and Technology

| Highly efficient filtrafion only'in closed filters where exhausts have to cross the wall '\

. . o

exit channel

entry
channel

exit channel
exit channel
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°H|g_h|y efflclent f||trat|on only in glosed filters where exhausts have to cross the waII

e e e E e L ]
AR AT T SRR AT AT IO RAT

entry
channel

exit channel
exit channel

mmmmmmuw

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

450x10'2 particles
150 ng benzo(a)pyrene

0.1x10'2 particles
7 ng benzo(a)pyrene

@
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We have to count particles not weighing them!
The world needs a number-based particle legislation for nanoparticles!

1.0E+8

100 % load

Euro 3
Euro 5

Euro 4 PM Kat

A. Mayer et al., SAE 2007-01-1112

Diameter [nm]

You know one million. You know one billion. What's next?

One million (US) = 1°000°000 = 1 x 10e6
One billion (US) =1°000°000°000 = 1 x 10e9
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You know one million. You know one billion. What's next?

One million (US) = 1°000°000 = 1 x 10e6
One billion (US) =1°000°000°000 = 1 x 10e9
One trillion (US) = 1°000°000°000°000 = 1 x 10e12

600 billion (US) = 6 x 10e11 particles/km is the legal PN limit for:

- Euro-5/6 diesel passenger cars (since 2011)

- Euro-6 gasoline direct injection passenger cars (since 2018)

One trillion (US) =1 x 10e12 particles/kWh is the legal PN limit for:

- Euro-V non-road mobile machinery (since 2018)

More than 60 VERT-te

1998 | 2001 | 2002 | |2006] 2007 |08 [

§. p
>80-
c
2
(&)
= 60
(]
5
= 40
o
> il
©
[
= 20
4
o
T

TZ, 2009, 70, 72-79
=

-
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You have to zoom in to see differences

1998 | 2001 | 2002 | 2003 2005 |z006] 2007 |08

100

w0 WD
O.‘.vtﬂ

PN reduction efficiency [%
Iﬁ £ 8 &8 ¢

=
=

i
1l

Mayer et al. MTZ, 2009, 70, 72-79 5 1

More than 60 VERT-tested DPFs available to widely use them
o 1998 | 2001 | 2002 | 2005 |z006] 2007 |08
0 =-___B8 =
< 99 (V)
= | >08% is the legal
3 98+ -
o7 requirement in Switzerland
& 96 =i
7}
e 95-
2 94-
g g3
£
& %
Mayer et al. MTZ, 2009, 70, 72-79 5 2

S1P1-26



MDEC 2021

Emission factor [g/k\Wh]

Carbon monoxide

2.0
o™ o
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0.0 ;
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 Ref: Engine-out

We have identified 2 filter families, one converts CO the other doesn’t!

COo

- FF1: Low oxidation potential (n=6)
» FF2: High oxidation potential (n=8)

Heeb et al. ES&T, 2008, 42, 3773-3779

Heeb et al. ES&T, 2010, 442, 1078-1084

Emission factor [g/k\Wh]

CO, NO, NO,

co
2.0
o™ o
- (o]
16 G ©
1.2 +
+
08. HE NN
0.4 1
0.0 ;
5 Lo
x oot

Heeb et al. ES&T, 2008,

-0.03

IGIEIHI

0.20

o =

42, 3773-3779

FF2

0.59

_

+[TF ﬁ -216

=
+

—

o

-
-
TR
TR

FF2

Heeb et al. ES&T, 2010, 442, 1078-1084

We have identified 2 filter families, one converts CO the other doesn’t!

Secondary NO; emission

S1P1-27



MDEC 2021

Is filtration of soot sufficient to lower the genotoxicity of diesel exhaust?

ss0aein) s
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PAHSs - a diverse class of compounds with variable physicochemical properties

2- to 6-ring PAHs

-8
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PAHSs - a diverse class of compounds with variable physicochemical properties

2- to 6-ring PAHs

D &
some PAHs are
genotoxic OO O @@8 @OOO
Q)
ool ©©©© 57O
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PAHs - a diverse class of compounds with variable physicochemical properties

& & ox

PAH ' ‘ :
Zce)r::toxic > ©©8 OOOO
all PAHs are 5 6 7 B

potential nitro-PAH d *
precursors QOO O @
several nitro-PAHs

are strong mutagens OOOOO O@g@

i '_Nonit_:atal'y_zed filters are as efficient for soot. How about genotoxic compour_nds? ’

.
-

i L e . - : i Outlet

Non-catalyzed DPFs: .

~ Accumulate soot (>98%) .

- 0 .
. . . L
. . . .

. Can PAHs penetrate

soot loaded DPFs? | * : Inlet

. Channel
. \

Do DPFs remove genotoxic

' compounds a.m.a.p?

~ Do DPFs support aAform-
ation of toxic secondary

. R Outlet
pO"utantS Ilke nltrO-PAHS? det n;sor.ie HFW

1mm
Quanta 200F
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i o T s “Can PAHs penetrate non-catalyzed filters if operated <200 °C?

' We studled 2 cellulose-based filters, a new and a
soot-loaded filter (>2000 h road application)

750

8-phase ISO 8178/4 cycle

(0]
o
o

engine-out =» 450 |

w
o
o

Temperature [°C]

' before DPF =»

"after DPF . = 1501

0 20 40 60 80 Time [min]

i w1t : Non-catalyzed filter operated <200 °C do accumulate soot

Y

= s storage 3 release §
218°C
Naphthalene . ‘ t
’ loaded

- no retention of naphthalene in a new and a soot-loaded DPF

- naphthalene is too volatile, it escapes even from
a cold filter (<200 °C)
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[ Non-catalyzed filter-operated <200 °C do accumulate soot and some hydrocarbons

iy

o4

= = o
2 2 storage g release g

I
L new|218°C

Naphthalene
. loaded

: " Phenanthrene e 340°C
. aded
: 1

- ébout 30% reténtion, both in a new and a soot-loaded DPF |
- ' -phenanthrene is partly stored in both filters (<200 °C).

[ Non-catalyzed filter-operated <200 °C do accumulate soot and some hydrocarbons

Y

o o - o
2 3 storage 3 release 3

1
\ new | 218 °C

Naphthalene
> loaded

y new | 340 °C
_ Phenanthrene ;
’ aded

» : new | 404 °C
v Pyrene OOOCJ . s -

- 90% pyrene is retained in a new, only 5% in a soot-loaded DPF
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[ Non-catalyzed filter'operated <200 °C do accumulate soot and some hydrocarbons

00 |
e new | 448 °C

Chrysene (10)

000l

o s
2= storage g release

o o

100

loaded —

Tt 1

- = 85% retention in the new DPF

- 6x higher emissions from the soot-loaded DPF

e IRt Non--catalyzed filter operated <200 °C do accumulate soot and hydrocarbons

o

@ g S storage g release

QO new | 448 °C

Chrysene (10)

000l

loaded —
| =00 :

} BEHZO(b)' O new_ 481 °C
¢ fluoranthene (11) loaded i

y N .

- 80% benzo(b)fluoranthene is retained in the new DPF

- 5x higher emissions from the soot-loaded DPF
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i 2. N_on-de_xtaly‘z_ed.filte'r‘opergted <200 °C to acéumulqte soot and hydr'ocarbpﬁs y
o -

O g S storage 3§ release

QO 7 wew]assc

Chrysene (10) aded | |
3 0 ;
d BEHZO(b)' O new_ 481 °C
* fluoranthene (11) loaded i
- ) T

.Benzo(a O@OOO [495°C ;
* pyrene (‘I3 loaded

*

- 80% retentlon of benzo(a)pyrene in tte new DPF - 1 y
- 3x h|gher emissions from the soot-loaded DPF .
- We can store and release PAHs from non-catalyzed DPFs

PAHs - a diverse class of compounds with variable physicochemical properties

2ocor B

218°C 2 3

- Volatile PAHs can

ponetrate DPFs &0 o0 g é%@

loaded onces 340 °C 7 404 °C

- Semi-volatile PAHs - - OO@O
are stored in new, OOO O
but can be released 9 448 °C 481°C

again from soot-

loaded DPFs 0 QO ©©
Bl o

495°C
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VERT-tested catalytic DPFs convert carcinogenic PAHs (on average 85%)

Efficiency [ ]

M2 13 4 d5. 617 18 19 20 212 25 24 25 2 21 2 28 % 3 3 B 3%

What is BAT today?

Efficiency [ ]
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Is 90% conversion BAT today?

Efficiency [ ]

Problem: Genotoxicity

* Non-filtered diesel
exhaust is genotoxic

« Filtration as such is not
sufficient to remove
genotoxic compounds

« Efficient catalysts are
needed to convert ‘.
genotoxic compounds { , j
DPFs are BAT to lower the genotoxicity of diesel exhaust, but some are
considerably better than others!

l‘,-n.-
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Wat does the AME test ith Salmonella typhurium report?

Why can filtered, particle-free diesel exhaust still be genotoxic?

Salmonella typhimurium TA100
25

20

15

10

Non-treated diesel exhaust
- e 3% is genotoxic after 6 h

Fold revertant formation over negative
control (filtered air exposure)

0

Oh 2h 4h 6h
Steiner et al., Anal. Bioanal. Chem 2015, 407, 5977-5986
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Why can filtered, particle-free diesel exhaust still be genotoxic?
Salmonella typhimurium TA100

Non-treated diesel exhaust

5 is genotoxic after 6 h, also
et G 3X with a fuel-borne iron

i catalyst (Satacen)

Fold revertant formation over negative
control (filtered air exposure)

0

Oh 2h 4h 6h
Steiner et al., Anal. Bioanal. Chem 2015, 407, 5977-5986

Why can filtered, particle-free diesel exhaust still be genotoxic?
Salmonella typhimurium TA100

Filtered diesel exhaust can
»e=20x even be more genotoxic!

[8]
o

-
(4]

-
o

Non-treated diesel exhaust

is genotoxic after 6 h, also
/ et ¢=m 3X with a fuel-borne iron
< el catalyst (Satacen)

(4]

Fold revertant formation over negative
control (filtered air exposure)

0
Oh 2h 4h 6h

Steiner et al., Anal. Bioanal. Chem 2015, 407, 5977-5986
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Why can filtered, particle-free diesel exhaust still be genotoxic?
Salmonella typhimurium TA100

Filtered diesel exhaust can

/,4-20X even be more genotoxic!

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

/ et 3X withiron catalyst (Satacen)
B e N 1x
0 Catalytic DPF lowered

Oh 2h 4h 6h R -
genotoxicity
Steiner et al., Anal. Bioanal. Chem 2015, 407, 5977-5986

[
o

-
(4]

-
o

(4]

Fold revertant formation over negative
control (filtered air exposure)

Why can filtered, particle-free diesel exhaust still be genotoxic?
Salmonella typhimurium TA100

»e=20X * Filtration is not
/ enough!
We need catalytic
/ filters, which
convert genotoxic
/ compounds
not baking new
/ _ . ®=m 3X  oOnes!
I m X

Oh 2h 4h 6h
Steiner et al., Anal. Bioanal. Chem 2015, 407, 5977-5986

[
o

-
(4]

-
o

(4]

Fold revertant formation over negative
control (filtered air exposure)

0
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Would you run a diesel engine in your living room an sefve

* A success story to begin with
— VERT-approved DPFs in the NEAT tunnels

* Risks and health impact of diesel exhausts
— What should you know about it?

» Catalytic diesel particle filters
— Do DPFs detoxify diesel exhausts?

+ Secondary emissions of emission control devices
— How to avoid or manage them?

@ Empa

Materials Science and Technology

Does exposure of soot and adsorbates to NO, alter exhaust toxicity?
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Would you run a diesel engine in your living room an se

* A success story to begin with
— VERT-approved DPFs in the NEAT tunnels

* Risks and health impact of diesel exhausts
— What should you know about it?

» Catalytic diesel particle filters
— Do DPFs detoxify diesel exhausts?

+ Secondary emissions of emission control devices [
— How to avoid or manage them?

@ Empa

aterials Science and Technology

S1P1-44



MDEC 2021

It’s a long way from diesel soot to CO, and H,O!

- DPFs lower PN emissions >98% (n>60)

- DE’Fs lower emissions of genotoxic PAHs

- Some DPFs can form mutagenic nitro PAHs

iy, . !
Conclusions | Bestavailable filter technologies:

- remove persistent soot nanoparticles

- lower the genotoxic potential of the exhaust
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® Filter- & catalyst manufacturers: >60 different diesel particulate filter syste
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