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20 years VERT Filter test 

released  January 11, 1998 released  July 17, 1998 

Ce, Fe Cu 

The 1st, 2nd and with some delay the 3id DPF tested and reported 



20 years VERT Filter test 

Filters needed more than ever 

Highlights of the VSET 

(Hypotheses and facts) 

An urgent need for filters in NEAT tunnels 
(Why it all started) 

(The near future still is combustion) 

 Something to celebrate! 



Are DPF safe to operate them in tunnels? 

VERT secondary emissions test (VSET) 

- Reduce PM- & PN-emissions (>98%) 
- Reduce toxic compounds a.m.a.p. 

Approved filters should: 

- Low risks for secondary emissions 

Our hypothesis: Any particle filter is a 
chemical reactor! 

Are diesel particle filters safe? 



If a DPF is considered as a chemical reactor, a combined dePN is a factory! 

Are combined filter-deNOx systems even safer? 

Our hypothesis: Any combined deNOx and 
particle filter is a chemical factory! 

Chemistry matters,  
it determines toxicity 
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 2 Swiss federal votes on:  
    - Construction of a new railway link tunnelling   
       the Swiss Alps, 21.9.92  
    - Protection of the Alps, 20.2.94 
 
- 2 tunnels at 57 km, 153 km shafts & tunnels 
- costs >20 billion CHF 
- build from 1993-2017  
- hundreds of workers and diesel engines 

Nordportal Erstfeld Zwischenangriff Amgsteg Zwischenangriff Sedrun Zwischenangriff Faido Südportal Biasca 

NEAT – the longest railway 
tunnel in the world 

 Visionary decisions of the Swiss people 26 years ago! 
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NEAT – the longest railway tunnel of the world 
built with VERT-approved DPFs 

 Tunnel drilling today looks like this 



 But this is only part of the truth!  But this is only part of the truth! 

NEAT – the longest railway tunnel of the world 
built with VERT-approved DPFs 
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 There’s a lot of this yellow machinery in the tunnel 

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

As Francois Jaussi of Liebherr knows! 
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Fresh Air 

 Is there enough fresh air to survive in these long tunnels? 

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

 Is there enough fresh air to survive in these long tunnels? 

 Diesel soot working place limit: 0.1 mg/m3 (>1000x dilution) 

 VERT: Verminderung der Emissionen von  
   Realmaschinen im Tunnelbau 
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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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760 µg/m3 

1 Maximum working place concentration 

MAK1 

BG2 

2 Back ground concentration 
SUVA 2004 

DPFs in the NEAT - a success story 
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Best lung cancer prevention! 
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 DPF obligation on NEAT-construction sites, proven soot reduction 
  in tunnel air 
 VERT®-approved filters – a accepted label for good filter quality 
 Extention of filter obligation on large construction sites 
  (Obligation to retro-fit engines >37 kWh with VERT approved filters) 
 Swiss norm on filter testing (SNR  277206) 
 Revision of the LRV for construction machinery, ban of copper  
catalyzed filters, first particle number limit of 1x1012 particles/kWh 
• Several attempts in the Swiss parliament for or against filter 
  obligations for on-road HDV, busses, farming machinery 

Environmental technology and politics at work 

Nordportal Erstfeld Zwischenangriff Amgsteg Zwischenangriff Sedrun Zwischenangriff Faido Südportal Biasca 

The VERT project 

 With impact on local, cantonal, national and international level 



20 years VERT Filter test 

Filters needed more than ever 

Highlights of the VSET 

(Hypotheses and facts) 

An urgent need for filters in NEAT tunnels 
(Why it all started) 

(The near future still is combustion) 

 Something to celebrate! 
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7 m3 exhaust (2 minutes of an Euro-3 engine (6.1 L, 105 kW, Liebherr)  

450x1012 particles 
150 ng BAP 
 
 

0.1x1012 particles 
7 ng BAP 
 

The visible effect of a high quality diesel 
particle filter  
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> 99% 

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

Why we have to count particles and not weight them! 
Why we need a particle number based legislation! 

The invisible effect of a high quality diesel 
particle filter  
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>60 VERT-approved DPFs available (to use them) 

Mayer et al. MTZ, 2009, 70, 72-79 
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The VERT label for approved 
particle filter 

PN filtration efficiencies >98% for all particles (23 – 400 nm) 
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World Health Organization, IARC 
Diesel engine exhaust: A group 1 carcinogen 

Diesel engine exhausts cause cancer in humans 



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

 Group 1 

 Lung cancer  
in exposed workers 

Diesel engine exhausts cause lung cancer in humans 

only 125 years after  
Rudolf Diesels patent! 



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

Diesel engine exhaust cause cancer in humans 

12315 workers,  
198 lung cancer death 
(16 in 1000) 

 diesel exhaust exposure: 
 a potential public health burden 

In 2012, the NEAT tunnel 
was drilled and workers 
exposed for 14 years 
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Carcinogenesis of benzo(a)pyrene 



Swiss workplace legislation 

Minimization principle for exposure to carcinogens 
With best available technology 
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Swiss clean air act (LRV): List of carcinogenic 
compounds 
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Some PAHs are carcinogenic according to the WHO 

1 2
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Pyrene Fluoranthene Chrysene Benz(a)anthracene 

Benzo[b]- 
fluoranthene 

Benzo[k]- 
fluoranthene 

Benzo[a]- 
pyrene 

Indeno(1,2,3-cd)- 
pyrene 

Genotoxic PAHs 

Carcinogenic PAHs 

More PAHs in diesel and GDI exhausts tomorrow  
Focus event 12:00 Maria Munoz  Munoz et al. Atm. Env, 2018, 178, 242-254 
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All VERT approved DPFs convert PAHs, many rather efficient 

Conversion of carcinogenic PAHs 
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VERT approved DPF convert genotoxic PAHs 



Trojan horse, Harbour of Canakkale, Turkey 

Problem: Trojan horse effect 

 Nanoparticles penetrate cell  
  membranes (alveoli, placenta, 
  blood cells) acting like a  
  Trojan horse 

Soot nanoparticles act as  
Trojan horses for genotoxic compounds 

Win the Trojan horse prize at 
this years ETH conference! 
deadline March 23, 2018 



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

Low- / high-oxidation potential DPFs 
 

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 



We have 2 filter families, one forms NO2, the converts it! 

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 
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Filter Wall 

Store and release phenomena in non-
catalyzed DPF 

Non-catalyzed filters are efficient for soot. How about semi-volatile compounds? 

Accumulate soot (>98%) 

  Do they reduce genotoxic 
   compounds a.m.a.p?  

Non-catalyzed DPFs: 

- Do they have toxic secondary  
  emissions? 

What do you expect, can PAHs  
penetrate non-catalyzed DPFs? 



Catalyzed DPFs convert PAHs, non-catalyzed 
accumulate and release them 

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

- Hox-DPF convert >94% chrysene 

- Lox-DPF convert >60% chrysene 

- A new non-catalyzed DPF can store chrysene  
  (at cold conditions even better than a lox-DPF) 
- A loaded non-catalyzed DPF can release chrysene   

Store and release phenomena in open & non-cat. DPF! 



Assessment of the PCDD/F formation 
potential  

Formation of polychlorinated dioxins and furans in filters 

Is there a risk for a trap-induced formation of PCDD/Fs? 



2,3,7,8-Tetrachlorodibenzodioxin - the so-called Seveso-dioxin 

What are PCDD/Fs? 

PCDD/Fs: toxic at pg-quantities 
 



Analysis of dioxins at ultratrace level 

Which are the 7 toxic PCDD? 

Chemical structures of polychlorinated dibenzodioxins 
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Assessment of the PCDD/F-formation 
potential of DPFs 

We just have to pick the right ones 
1s

t 

2n
d 

3i
d 

Heeb et al., ES&T 2007, 41, 5789-5794 



 10x 

The dioxin formation potential of the respective DPFs?  

Assessment of the PCDD/F-formation 
potential of DPFs 

1s
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2n
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3i
d 



 100x 

Assessment of the PCDD/F-formation 
potential of DPFs 

So far only 3 of the 37 tested DPFs induced a PCDD/F formation?  
1s

t 

2n
d 

3i
d 



 1000x 

Assessment of the PCDD/F-formation 
potential of DPFs 

These 3 DPFs exceed the MWI emission limit of 100 pg/m3 exhaust 
1s

t 

2n
d 

3i
d 
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Das Bild kann zurzeit nicht angezeigt werden.

Assessment of the PCDD/F-formation 
potential of DPFs 

These 3 DPFs exceed the MWI emission limit of 100 pg/m3 exhaust 
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PCDD/F Formation Potential of DPFs: 
New Risks with Biofuels? 

K, bio or not, can promote a PCDD/F formation in certain Fe-catalyzed DPFs 



Certain DPFs are not compatible with certain biofuels!  

Cu 

Fe/Cu 

Fe/K 

PCDD/F Formation Potential of DPFs: 
New Risks with Biofuels? 
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It’s bio! It’s fossil fuel! (fossilized biofuel) 

1s
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3i
d 

Heeb et al., ES&T 2015, 49, 9273-9279 



Possibly thousands of vehicles with Fe-catalyzed DPFs might become active,  
when exposed to biofuels, as foreseen by EU legislation! 
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PCDD/F Formation Potential of DPFs: 
New Risks with Biofuels? 
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Heeb et al., ES&T 2015, 49, 9273-9279 



The NO2 problem of high oxidation  
potential DPFs 

NO2 induces acute and chronic toxicity 
(oxidative stress, inflammation, COPD) 

Nitrogen dioxide problem: 

Diesel-gate, too high NO2 levels  
in many European cities,  
Diesel ban in German cities! 

We urgently need efficient 
deNOx technologies! 



Urea-based SCR 

Some key molecules of the selective catalytic reduction with urea 

+II +IV O 

-III -III -III 

SCR catalyst: 
 acute toxic 

RNCs are: 

 highly reactive 
 short life time 

Heeb et al., ES&T 2012, 46, 13317-13325 



The visible effect of a SCR system 

7 m3 Abgas (2 Minuten eines Euro-3 Motors (6.1 L, 105 kW)  7 m3 exhaust, 2 minutes of a Euro-3 engine (3 L, 100 kW)  



EC Press release IP-16-2582-DE 

Why were Euro-III, -IV, -V HDVs not equipped 
with DPFs?  

EU commission fines HDV producers for antitrust law violations 



EC Press release IP-16-2582-DE 

9 out of 10 HDVs in Europa are involved 

illegal trust was active for 14 years (1997-2011, Euro-III to Euro-V) 

illegal agreement on price and convertor technology 

3.8 billions Euro fine (MAN was the whistle blower, fine of 1 billion 
Euro was canceled)  
  Volvo/Renault  0.7 Mia,  Daimler    1.0 Mia,  
  Iveco    0.5 Mia,  DAF   0.8 Mia,  
  Scania  0.9 Mia 

EU commission fines HDV producers for antitrust law violations 

Why were Euro-III, -IV, -V HDVs not equipped 
with DPFs?  

 Brussels, July 19, 2016 



20 years VERT Filter test 

Filters needed more than ever 

Highlights of the VSET 

(Hypotheses and facts) 

An urgent need for filters in NEAT tunnels 
(Why it all started) 

(The near future still is combustion) 

 Something to celebrate! Chemistry matters,  
it determines toxicity 



Thanks:   VERT team: Andreas Mayer, TTM, Niederrohrdorf  
     Jan Czerwinski, Sandro Napoli, Tobias Neubert, Thomas Hilfiker, Samuel Bürki, Peter, 
     Bonsack, Jean-Luc Petermann, Yan Zimmerli, Hervé Nauroy Uni. Appl. Sci., Biel. 
     Markus Kasper, Adrian Hess, Thomas Mosimann, Matter Aerosols, Wohlen 
     Hans Jaeckle, Urs Debrunner, Oliver Schumm, Intertek Caleb Brett, Schlieren. 

    Empa colleagues: Thomas Bührer, Lukas Emmenegger, Anna-Maria Forss, 
     Urs Gfeller, Maria Guecheva, Peter Graf, Roland Graf, Erika Guyer, Regula Haag, Peter  
     Honnegger,  Judith Kobler, Martin Kohler, Peter Lienemann, Alfred Mack, Peter Mattrel,  
     Martin Mohr, Joachim Mohn, Christof Moor, Maria Munoz, Andreas Paul, Peter Schmid, 
     Cornelia Seiler, Andrea Ulrich, Heinz Vonmont, Thomas Walter, Max Wolfensberger,  
    Daniela Wenger,  Adrian Wichser, Markus Zennegg, Kerstin Zeyer. 

   Governement: Peter Bonsack, Philipp Hallauer, Giovanni D’Urbano, Felix Reutimann, 
     Max Wyser, Gerhard Leutert, Martin Schiess, Swiss Fed. Office for Environment, Bern  
     Thomas Gasser, Heinz Berger, Gerhard Stucki, Swiss Federal Road Office 
 
  Filter- & catalyst manufacturers: >60 different diesel particlefilter systems 

Traugott Sandmeyer (1854-1922) 

Secondary emissions of 
current and future converter technologies 

A combined effort with many important contributions  
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