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We summarize our current research on combustion aerosols. First, sampling devices for 
the analyses of flame gases are described. The flame gas samples are investigated by mass 
spectroscopy and by standard aerosol techniques. Time-of-flight mass spectroscopy is well 
suited to study formation and growth of soot precursor molecules. Fullerenes can also be 
seen in some mass spectra of flame gases. Presumably, the fullerenes are evaporated from 
small soot particles in the mass spectrometer by the ionizing laser. Size spectra of soot 
particles from the flame are presented. The flame is optionally seeded with palladium 
aerosol to demonstrate that the particle size distribution is not altered during the samp­
ling procedure. It is found that soot particles are already present low in the flame where 
large molecules are absent.
Photoemission is applied to study surface properties of soot particles from the flame. It is 
shown that the surface of the particles is covered with polycyclic aromatic hydrocarbons 
(PAH). The PAH can be removed by heating and the properties of the carbon core are 
revealed. One can thereby distinguish a soot growth from a soot burnout region in the 
flame. Time-resolved desorption experiments of perylene (a PAH) from model aerosol par­
ticles are presented. It is shown that they follow a first order rate law. The photoelectric 
PAH sensor is introduced as a personal air quality monitor. The danger from inhaling com­
bustion aerosol can be expressed in units of standard cigarettes.

The carbon atom has the unique 
capability of forming clusters at 
temperatures above 1000 °C. Such temp­
eratures occur in the combustion of 
organic materials and fuels used almost 
exclusively in our present civilisation for 
power generation. The carbon clusters are 
very difficult to get rid of once they have 
formed. As the exhaust gas carrying the 
carbon clusters cools down, various other 
chemicals adsorb onto the carbon clusters 
arising from wear and tear in the engine, 
or synthesized in the process of combust­
ion, or simply from unburnt fuel. In this 
way, the carbon clusters become the 
skeleton of the soot particles found 
suspended in great quantities in the air in 
which we live. The soot particles are of 
respiratory size, that is they are deposited 
in the human respiratory tract where they 
cause life-threatening diseases. It has been 
shown in the famous Harvard six cities 
study [1], and subsequent similar work in 
15 European cities, that mortality from 
cardiopulmonary disease increases by 1% 
when loading of the air with respiratory 
particles increases by 10 pg/m3. Even in

allegedly clean cities, such as the city of 
Zurich, 3-4 times higher concentrations of 
respiratory particles are typically 
generated by automotive traffic alone. 
Moreover, it is very well known that there 
are also long-term health risks associated 
with the inhalation of respiratory 
particles; lung cancer is the most dreadful 
of them. There is a delay of as much as 20- 
30 years between the beginning of the 
exposure to the soot particles and the 
outbreak of the disease, and this delay 
very often leads younger people to believe 
that they are immune, despite the clearcut 
epidemiological evidence. However, very 
recently all doubts have been removed, as 
a direct etiological link between benzo- 
(a)pyrene (B(a)P) and human lung cancer 
has been established using the methods of 
molecular biology [2]. B(a)P belongs to 
the class of polycyclic aromatic hydro­
carbons (PAH). These chemicals are at the 
centre of our work. We will show how 
PAH are synthesized in combustion 
concomitantly with the carbon clusters. 
We will also show that the heavier PAH, 
including the carcinogenic species such as

B(a)P, are adsorbed on particles at 
ambient temperature. Lastly, we will 
demonstrate that respiratory particles 
having adsorbed PAH on their surface are 
detected readily by the fact that they can 
be charged electrically with great 
efficiency through photoemission of 
electrons. Based on these findings, we 
determine the individual human exposure 
to particles from combustion and relate 
this exposure to that received when 
smoking a cigarette. It turns out that for 
many people the dose of B(a)P received 
from traffic fumes is equivalent to 
smoking a few cigarettes every day.

We are not the only people worried 
about the health impact of particles from 
combustion. Mario Molina, winner of the 
chemistry Nobel prize in 1995 for his work 
on atmospheric ozone depletion, gave part 
of his prize money to a foundation 
supporting research on air pollution in 
Latin America [3]. At the first world 
congress on air pollution in San José in 
Costa Rica in November 1996, it was 
estimated that 460000 people die 
worldwide every year from respiratory 
particles produced by automotive traffic. 
This figure shows that the danger of 
smoke from traffic now approaches the 
danger from cigarette smoke. The latter is 
estimated to kill more than 3 million 
people a year.

Fine particles from combustion 
contain thousands of different chemicals. 
Complete chemical characterization is 
impossible because of this complexity, the 
very tiny amount of material, and the

Fig. 1. Sample extraction systems.
a) The ceramic capillary is glued to a double-walled 
quartz tube. The dilution gas enters through the annu­
lar space between the tubes.
b) The flame gases enter through the hole in the bot­
tom of the tube In which the dilution gas flows.
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chemicals that are subject to change in the 
atmosphere. However, common to all 
particles from incomplete combustion is 
the carbon skeleton. Cluster science has 
developed the tools to characterize 
clusters and to understand their formation 
on the atomic and molecular level. 
Therefore, research on the formation of 
carbon in combustion is at the forefront of 
the research in solid state physics, and also 
is the most obvious application of cluster 
science to which K.H. Bennemann has 
significantly contributed.

Sampling from inside the com­
bustion zone
The present work differs from the 

work of others in that we take samples of 
gas containing molecules and particles 
directly from the combustion zone. The 
small sampled volumes are immediately 
and highly diluted with cold inert gas such 
as Ar or N2 and subsequently fed into a 
time-of-flight (TOF) mass spectrometer. 
Simultaneously, aerosol sizing equipment, 
including an interaction tube with the 
light from pulsed lasers, is used to 
determine the size distribution and 
surface properties of the particles. For the 
most important case of the PAH, the 
enthalpy of adsorption and the time 
needed to reach the desorption/ 
adsorption equilibrium at the particle 
surface is also measured. As a combustion 
model, we have chosen a laminar methane 
diffusion flame. However, the technique 
may be applied to almost any combustion, 
be it wood fire, diesel engine, cigarette, or 
whatever else one likes to imagine. Yet the 
model we present here has some advant­
ages for developing the basic under­
standing of carbon formation in combust­
ion. First, methane (CH4) is the simplest 
organic fuel. It produces comparatively 
few soot particles which are all burnt up 
before the combustion gases cool down. 
The small particle concentration means 
that interaction between particles, such as 
agglomeration, is minimal. Second, a time 
scale is established by the laminar flow.
The distance from the orifice of the burner 
can be translated into time spent in the 
combustion zone. As the oxygen is 
supplied by diffusion from the outside, the 
symmetry axis in the middle of the flame 
has the lowest oxygen partial pressure.
The results discussed below are valid for 
the symmetry axis of the cylindrical flame. 
To avoid flickering of the flame, it is 
surrounded by a laminar flow of air.

In Fig. 1 we show a comparison of the 
two sample extraction systems used. In

system a) a capillary of ceramic material 
extends into the flame. Flame gases are 
extracted by maintaining reduced pressure 
in the quartz tube to which the capillary is 
attached. The flame gases expand into the 
quartz tube where they are diluted with 
nitrogen or argon by factors ranging from 
10-1000, depending on the experiment. 
The capillary does not visibly disturb the 
flame. The position of the capillary orifice 
in the flame is adjusted by moving the 
flame with a computer-driven mechanical 
motion. It is thus possible to take samples 
from any point in the flame. We have 
reason to believe that the height resolution 
of the sampling is less than o.i mm while 
we do not know the exact radial extension 
of the sampled volume. In system b) a tube 
in which the inert dilution gas flows is 
placed across the flame. Depending on the 
pressure difference between flame and the 
dilution gas stream, flame gases enter into 
the tube through a pinhole at the bottom. 
This device disturbs the flame, but

essentially only after the sample has 
been taken. Its advantage compared to 
a) is that it is simpler to construct and 
it samples with superior radial 
resolution. We have not observed any 
systematic differences between samp­
les taken using system a) or b) [4,5].

Time-of-flight (TOF) mass spec­
troscopy with pulsed laser ion­
ization
The diluted flame gases pass by a 

pulsable valve which opens for a few 
microseconds, allowing the gases to 
expand into the vacuum chamber of a 
commercial Bruker-Franzen TOF mass 
spectrometer. The skimmer defines a 
beam in which the temperature is low 
due to the supersonic expansion. The 
light molecules such as H20 , CH4, or 
C2H2 are ionized by electron impact for 
TOF mass spectroscopy. With the PAH, 
ionization by photoemission of elect­
rons is used to avoid fragmentation.

Fig. 2: Height 
profiles of selec­
ted molecules 
found In the fla­
me. CH4, H20, and 
C2H2 were Ionized 
by electron Im­
pact, the other 
molecules which 
are polycyclic aro­
matic hydrocar­
bons (PAH) by 
ionization with an 
excimer laser of 
5 eV photon ener­
gy. The Intensities 
depend on the 
Ionization effi­
ciency which Is 
different for each 
molecule.
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Fig. 3: Mass spectra with 
samples taken at 55 mm 
above the burner orifice with 
a laser beam of 6.4 eV and 
4.0 eV photons. The average 
intensity of the laser was kept 
constant.

To this purpose, a light pulse of 20 ns 
duration from an excimer laser is fired 
across the supersonic jet.

Fig. 2 shows examples of the height 
profiles of molecules found along the 
centre of the flame. For the purpose of this 
work, it is not necessary to distinguish 
between various isomers. It should be 
noted that the visible height of the flame is 
70 mm; one observes that the concen­
tration of all the hydrocarbons is zero at 
that height. The concentration of two 
different species cannot be compared as 
the detection efficiency is different for 
each molecule. The concentration of the 
fuel CH4 decreases sharply with height 
above the burner orifice; it is already at the 
10% level at h = 20 mm. The concentration 
of the main combustion product H20 
increases at the corresponding rate. Hence 
the main energy-producing process is 
already terminated after about 20 mm.
The remaining 50 mm of the flame are 
apparently needed to form and destroy a 
rich variety of PAH and carbon clusters. 
Acetylene (HC=CH) with a triple carbon 
bond is present almost everywhere in the 
flame. Its concentration reaches a flat 
maximum at around 50 mm height. It is 
very plausible, as many authors have 
proposed, that acetylene is the main 
building block of the large and flat

polycyclic aromatic hydrocarbons (PAH) 
found abundantly in the flame. The reason 
why such huge organic molecules can 
form in the combustion zone at more than 
1000 °C relies on the very principles of 
quantum mechanics: in a closed benzene 
ring where the electrons are delocalized, 
no boundary conditions exist to exclude 
the constant as a possible wave function. 
Hence two electrons can be accommo­
dated with zero kinetic energy. This is not 
possible in linear molecules which are 
therefore less robust at high temperatures. 
It is interesting to note that PAH are also 
thought to be synthesized when an 
oxygen-deficient red giant expands in the 
cosmos [6]. An important conclusion from 
the height profiles shown in Fig. 2 is that 
the larger PAH are successively built from 
smaller units. While benzene occurs over a 
sizeable range of heights, the concen­
tration profiles sharpen and their maxima 
shift to greater heights as one moves to the 
larger PAH. Yet we have observed that 
some PAH occur lower in the flame than 
expected from their size. This happens for 
those species that are built from two small 
ones under dehydrogenation [7]. As an 
example, we mention perylene which is 
obtained by adding two naphthalenes and 
releasing H2. We note that we have 
detected the largest PAH ever found in

combustion, containing over 50 C atoms 
in 20 coupled benzene rings. We have also 
found curved PAH containing carbon 
rings with five corners which create dishes 
[7]·

Extending the range of atomic mass 
units to 104 reveals new phenomena. Fig. 3 
shows that PAH and their fragments come 
to an end at around 600 amu. New entities 
appear after a clearcut minimum. The 
observed mass spectra depend on the 
photon energy hu. They are, apart from a 
superimposed beat structure, featureless if 
hu = 6.4 eV. But with hu = 4 eV, the 
spectra show a rich variety of fullerenes 
and their fragments. This occurs for the 
identical average intensity of the excimer 
laser beam. The spectacular phenomenon 
is explained if one assumes that the 
masses detected in the 1000-10000 amu 
range belong to carbon clusters. The 
photoelectric work function Φ of these 
clusters is larger than 4 eV but smaller 
than 6.4 eV. Hence for hu = 6.4 eV, the 
particles are charged by photoelectron 
emission which is impossible at hu = 4 eV. 
To understand charging at 4 eV, one must 
take into account that the intensity in a 
light beam from an excimer laser exhibits 
hot spots. We have shown that thermionic 
emission of electrons occurs from the 
particles in the hotspots [8], With 
hv = 4 eV, the dominant charging 
mechanism is by thermionic emission.
This mechanism selects the particles 
exposed to the hot spots for detection.
Fig. 3 proves that fullerenes and their frag­
ments evaporate from those hot carbon 
clusters. Concluding the discussion of the 
phenomena in the range of the carbon 
clusters, we mention that a closer analysis 
of the beat structure obtained with 
hv = 6.4 eV might lead to deeper insight 
into the structure of the carbon clusters. 
The mass ratio of the C atom to the H20 
molecule is 2:3. If carbon clusters were 
added in units of three carbon atoms, two 
adsorbed water molecules would be 
identical to adding one carbon unit, and a 
mass spectrum with peaks every 18 amu 
would appear, disturbed by the isotope 
effect as observed.

The question now arises whether the 
fullerenes can be generated from any kind 
of carbon particle. Fig. 4 suggests that this 
is not the case. In this figure, the height 
profile of the PAH C13H10 and the height 
profile of the prototype fullerene C6o are 
shown. In contrast to the PAH, the 
fullerenes all show identical height profiles 
independent of their mass [9]. First, this 
key observation proves that the fullerenesEu
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Fig. 4: Height profile of the PAH C13H10 and of the fulle- 
rene C60.

are not built up successively from smaller 
units as is the case with the PAH. Second, 
as the particles are still fully developed 
even at 70 mm (see below), only the 
special particles found at or below 60 mm 
can emit fullerenes.

The conclusion from this height 
profile is that the fullerenes exist within 
the type of carbon cluster present at 
60 mm. The fullerenes evaporate upon 
heating. It is possible that heating with the 
laser beam supports or completes the 
formation of the fullerenes. We should 
point out here that it is likely that the 
method of TOF spectroscopy after laser 
ionisation induces changes in the sample. 
A standard method of manufacture of 
fullerenes is laser excitation followed by 
expansion or cooling. We draw attention 
to the sharp upper boundary for the 
existence of the fullerenes. The sharpness

of this feature proves the excellent height 
resolution of the sample extraction 
system.

To connect these findings with the 
large body of existing literature on soot 
formation, we shall discuss the standard 
model of soot formation put forward by a 
number of authors [10,11]. According to 
this model, the first step is that the 
hydrocarbon fuel is broken up into small 
radicals from which acetylene and 
benzene are synthesized. After that, larger 
PAH are successively built from benzene 
and acetylene, or by polymerization under 
dehydrogenation. The PAH can be flat or 
curved depending on the author. It is then 
supposed that the large PAH agglomerate 
by van der Waals forces and/or occasional 
sp3 bonds to form the first carbon clusters.

Although some observations made 
here, such as the successive build-up of 
PAH and the depletion valley in the mass 
spectra before the onset of the carbon 
clusters, seem to favour the standard 
model of soot formation, we will show 
below that this model cannot really be the 
right one as the first particles appear 
much before the heavy PAH have reached 
their maximum concentration. To detect 
the height at which the famous soot 
inception point is actually located, one 
needs to employ the far more sensitive 
aerosol techniques introduced below. The 
results from these techniques suggest that 
at least the large PAH are a byproduct 
rather than the cause of carbon cluster 
formation.

The size distribution of the par­
ticles in the combustion zone
Figure 5 shows the setup needed to 

measure the size distribution of gas 
suspended particles and to determine 
their interaction with the light emitted by 
a laser, for example.

The gas stream carrying the particles 
first enters a diffusion charger. This device 
contains a radioactive source which 
produces positive and negative charge 
carriers in the gas with the particles. If the 
particles are already charged upon 
entering, this charge will attract the 
opposite charge and be neutralized. After 
some time, the equilibrium charge will be 
established on the particles. With particles 
of radius r < 100 nm, most will remain 
neutral since the electrostatic energy 
e2/(4πε0r) exceeds the thermal energy kT. 
About 1% of the particles carry one 
elementary charge. Doubly-charged 
particles are rare.

After the diffusion charger, the gas 
carrying the particles enters the 
differential mobility analyzer (DMA). It 
selects particles with one electrical 
mobility. To the extent that the assump­
tion of singly-charged particles holds, this 
also means that particles of one specific 
mobility diameter d = 2r are separated. If 
the particles are not spherical in shape, 
the mobility diameter is the diameter of 
the sphere with the same electrical 
mobility as the particle. After the DMA, 
the gas stream then carries mono- 
dispersed singly-charged particles. The 
intensity of this particle current is 
measured by letting the carrier gas pass 
through a filter which catches all particles. 
The electric current flowing from the filter 
to ground potential is measured with a 
femto-amperemeter. By varying the 
voltage on the DMA, particles of different 
electrical mobility are selected. Plotting 
the current in the filter against the voltage 
applied to the DMA, the size distribution 
of the suspended particles is obtained. All 
this is by now standardized, commercially 
available equipment. We shall call the filter 
with the amperemeter “the aerosol 
electrometer”.

To measure the photoelectric yield of 
the particles, the gas carrying the size- 
selected particles flows through a tube 
before entering the aerosol electrometer. 
The sample is exposed to ultraviolet light 
in the tube. The photoelectrons emitted 
from the particles are removed by an 
alternating electric field. This field 
precipitates the electrons at the electrodes, 
whereas it leaves the particles that emitted 
the photo electrons within the gas stream. 
The differential current measured behind 
the tube in the aerosol electrometer with 
the light switched on and off is proport­
ional to the photoelectric yield. If one 
wants to observe any changes of particle 
size due to interaction with the light, a

Fig. 5: Experimental setup for the measurement of size distributions and surface properties of gas suspended par­
ticles. DMA is the differential mobility analyzer. Eu
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Fig. 6: Particle size distributions 
with samples taken at various 
heights in the flame. The left side 
represents the flame seeded with 
Pd particles, the right side the 
unseeded flame.

second DMA can be applied before 
admitting the particles to the aerosol 
electrometer.

First of all, one would like to test the 
extraction systems displayed in Fig. 1, 
particularly the question whether the 
particle size distribution measured in the 
extracted and diluted gas is the same as 
that in the flame. For this purpose, we 
added a test aerosol of known size distrib­
ution to the fuel gas and checked whether 
we could retrieve this test aerosol after 
extraction from the flame. The test aerosol 
was produced by heating a Pd wire in 
argon gas. The Pd vapour condenses in the 
cold Ar to form an aerosol with a size 
distribution of 10 nm < d < 100 nm. We 
then mixed the Ar with the methane flow­
ing to the burner orifice. A particle filter 
can be inserted to remove the Pd particles 
without affecting the CH4/Ar mixture.

One can perform three different tests: 
(i) extract samples from the non-ignited 
Ar/CH4 mixture, (ii) extract samples from 
the flame without Pd particles, and (iii) 
extract samples from the flame with the Pd 
particles added to the fuel gas. The sum­
mary of these tests is that the size distrib­
ution of the Pd particles remains the same 
with the exception of shrinkage of the 
large Pd particles in the flame. The large 
particles are agglomerates of a grapelike 
structure. The shrinkage occurs when 
these agglomerates are exposed to high 
temperatures. This has been observed 
before [12].

In Fig. 6 we show size distributions of 
particles in the flame at various heights 
above the burner orifice. On the left, Pd 
particles were added while on the right 
they were not. At h = 0, we see the original 
spectrum of the Pd particles as generated 
by the hot Pd wire, while no particles are 
of course present in the unseeded flame. 
However, at h = 30 mm one already 
observes the first very small particles in 
the flame at d < 20 nm. As h increases to 
40 mm, the density and size of the 
particles formed in the flame increase 
dramatically, while the Pd particle 
presence is still discernible. At still larger 
heights, the density of flame-generated 
particles is so large that the Pd particles 
disappear in the background. Then, at 
h > 70 mm, first the large and later the 
small particles disappear and the Pd part­
icle size distribution emerges from the 
background with only the largest particles 
affected [13].

The fact that the first particles appear 
at h = 30 mm contradicts the standard 
model of soot formation. Figure 2 shows 
that the larger PAH are not even present at 
h = 30 mm. To explain the formation of 
the particles at h = 30 mm, a mechanism 
other than condensation of PAH must be 
active.

Furthermore, the internal structure of 
the particles must change at h = 60 mm. 
Figure 4 shows that fullerenes are obtained 
only from particles sampled at h < 60 mm. 
It is indeed quite plausible that the part­

icles change structure upon switching 
from the build-up to the burn-out mode.

Surface properties of nascent soot 
particles
The aim now is to investigate the 

surface properties and condensation of 
chemicals onto the particles nucleated in 
the flame. This is best done by measuring 
the photoemission of electrons from the 
particles in their natural gaseous 
environment. Our work differs from 
numerous other experiments in that we do 
not precipitate the particles onto a 
substrate prior to photoemission 
spectroscopy.

To introduce the spectroscopy of the 
photoelectric yield, in Fig. 7 we show 
results obtained with Pd particles of 
diameter d = 39 nm. These particles were 
added to the fuel gas as described above.
In the non-ignited gas flow, the photo­
electric yield near photoelectric threshold 
does not change with the height above the 
burner orifice as expected. However, in the 
flame the Pd particles already start to 
reduce their yield from h = 10 mm 
onwards. At about 30 mm, the curve 
reaches its minimum of 1/5 of the initial 
yield, but recovers to a high value on 
increasing h. From 40 to 60 mm height, 
the Pd particles are buried in the flame­
generated particles and cannot therefore 
be measured. When the Pd particles 
reappear at 70 mm height, they are again 
in the low yield phase [13].

Photoelectron yield spectroscopy can 
be interpreted on a phenomenological 
basis only. In any case, it is a very fine 
sensor of the surface properties, respon­
ding to adsorbates at coverages at and 
below the monolayer level. The surface of 
Pd has been studied in detail since it is one 
of the key catalysts of heterogeneous 
reactions. Based on the extensive 
experience with this model surface, we 
propose the following explanation for the 
observations plotted in Fig. 7. The initial 
decrease of the yield indicates the 
availability of carbon in the combustion. 
The formation of graphitic carbon at the 
surface of Pd is known to be able to induce 
a substantial reduction of the 
photoelectric yield, as observed. The 
subsequent increase of the yield at the 
onset of PAH formation indicates that PAH 
are adsorbed at the surface when the 
particles are in the photoemission tube. 
When the PAH have disappeared at the top 
of the flame, the yield is low because 
coverage of the Pd surface with graphitic 
carbon persists. This is consistent with theEu
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Fig. 7: Photoelectric yield in relative units from Pd par­
ticles with mobility diameter 39 nm. The light source is 
a mercury discharge. The particles were extracted at 
the heights indicated from the non-ignited gas flow 
and from the flame. For comparison, results with the 
unseeded flame are also shown.

well-known fact that graphitic carbon, 
once deposited at the surface of Pd, is very 
hard to remove. In conclusion we see that 
the Pd surface conveys a picture of the 
chemistry in the flame, in particular it 
clearly marks the soot inception point at 
h = 30 mm, where carbon becomes avail­
able in large quantities.

We proceed now to the most 
interesting photoelectric yield of the 
particles generated in the flame. Figure 8 
shows this yield for particles with 
d = 35 nm as a function of the height 
above the burner orifice. The data labelled 
“bypass” are valid for particles as 
extracted and diluted with inert gas. The 
photoelectric yield of these particles is 
quite high from the moment they appear 
in concentrations sufficient for measure­
ment. It hovers at a high level for 
extraction between 40 and 60 mm height, 
after which it plunges to reach 1/5 of the 
maximum value at the end of the visible 
flame at h = 70 mm. The data labelled, 
“desorption” are valid for particles that 
have passed through a denuder prior to 
the measurement of the photoelectric 
yield. In the denuder, the gas carrying the 
particles is heated to 400 °C, while the 
walls of the denuder contain active coal 
which absorbs any species that have been 
desorbed from the particles. We see in 
Fig. 8 that the photoelectric yield of the 
“naked” particles stripped of the 
adsorbates they acquired in the flame, or 
afterwards in the diluted gas stream, is 
generally lower by an order of magnitude. 
Moreover, it shows a different dependence 
on the height compared to the particles

with adsorbates. The maximum yield 
occurs at h = 60 mm, and this maximum 
is sharp and reminiscent of the height 
profile maximum obtained with C6o as 
shown in Fig. 4 [14].

The interpretation is quite obvious 
from the many experimental observations 
we have made over the years in our labor­
atory: the yield of the adsorbate-covered 
particles is high due to the adsorption of 
PAH. Indeed, the yield curve follows the 
integrated height profile of the PAH [7]. 
However, in the case of the “naked” 
particles, the photoelectric yield curve is 
similar to the yield of fullerenes from the 
particles. Hence, the photoelectric yield of 
the “naked” particles demonstrates once 
more that the carbon clusters undergo a 
change in structure depending on the 
height above the burner orifice. The 
surface of highly oriented pyrolytic 
graphite (HOPG) has been extensively 
investigated by photoemission of 
electrons. It exhibits a very low photo­
electric yield of electrons near the 
photoelectric threshold of 4.8 eV. The 
yield increases as the number of defects 
and dangling bonds at the surface 
increases [15]. This might be related to the 
carbon clusters: in the areas of rigorous 
growth there must be dangling bonds and 
defects at the surface, as a clean graphitic 
surface is inert and cannot bind any 
arriving species. But in the areas of the 
burnout, these active sites are destroyed 
first. Therefore, the photoelectric yield 
maximum separates the growth from the 
burn-out mode.

R. Schlögl and collaborators have 
been able to obtain TEM pictures from 
commercial soot and “fullerene” soot [16]. 
These pictures show the graphitic planes 
in the commercial soot but different, 
strandlike structures in the fullerene soot. 
The fullerene soot transforms into

graphitic soot within hours. Hence we 
have to conclude that nascent soot is 
chemically different from old soot such as 
that collected on a filter.

Lastly, we discuss a detailed study of 
the desorption of PAH from gas suspen­
ded particles. The adsorption and 
desorption of combustion generated PAH 
on respiratory carrier particles is crucial 
for estimating the impact of combustion 
products on human health.

Aerosol photoemission makes it 
possible to observe directly the time 
dependence of the desorption of species 
from a surface. Ch. Hüglin has construc­
ted a transport mechanism that can insert 
a small volume of gas containing particles 
into a particle-free stream of gas at higher 
temperature [17]. While the particles 
initially in a gas at low temperature are 
covered with the adsorbate at the instant 
of insertion into the hot gas, the 
adsorbates will start to evaporate as soon 
as they are in the hot gas environment. 
Photoemission of electrons induced by a 
sufficiently weak laser pulse, triggered a 
defined time after insertion of the 
particles into the hot gas, will detect the 
extent to which the adsorbates have 
desorbed because the photoelectric yield 
depends on the coverage of the surface.

Figure 9a shows results from a model 
experiment in which we produced graph­
ite particles in a spark generator and 
guided the gas stream carrying these 
particles into a tube in which the partial 
pressure of perylene was kept high by 
evaporation from an oven. In this way, the 
graphite particles adsorb some perylene 
in the submonolayer range. Perylene is 
not chronically toxic, but it is an isomer of 
the carcinogen B(a)P and therefore can 
closely simulate the adsorption charac­
teristics of this dangerous chemical.
Figure 9a shows that the desorption of

Fig. 8: Photoelectric yield 
of particles generated in 
the flame, extracted with 
system b) in Fig. Land 
with mobility diameter 
35 nm. The dilution with 
N2 was 1:10, the light 
source used for photo­
emission of electrons was 
a mercury discharge. The 
curve labelled "bypass" is 
for untreated particles, 
the curve labelled 
"desorption" after passing 
the gas carrying the par­
ticles through a denuder 
kept at 400 °C. Eu
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Fig. 9: Time dependence of the 
desorption of the 5 ring PAH 
perylene at various tempera­
tures as observed with a pulsed 
laser beam of 6 eV photons:
a) for graphite particles of 
mobility diameter d = 25 nm;
Ed =  (88±13)kJ/mole.
b) for NaCl particles of
d = 98 nm, Ed =  (123±28) 
kJ/mole.

perylene depends exponentially on time, 
as expected. However, it is not possible to 
describe the observed desorption with a 
single adsorption site, rather one has to 
assume that at least two different adsorp­
tion sites exist. The heat of adsorption 
Ed = (88 ±13) kj/mole is in good agreement 
with other work if one takes into account 
that at least two adsorption sites exist [18 ] 
Also important in the atmosphere are salt 
particles. In Fig. 9b the desorption of 
perylene from NaCI particles is shown 
[17].These particles are produced by 
spraying an aqueous NaCI solution and 
removing the water in a dryer. The 
resulting NaCl particles are single crystals 
of a cubic shape. In this case, one adsorp­
tion site can describe the observations. 
The adsorption energy is Ed = (123 ± 28) 
kj/mole, which is in very good agreement 
with previous work [19]. Perylene might 
gain energy by desorbtion from the 
combustion generated particles and re- 
adsorbtion on other particles. Our 
measurements suggest that the process of 
desorption and readsorption may take 
time of the order of 10 min. Although the 
measurements were performed with

perylene, one has to assume that B(a)P 
will behave in the same manner. With this 
mechanism, a particle which is harmless 
for human health taken by itself may 
become the carrier of a carcinogen.
Figures 9a and 9b also show clearly that 
with both carbon and NaCI particles PAH 
adsorbed on the surface are dominant in 
determining the photoelectric yield.

Quantification of the health risk
The key factor for evaluating the 

impact on human health is the size of the 
particles. Roughly speaking, particles with 
a diameter above 1 pm are deposited in the 
nose, whereas particles of diameter less 
than 1 µm are deposited in the bronchial 
and pulmonary tracts of the respiratory 
system [20]. This can be understood by 
the fact that the large particles in the 
visible range above 1 pm are removed by 
impact, whereas the smaller invisible ones 
reach the surface by diffusion. Particles 
generated during combustion are initially 
in the size range below 1 pm. Only at very 
high concentrations or long residence 
times in the atmosphere will these

particles coagulate to the size range above 
1 pm. Hence the main impact on human 
health is from the very fine particles 
deposited in the bronchials and the lung. 
Consequently, the following tasks need to 
be accomplished:
1. Measure the particles with diameters at 
or below 1 pm.
2. Distinguish particles from combustion 
or particles carrying combustion prod­
ucts from other harmless particles, such as 
salt particles, or other condensation nuclei.
3. Attribute particles separately to each 
source - as there may be a factor 
depending on the mix of chemicals 
characteristic for each source.
4. Compare with the particles in cigarette 
smoke, since the danger from this 
source is best quantified so far.
5. Measure personal exposure rather than 
concentration of particles at a fixed loc­
ation.

These requirements preclude many of 
the commonly-used techniques such as: 
counting all particles; measuring the mass 
of all particles; measuring the blackening 
of a filter; sampling methods with long 
sampling times as they cannot distinguish 
the sources; any method that is unable to 
detect the main killer, which is cigarette 
smoke.

We previously proposed that the 
measurement of the photoelectric charge 
density generated by irradiating a volume 
of air with the light from an Hg discharge 
or an excimer lamp, for instance, is 
eminently suited to determine human 
exposure to combustion products [21]. The 
two main reasons are that photoelectric 
charging occurs for particles smaller than 
1 pm only, hence the relevant size range is 
automatically selected, and that photo­
electric charging is dominated by the PAH 
adsorbed on the particle surface. The fact 
that photoemission selects particles below 
1 pm in diameter is explained by the fact 
that recombination of the photoelectron 
with the positively charged particle is 
improbable when the mean free path of 
the electron exceeds the particle size. We 
have identified three different mechanisms 
which can explain the yield enhancement 
induced by adsorption of PAH [15]. The 
PAH are the most characteristic byproduct 
of the combustion of organic materials 
and contain the best investigated 
carcinogen B(a)P [2]. Therefore, adsorbed 
PAH are ideal tracers of combustion 
particles. There are also some practical 
reasons why one would like to use a sensor 
based on photoelectric charging: it can 
detect small concentrations of particle-Eu
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Fig. 10: Photoelectric charge 
density in Coulomb per cm3 
as a function of total particle 
bound PAH concentration in 
ng /cm3. See also Ref. [22].

bound PAH, it is a continuous method, 
and it can also be constructed in a 
portable, battery operated form as we have 
demonstrated. The latter feature allows the 
individual exposure to be determined and 
the relation of this exposure to the actual 
state of health. In Fig. to we show the 
comparison of the gas-chromatographic 
chemical analysis of filter extracts with the 
photoelectric charge density. The 
remarkable result is that over a large range 
of concentrations, and with very different 
aerosols, a linear relationship is found 
between the total mass of PAH adsorbed 
on the particles and the photoelectric 
charge density. This demonstrates that

photoemission of electrons is able to 
monitor the presence of particle-bound 
PAH in ambient air. The detection limit is 
about l ng/m3 of total mass of particle 
bound PAH, for a time resolution of the 
order of l s [22].

As the impact on human health from 
smoking cigarettes is well known, instead 
of ng/m3, we propose a unit that can 
instantly be interpreted: the daily cigarette 
exposure equivalent [DACEE]. To do this, 
we define a standard cigarette smoker. 
Naturally, any real smoker may be 
different from this standard smoker, yet 
we believe our definition comes close to 
reality for someone smoking contempo­

Personal exposure of a physicist in various locations
Live in countryside in Switzerland, 5.12.95 0.6 DACEE
travel by train to office near motorway

Live in the city of Zurich, travel by public 6.3.96 1.2 DACEE
transportation to office in countryside (ETH-Höngg)

Vacations at lakeZürich near "Seestrasse" Spring 96 2.0 DACEE

Live in San Francisco, travel by car on 280 2.9.94 3.6 DACEE
to work at Stanford University

Live in Hotel In Tokyo, walk to office 16.1.96 3.8 DACEE
at the University of Tokyo1

Live In Campus at Tsinghua University, Bejing2 20.4.96 2.7 DACEE

Average daily exposure to combustion particles 5.5 DACEE
of total mass 10pg/m 3*

1 h in streettunnel (Gubrlst) nearZürich 6.0 DACEE

*Note: Harvard six cities study shows that death rate due to cardiopulmonary disease rises by 1 % a day 
when there is an increase in the fine particle loading of 10 pg/m3 
1About 30% of this exposure Is from cigarette smoke
2Thls is Saturday 6 a.m. to Sunday 6 a.m. Most of the exposure is at night when delivery trucks are allowed to 
run.

rary, low tar filter cigarettes. The standard 
smoker inhales a total mass of M = 200 ng 
of particle-bound PAH with each cigarette. 
The minimum volume of air needed by a 
human being in a day is A = 11 m3. Hence 
the average concentration of TPAH in the 
air for 1 DACEE is: a = M/A = 18.2 ng/m3.

From the current i read in the photo­
electric sensor, calibrated in ng/m3 of 
TPAH according to Fig. 10, one obtains the 
exposure x in DACEE: x = i/a.

The table shows some examples of 
personal exposure; it gives an idea of the 
individual health risk imposed by 
suspended particles from combustion in 
various locations and activities.
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