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Outline

• Nucleation and soot particles in Diesel 
exhaust

• Are there solid cores in nucleation particles?

• Exhaust particles from modern diesel vehicle 
with aftertreatment systems
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Particle emission and formation in Diesel exhaust

Introduction
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Test vehicle:
Euro-3 Diesel
speed, fuel consumption 
exhaust temperatures

Ford Mobile Lab:
SMPS, CPC, NOx, 
CO2, T and RH

Test track:
high speed oval, 
4 km/lap
Distance: 10-100 m

On-road chasing of exhaust plume
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Focus TDCi 1.8 l
PDR = 10, T dil. air = 20°C, dry dil. air
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Effect of engine load and fuel sulfur

High load and high S fuel lead to the formation of a 
nucleation mode.

Euro-3 diesel passenger car

nucleation particles

soot particles
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Volatility of nucleation particles

The nucleation particles are composed of semivolatile material.

Euro-3 diesel passenger car, 350 ppm S fuel, 120 km/h

PDR = 10, T dil. air = 20°C, dry dil. air
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Turbo 
Pump
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PumpTurbo 

Pump

Ambient Pressure
Sampling Orifice

Aerodynamic Particle  
Focusing Lens Particle Beam 

TOF Chopper

Quadrupole
Mass Spectrometer

Thermal
Vaporization

and

Electron 
Impact
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Particle Beam 
Generation

Aerodynamic Sizing Particle  
Composition 

Aerodyne Research, Inc.

Aerosol Mass Spectrometer (AMS)
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Nucleation particles composition at 120 km/h
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Schneider et al., MPI Mainz/Ford, 
ES&T 39, 6153 (2005)Mainly sulfate, only minor organics
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Summary (1)
• Studies have shown that formation of nucleation 

particles in Diesel passenger car exhaust is related to 
high fuel sulfur, high engine load and the presence of 
an oxidation catalyst. Also, observed at idle.

• Nucleation particles mainly consist of sulfuric acid 
with a minor organic contribution

• There has been some speculation on solid residuals, 
like ash, or carbon, being present as cores inside the 
nucleation particles
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Experimental (1)

Tailpipe

1st
Diluter

Rotating
Disk

Diluter

electr. Sampler
for TEM Grids

Thermo-
denuderSMPS 2

SMPS 1

Excess
altn.
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Experimental (2) 

• European Reference Fuel: sulfur <10 ppm; aromatics = 23.5%

• For high sulfur experiments fuel was doped with S-compound to S= 310 ppm

• Diesel car (Euro-3);

• PM= 14-20 mg km-1
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120 kmh-1, high sulfur: Morphology  (2)

• EDX: weak S-signal • Some NP contained smaller particles 
(1-3 nm) with a very high contrast.
Under electron beam these particles 
disappeared

soot
nucleation
particles

SO4
2-/

NO3
- salt

nucleation
particles
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Size distribution at cold start idle (1)

high S fuel low S fuel

• nucleation mode appears at cold start
• disappears during warm-up; soot mode remains
• same behavior with high and low S fuel

 
SMPS 3010, VETS 2005-0131, high S F108 cold idle
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SMPS 3010, VETS 2005-0126, F24 (low S) cold idle
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Size distribution at cold start idle (2)

high S fuel w thermodenuder

• nucleation mode is partially volatile 
• remaining particles at 10-20 nm

 
SMPS 3080, VETS 2005-0131, after Thermodenuder
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Morphology at cold start idle (1)

nucleation 
particle

soot 
particle

• nucleation particle is not H2SO4,not ash
• could be prim. soot with condensate
• could be high boiling HC

• soot particles and nucleation
particles

• EDX: no sulfur

200 nm200 nm

low S fuel



17

Research & Advanced Engineering

Warm idle: size distribution (1) 
 

SMPS 3010, VETS 2005-0048, F24 warm idle
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• no nucleation particles; soot mode only

low S fuel,
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Warm idle: Morphology           (2)

• soot particles only
• no nucleation particles
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Summary (2)
• At high load and high S fuel 10-20 nm nucleation particles 
observed by SMPS and TEM in the exhaust of a diesel 
passenger car 

• Thermodenuder and TEM show all particles are 
volatile (EDX: weak S-signal); some NP contained smaller 
particles (1-3 nm) with a very high contrast. Under electron 
beam these particles disappeared

• At cold start idle with low and high S fuel nucleation 
particles observed; thermodenuder shows partly volatile 
nucleation mode;TEM: not sulfate, not ash; could be high 
boiling hydrocarbons, or primary soot particles

• At warm idle: only soot particles in SMPS and TEM
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Diesel particle filter (DPF) efficiency (1)
 

SMPS 3010, VETS 2004-0223, 34 & 68
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• very efficient PM number reduction at all sizes

without DPF

with DPF
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Euro-3 Diesel: 
w and w/o DPF

larger PM number 
reduction (total: 
9.2x1013 -> 3.1x1010

Eff. = 99.97%)

than PM mass 
(26.6 -> 1.2 mg/km
Eff. = 95%)

 
412 NEDC (red Mondeo with part. filter)
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403 NEDC (red Mondeo w/o part. filter)
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Diesel particle filter (DPF) efficiency (2)
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Filter material impact on legal PM 
mass measurement
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=> Filter material influence due to gas phase adsoprtion
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DPF vehicle: Real World Emissions
• Chasing of  Diesel vehicle w DPF (35 ppm S) with Mobile 

Lab

• Particulate emissions at const. speed only slightly above background
• Soot mode at 50 – 70 nm very low
• Nucleation mode may occur during regeneration, no soot increase
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Summary (3)

• Diesel particle filters remove very efficiently 
soot particles at all sizes (>99% by number)

• hydrocarbons and sulfuric acid may pass DPF 
and contribute to ‘PM mass emission’

• During regeneration (1/600 km) sulfate 
release can lead to nucleation particles 
formation, which should not be confused with 
soot particles 


