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• 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?

Secondary emissions from emission control devices 
and their impact on occupational health and safety

Would you run a diesel engine in your living room an serve tea to friends?

Outline
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The picture can't be displayed.

Nordportal Erstfeld Zwischenangriff Amgsteg Zwischenangriff Sedrun Zwischenangriff Faido Südportal Biasca

NEAT – the longest railway tunnel 
in the world

Visionary decisions of the Swiss people 30 years ago!
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The picture can't be displayed.

 2 National votes:
- Construction of a railway link through the Swiss Alps, 21. 9. 1992
- Initiative to protect the Alps, 20. 2. 1994

 2 Tunnels of 57 km, overall 153 km shafts & tunnels
- At costs of more than 20 billion CHF
- Constructed from 1993-2017 
- Hundreds of construction workers and diesel engines involved

Nordportal Erstfeld Zwischenangriff Amgsteg Zwischenangriff Sedrun Zwischenangriff Faido Südportal Biasca

Visionary decisions of the Swiss people 30 years ago!

NEAT – the longest railway tunnel 
in the world
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NEAT – the longest railway tunnel 
in the world
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Fresh Air

 Enough fresh air at the construction site? 

NEAT – the longest railway tunnel 
in the world
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 Enough fresh air at the construction site? 

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

 Start of the VERT project (since 1995 with Empa)
VERT: Verminderung der Emissionen von Realmaschinen im Tunnelbau
(reduction of emissions of real-world engines in tunnels)

NEAT – the longest railway tunnel 
in the world
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NEAT – the longest railway tunnel of the world
built with VERT-approved DPFs
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NEAT Opening 
Ceremony 

Juni 2, 2016

NEAT – the longest railway tunnel of the world
built with VERT-approved DPFs
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NEAT Opening 
Ceremony 

Juni 2, 2016

NEAT – the longest railway tunnel of the world
built with VERT-approved DPFs
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Best lung cancer prevention!

VERT-approved DPFs in the NEAT tunnels
– a success story

1 Maximum working place concentration 2 Back ground concentrationSUVA 2004
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20 years VERT filter tests

How to test DPFs, the VERT approach Something to celebrate!
in 2018

20 years VERT filter tests

How to test DPFs, the VERT approach

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

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

Approved filters have to:

- Low risks for secondary emissions
(VSET)

Are all diesel particle filters safe?
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• 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?

Secondary emissions from emission control devices 
and their impact on occupational health and safety

Would you run a diesel engine in your living room an serve tea to friends?

Outline

A consequence of co-released NOx, soot and soot adsorbates

Risks and health impact of diesel exhausts

What do we know about diesel exhaust after 130 years of application?
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Diesel engine exhausts cause cancer in humans

World Health Organization, IARC
Diesel engine exhaust: a group 1 carcinogen

World Health Organization, IARC
Diesel engine exhaust: A group 1 carcinogen

Group 1

June 12, 2012

Diesel engine exhausts cause cancer in humans

Lung cancer
in exposed workers
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World Health Organization, IARC
Diesel engine exhaust: a group 1 carcinogen

Diesel engine exhaust cause cancer in humans

diesel exhaust exposure:
a potential public health burden

Lung cancer
in exposed workers

12’315 workers, 8 mines
198 lung cancer death

(16’000 in 1’000’000)
(1 in 1’000’000, target value Swiss LRV)

„Diesel engine emissions, measured as elemental carbon, should not exceed 100 μg/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).

Occupational health regulation
in Switzerland
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Swiss clean air act (LRV): 
List of carcinogenic compounds
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0.7 nm

7 nm 7 µm

15 nm 80 nm0.8 nm

1pm     10       100      1nm       10       100       1µm      10        100      1mm     10        100       1m

Journey to the nanoworld: Nanometer small particles (>1 nm) 

Particle dimensions and biological receptors
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7 nm 7 µm

15 nm 80 nm

1pm     10       100      1nm       10       100       1µm      10        100      1mm     10        100       1m

0.7 nm 0.8 nm

Journey to the nanoworld: Nanometer small particles (>1 nm) 

Particle dimensions and biological receptors
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7 nm 7 µm

15 nm 80 nm0.8 nm

1pm     10       100      1nm       10       100       1µm      10        100      1mm     10        100       1m

Journey to the nanoworld: Nanometer small particles (>1 nm) 

Particle dimensions and biological receptors
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7 nm 7 µm

15 nm 80 nm0.8 nm

1pm     10       100      1nm       10       100       1µm      10        100      1mm     10        100       1m

Journey to the nanoworld: Nanometer small particles (>1 nm) 

Particle dimensions and biological receptors
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PM 10

insect

2.7 nm 7 nm 200 µm 0.4 m

15 nm 80 nm0.8 nm

1pm     10       100      1nm       10       100       1µm      10        100      1mm     10        100       1m

inhalable < 10 m

Particle dimensions and biological receptors
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PM 10

insect

PM 1

2.7 nm 7 nm 200 µm 0.4 m

15 nm 80 nm0.7 nm 0.8 nm

1pm     10       100      1nm       10       100       1µm      10        100      1mm     10        100       1m

inhalable < 10 m
reach alveoli  < 1 µm

Particle dimensions and biological receptors
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PM 10

insect

PM 1
PM 0.1

7 µm 200 µm 0.4 m

15 nm 80 nm0.8 nm

1pm     10       100      1nm       10       100       1µm      10        100      1mm     10        100       1m

cross biomembranes < 0.1 µm

inhalable < 10 m
reach alveoli  < 1 µm

Particle dimensions and biological receptors
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PM 10

insect

PM 1
PM 0.1

2.7 nm 7 nm 7 µm 200 µm 0.4 m

15 nm 80 nm0.8 nm

1pm     10       100      1nm       10       100       1µm      10        100      1mm     10        100       1m

cross biomembranes < 0.1 µm

inhalable < 10 m
reach alveoli  < 1 µm

Particle dimensions and biological receptors
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PM 10

insect

PM 1
PM 0.1

2.7 nm 7 nm 7 µm 200 µm 0.4 m
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1pm     10       100      1nm       10       100       1µm      10        100      1mm     10        100       1m

cross biomembranes < 0.1 µm

inhalable < 10 m
reach alveoli  < 1 µm

Particle dimensions and biological receptors
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SARS CoV2: 
Acute toxic bio-nanoparticle

Diesel engine exhausts cause cancer in humans
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PM 10

insect

PM 1
PM 0.1
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inhalable < 10 m
reach alveoli  < 1 µm

Particle dimensions and biological receptors
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PM 10

insect

PM 1
PM 0.1

2.7 nm 7 nm 7 µm 200 µm 0.4 m

15 nm 80 nm0.8 nm

1pm     10       100      1nm       10       100       1µm      10        100      1mm     10        100       1m

cross biomembranes < 0.1 µm

inhalable < 10 m
reach alveoli  < 1 µm

60-140 nm

Particle dimensions and biological receptors
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SARS CoV2: 
Acute toxic bio-nanoparticle

Diesel engine exhausts cause cancer in humans

Do not inhale it!
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Six PAHs are carcinogenic according to the WHO
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Two are precursors for mutagenic nitro PAHs
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Carcinogenesis of benzo(a)pyrene

Oxidative metabolic activation of benzo(a)pyrene

Benzo(a)pyrene (BP) (+/-) 7,8 BP-oxide
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Stereoselective formation of benzo(a)pyrene-DNA adducts
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Carcinogenesis of benzo(a)pyrene

Diesel soot particles – Trojan horses
for genotoxic compounds

Non-treated diesel exhaust is a toxic cocktail
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Problems

Diesel soot particles – Trojan horses
for genotoxic compounds

Non-treated diesel exhaust is a toxic cocktail

- carcinogenic and mutagenic compounds

- hormone-like and redox-active compounds

- soot particles are persistent and non-degradable

- soot particles act like Trojan horses

- nanoparticles transport adsorbates

- nanoparticles reach the alveoli

- nanoparticles may cross the alveolar membrane

- consists of billions of soot nanoparticles

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

Problems

Diesel soot particles – Trojan horses
for genotoxic compounds

Non-treated diesel exhaust is a toxic cocktail

- carcinogenic and mutagenic compounds

- hormone-like and redox-active compounds

- soot particles are persistent and non-degradable

Do catalytic DPFs detoxify diesel exhausts?

- soot particles act like Trojan horses

- nanoparticles transport adsorbates

- nanoparticles reach the alveoli

- nanoparticles may cross the alveolar membrane

- consists of billions of soot nanoparticles

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

Do not inhale it!
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• 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?

Secondary emissions from emission control devices 
and their impact on occupational health and safety

Would you run a diesel engine in your living room an serve tea to friends?

Outline
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Filterwand

Scheme of wall-flow filters

Highly efficient filtration only in closed filters where exhausts have to cross the wall
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7 m3 exhaust collected (2 minutes operation of an Euro-3 engine (6.1 L, 105 kW) 

450x1012 particles
150 ng benzo(a)pyrene

0.1x1012 particles
7 ng benzo(a)pyrene

The visible effect of 
particle filters
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> 99%

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

We have to count particles not weighing them!

The world needs a number-based particle legislation for nanoparticles!

The invisible effect of 
particle filters

Nanoparticle emission limits of LDV vehicles and 
non-road mobile machinery in Europe

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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Nanoparticle emission limits of LDV vehicles and 
non-road mobile machinery in Europe

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

- Euro-5/6 diesel passenger cars

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

(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)
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More than 60 VERT-tested DPFs available to widely use them

Mayer et al. MTZ, 2009, 70, 72-79
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You have to zoom in to see differences

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

10x

The VERT label for tested
diesel particle filters
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>98% is the legal 
requirement in Switzerland

More than 60 VERT-tested DPFs available to widely use them
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We have identified 2 filter families, one converts CO the other doesn’t!

Carbon monoxide

 FF1: Low oxidation potential (n=6)

 FF2: High oxidation potential (n=8)

 Ref: Engine-out

Heeb et al. ES&T, 2008, 42, 3773-3779 Heeb et al. ES&T, 2010, 442, 1078-1084

Low- & high-oxidation potential DPFs

Low- & high-oxidation potential DPFs

CO, NO, NO2

Heeb et al. ES&T, 2008, 42, 3773-3779 Heeb et al. ES&T, 2010, 442, 1078-1084

We have identified 2 filter families, one converts CO the other doesn’t!
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Is filtration of soot sufficient to lower the genotoxicity of diesel exhaust?

Impact of DPFs on genotoxicity

Carcinogenesis from benzo(a)pyrene
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Polycyclic aromatic hydrocarbons

PAHs - a diverse class of compounds with variable physicochemical properties

2- to 6-ring PAHs

Polycyclic aromatic hydrocarbons

PAHs - a diverse class of compounds with variable physicochemical properties

2- to 6-ring PAHs

some PAHs are 
genotoxic
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Polycyclic aromatic hydrocarbons

PAHs - a diverse class of compounds with variable physicochemical properties

2- to 6-ring PAHs

all PAHs are 
potential nitro-PAH
precursors 

some PAHs are 
genotoxic

several nitro-PAHs 
are strong mutagens

Inlet
Channel

Outlet

O
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tle

t

O
u
tle

t

Soot

Filter Wall

PAH penetration of a non-catalyzed DPF

Non-catalyzed filters are as efficient for soot. How about genotoxic compounds?

Accumulate soot (>98%)

Do DPFs remove genotoxic
compounds a.m.a.p? 

Non-catalyzed DPFs:

Do DPFs support a form-
ation of toxic secondary 
pollutants like nitro-PAHs?

Can PAHs penetrate 
soot loaded DPFs?

Outlet
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Outlet

PAH penetration of a non-catalyzed DPF

Can PAHs penetrate non-catalyzed filters if operated <200 °C? 

engine-out

before DPF
after DPF

8-phase ISO 8178/4 cycle

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

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

- 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)

PAH penetration of a non-catalyzed DPF

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

- about 30% retention, both in a new and a soot-loaded DPF

- phenanthrene is partly stored in both filters (<200 °C).

PAH penetration of a non-catalyzed DPF

storage release

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

PAH penetration of a non-catalyzed DPF

- 90% pyrene is retained in a new, only 5% in a soot-loaded DPF

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

- 85% retention in the new DPF

- 6x higher emissions from the soot-loaded DPF

PAH store-and-release in a non-catalyzed DPF

storage release

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

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

- 5x higher emissions from the soot-loaded DPF

storage release

PAH store-and-release in a non-catalyzed DPF
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Non-catalyzed filter operated <200 °C to accumulate soot and hydrocarbons 

- 80% retention of benzo(a)pyrene in the new DPF

- 3x higher emissions from the soot-loaded DPF

We can store and release PAHs from non-catalyzed DPFs

storage release

PAH store-and-release in a non-catalyzed DPF

Polycyclic aromatic hydrocarbons

PAHs - a diverse class of compounds with variable physicochemical properties

2- to 6-ring PAHs

- Volatile PAHs can
penetrate DPFs
both, new and soot-
loaded onces

218 °C

340 °C 404 °C

448 °C 481 °C

495 °C

- Semi-volatile PAHs
are stored in new, 
but can be released 
again from soot-
loaded DPFs



MDEC 2021

S1P1-35

VERT-tested catalytic DPFs convert carcinogenic PAHs (on average 85%)
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What is BAT today?
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Is 90% conversion BAT today?
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Adverse health effects of diesel exhaust

Conversion efficiency of carcinogenic PAHs
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0.8

Is 90% BAT?

Adverse health effects of diesel exhaust

Problem: Genotoxicity

 Non-filtered diesel  
exhaust is genotoxic

 Efficient catalysts are  
needed to convert
genotoxic compounds

 Filtration as such is not
sufficient to remove 
genotoxic compounds

Is 
90% 
BAT?

DPFs are BAT to lower the genotoxicity of diesel exhaust, but some are 
considerably better than others!
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What does the AMES test with Salmonella typhimurium report?

Impact of DPFs on genotoxicity

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

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

3x

Impact of DPFs on genotoxicity

Non-treated diesel exhaust 
is genotoxic after 6 h3x
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Why can filtered, particle-free diesel exhaust still be genotoxic?

Impact of DPFs on genotoxicity

3x

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

Non-treated diesel exhaust 
is genotoxic after 6 h, also 
with a fuel-borne iron 
catalyst (Satacen)

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

Impact of DPFs on genotoxicity

20x
Filtered diesel exhaust can 
even be more genotoxic!

3x

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

Non-treated diesel exhaust 
is genotoxic after 6 h, also 
with a fuel-borne iron 
catalyst (Satacen)
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Why can filtered, particle-free diesel exhaust still be genotoxic?

Impact of DPFs on genotoxicity

20x
Filtered diesel exhaust can 
even be more genotoxic!

Non-treated diesel exhaust 
is genotoxic after 6 h, also 
with iron catalyst (Satacen)3x

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

Catalytic DPF lowered 
genotoxicity

1x

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

Impact of DPFs on genotoxicity

20x

3x

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

Filtration is not 
enough!
We need catalytic
filters, which
convert genotoxic
compounds
not baking new
ones! 

1x
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• 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?

Secondary emissions from emission control devices 
and their impact on occupational health and safety

Would you run a diesel engine in your living room an serve tea to friends?

Outline

A consequence of co-released NOx, soot and soot adsorbates

Nitration chemistry in non-catalyzed DPFs

Does exposure of soot and adsorbates to NOx alter exhaust toxicity?
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Soot is, from a chemists perspective, an extended PAH

Soot and soot adsorbates

1.85 nm (1/10 of a primary soot particle)

Soot and soot adsorbates

1.85 nm (1/10 of a primary soot particle)

Do PAHs adsorb on soot?

pyrene
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Soot and soot adsorbates

1.85 nm (1/10 of a primary soot particle)

Do PAHs adsorb on soot? 

pyrene

Soot catalyzed nitration of PAHs

+

1.85 nm (1/10 of a primary soot particle)

Can adsorbed PAHs be nitrated on soot?

pyrene
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1.85 nm
pyrene 1-nitro pyrene

From harmless pyrene to mutagenic 1-nitro-pyrene?

Soot catalyzed nitration of PAHs

Outlet

Nitro-PAH formation in non-catalyzed DPF

Non-catalyzed filter operated <200 °C to accumulate soot and hydrocarbons 

- pyrene is stored in a new, but released from a soot-loaded DPF

storage release
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Non-catalyzed filter operated <200 °C to accumulate soot and hydrocarbons 

- pyrene is stored in a new, but released from a soot-loaded DPF

- 1-nitro pyrene is stored in a new, but formed and released 
from a soot-loaded DPF (30x)

Nitro-PAH formation in non-catalyzed DPF

storage release

• 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?

Secondary emissions from emission control devices 
and their impact on occupational health and safety

Would you run a diesel engine in your living room an serve tea to friends?

Outline
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Results

It’s a long way from diesel soot to CO2 and H2O!

Conclusions

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

- DPFs lower emissions of genotoxic PAHs

- Some DPFs can form mutagenic nitro PAHs

Best available filter technologies:

- remove persistent soot nanoparticles

- lower the genotoxic potential of the exhaust

- have low risks for secondary pollutants 

Consider VERT-approved filters for retrofitting

Secondary emissions from emission control devices 
and their impact on occupational health and safety
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 Filter- & catalyst manufacturers: >60 different diesel particulate filter systems
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