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DefinationDefinationDefinationDefination

Soot (black carbon): the mass of combusion-generated sp2-bonded carbon.Soot (black carbon): the mass of combusion-generated sp2-bonded carbon.

Organic carbon: organic compounds or the carbon fraction of the aerosol 
that is not black.
Organic carbon: organic compounds or the carbon fraction of the aerosol 
that is not black.



Diesel soot, a hot topic in  envirenmental protection
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Automobile with Diesel engineAutomobile with Diesel engine
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Diesel particulate standards of the European UnionDiesel particulate standards of the European Union

Engine type               Light-duty diesel vehicle               Heavy-duty diesel vehicle
Test cycle ECE-15 + EUDC ECE R-49 13 modeTest cycle                  ECE-15 + EUDC                              ECE R-49 13 mode
Unit of standard        g km-1 g per kWh

Particulate (HC + NOx) Particulate NOxParticulate           (HC  NOx)            Particulate           NOx
standard              standard               standard              standard

DI            IDI          DI           IDI

1993(Euro-I)              0.19        0.14        1.36        0.97           0.36                 9.0
1994(Euro-I)              0.14        0.14        0.97        0.97           
1996(Euro-II)             0.10        0.08        0.9          0.7             0.15                 7.0
1999(Euro-III)            0.04        0.04        0.5          0.5             0.12                 5.0
2004(Euro-IV)                    0.025                   0.025                  0.02                3.5
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Particle Emission of Commercial Vehicles: 
Delevepment of the standard 1988-2008
Particle Emission of Commercial Vehicles: 
Delevepment of the standard 1988-2008Delevepment of the standard 1988 2008Delevepment of the standard 1988 2008

Data Source: MAN AG[mg/M3]for HD engines [mg/kWh]
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Reduction of emissions

Changes in fuel: Alcohols;Changes in fuel: Alcohols; 
Compressed natural gas
Vegetable oils (rapeseed, sunflower, soya bean)

Engine modification: Optimization of the combustion chamber geometry
Injection timing
High injection pressures
TurbochargingTurbocharging

After-treatment:  Removal of NOx (selective catalytic reduction)       ( y )
Removal of particulates

Paticulate traps (wall flow monolith)
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Low Emission Diesel Engine

1 Is the soot particulate produced under optimized fuel1: Is the soot particulate produced under optimized fuel 
combustion conditions different from that produced 
in older engines ?in older engines ?

2: What is the chemical reactivity of Euro IV engine soot ?2: What is the chemical reactivity of Euro IV engine soot ?

3: Does the Euro IV engine soot pose the same health3: Does the Euro IV engine soot pose the same health 
risk as soot emitted from older diesel engines ?
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EURO –IV Diesel EngineEURO –IV Diesel Engine
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Euro IV Soot collected for TEM
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Size-distribution of Soot ParticlesSize-distribution of Soot Particles
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Polycyclic aromatic hydrocarbon (PAH) sootPolycyclic aromatic hydrocarbon (PAH) soot
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Black Smoke and Furnace Soot

Soot from a black smoking diesel engine Furnace Soot FW1 from Degussa
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Euro III Diesel Soot
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Euro IV Diesel Soot
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Fullerenoid aggregate (Onion-like carbon)Fullerenoid aggregate (Onion-like carbon)



Euro IV Diesel Soot
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Rough surface with fullerenes and fullerenoidsRough surface with fullerenes and fullerenoids



Euro III and IV Diesel Soot
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Heavy defective surface structure of Euro IV sootHeavy defective surface structure of Euro IV soot



Fullerenoid aggregate from an Euro IV engineFullerenoid aggregate from an Euro IV engine

Primary particles with very strongly bent graphene layers The particles are boundedPrimary particles with very strongly bent graphene layers. The particles are bounded 
on large agglomerate by sharing graphitic layers. The fullerenoid structures are found 
on the surface of primary particles
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Surface Chemistry
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Electronic structure
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Summary ISummary I

 Emission rate and size distribution of soot
 Lower emission (few soot mass)
 Reducing of the particle-size distribution

 Microstructure  (unexpected !)
 Fullerene- and fullerenoid-like structure
 Small graphene size and curvation
 A t d d ti f f ll d f ll id Aggregates and adsorption of fullerenes and fullerenoids on 

surface of large particles

 El t i t t Electronic structure
 Co-existence of 3- und 4-fold bond carbon
 A certain amout of carbon in sp3-hybridization
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 A certain amout of carbon in sp hybridization



Oxidation: Thermogravimetry
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Combustion of EURO III und IV Soot
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Isothermal Treatment
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NO2 Investigations

Euro IV Diesel Engine Soot
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Oxidation with NO2
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Possible uptake by skin, gastric tract and Possible uptake by skin, gastric tract and 
lunglung

adapted from G. Oberdörster, 2005
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Intracellular uptake of nano-sized material

M t i Ri i t l 2005Monteiro-Riviere et al. 2005

1.5 µm

Limbach et al. 2005

MWCNT in keratinocyte Ceria nanoparticles of 50 nm in 
lung fibroblast
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Cell cultures: in vitro model
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Cytotoxic test

Assess the ability of soot to elicite an inflammatory response by human Assess the ability of soot to elicite an inflammatory response by human 
macrohpge cellsmacrohpge cells in vitroin vitro and to be cytotoxic again these cellsand to be cytotoxic again these cellsmacrohpge cells macrohpge cells in vitroin vitro and to be cytotoxic again these cells.and to be cytotoxic again these cells.

MacrophageMacrophage, also know as antigen presenting immune system that react , also know as antigen presenting immune system that react 
against all foreign body materials When these cells get in contactagainst all foreign body materials When these cells get in contactagainst all foreign body materials. When these cells get in contact against all foreign body materials. When these cells get in contact 
with material particles or pathogen, they become activated and , after with material particles or pathogen, they become activated and , after 
having phygocytosed particles, secrete a lot of chemical mediators of having phygocytosed particles, secrete a lot of chemical mediators of 
i fl ti i i t ith th h t ti d thi fl ti i i t ith th h t ti d thinflammation, very aggressive against either the host tissues and the inflammation, very aggressive against either the host tissues and the 
foreign molecules or particles.foreign molecules or particles.

E l ti f d d ll b Li /D d ll it lit d fE l ti f d d ll b Li /D d ll it lit d fEvluation of dead cells by Live/Dead cell vitality array and of Evluation of dead cells by Live/Dead cell vitality array and of 
apoptotic cells.apoptotic cells.
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Cytotoxicity of BS and LE paticles on Cytotoxicity of BS and LE paticles on 
human MDMShuman MDMS

Evluation of dead cells by Live/Dead Cell Vitality Array (left panel)Evluation of dead cells by Live/Dead Cell Vitality Array (left panel)

human MDMShuman MDMS

Evluation of dead cells by Live/Dead Cell Vitality Array (left panel) Evluation of dead cells by Live/Dead Cell Vitality Array (left panel) 
and of apoptotic cells (right panel)and of apoptotic cells (right panel)
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MDMS: MonocyteMDMS: Monocyte--derived macrophage cellderived macrophage cellMDMS: MonocyteMDMS: Monocyte--derived macrophage cellderived macrophage cell



Cytotoxicity of BS and LE paticles on Cytotoxicity of BS and LE paticles on 
human MDMShuman MDMShuman MDMShuman MDMS

Apoptotic/necrotic cells (arrowed)  in MDMS culture when treated with Apoptotic/necrotic cells (arrowed)  in MDMS culture when treated with 
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Cytotoxicity of BS and LE paticles on Cytotoxicity of BS and LE paticles on 
human MDMShuman MDMShuman MDMShuman MDMS

Scanning elecgtron microscopy view of untreated (Ctr) and treated cellsScanning elecgtron microscopy view of untreated (Ctr) and treated cellsScanning elecgtron microscopy view of untreated (Ctr) and treated cellsScanning elecgtron microscopy view of untreated (Ctr) and treated cells
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Test of inflammatory potentialTest of inflammatory potential

Effect of BS and LE soot particle treatment on proEffect of BS and LE soot particle treatment on pro-- and antiand anti--
i fl ki d i b MDMi fl ki d i b MDMinflammatory cytokines production by MDMsinflammatory cytokines production by MDMs

IL 1beta IL 6: pro inflammatory cytokines
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Macrophage activationMacrophage activation

Morphological changes of MDMs culture after soot particle treatmentMorphological changes of MDMs culture after soot particle treatmentMorphological changes of MDMs culture after soot particle treatmentMorphological changes of MDMs culture after soot particle treatment

2020 µmµm2020 µmµm20 20 µmµm20 20 µmµm
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Summary IISummary II

 Euro IV Diesel soot is chemical more reactive 
than conventional soot, low oxidation 
temperature

 Euro IV Diesel soot is more cytotoxic and have 
a high inflammaroty potentialg y p

38
vo

n 
53



ConclusionConclusion

Minimizing soot emissionsMinimizing soot emissions 

 is not automatically beneficial for human health

 makes soot particles more bio-available

 result in facile interfacing between the inorganic 
soot and the biospheresoot and the biosphere

The development of filtering technogloy must be directed toThe development of filtering technogloy must be directed to
The removal of lultrasmall particles with pose a higher risk
per gram to the biosphere than more conventional forms of

39
vo

n 
53 per gram to the biosphere than more conventional forms of

large-particle soot



Surprising report in BildSurprising report in Bild
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From birthday candleFrom birthday candle
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HRTEM and EELS
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High-resolution imaging

Energy Loss (eV)



Romantic candle light dinner...Romantic candle light dinner...
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Advice I: using LED candle for romantic 
dinner
Advice I: using LED candle for romantic 
dinnerdinnerdinner
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