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Abstract

Combustion of elemental carbon (EC) and organic carbon (OC) contained in ambient
aerosol matter was explored using scanning electron microscopy (SEM) in combina-
tion with energy dispersive X-ray analysis (EDX). To ease identification of the particles
of interest and to avoid or at least reduce interaction with simultaneously sampled in-5

organic oxides and salts, the approach used in this work differed in two ways from
commonly applied procedures. First, rather than using a mixture of particles of vastly
different sizes, as in PM10 or PM2.5, aerosol matter was collected in a 5-stage im-
pactor. Second, the water soluble fraction of the collected matter was removed prior to
analysis. Diesel soot particles, which appeared in the well-known form of chain-type10

aggregates, constituted the major fraction of EC. In contrast, OC containing particles
were observed in a variety of shapes, including a sizable amount of bioaerosol matter
appearing mostly in the size range above about 1µm. During heating in ambient air for
1 h, diesel soot particles were found to be stable up to 480◦C, but complete combustion
occurred in a narrow temperature interval between about 490 and 510◦C. After diesel15

soot combustion, minute quantities of “ash” were observed in the form of aggregated
tiny particles with sizes less than 10 nm. These particles could be due to elemental
or oxidic contaminants of diesel soot. Combustion of OC was observed over a wide
range of temperatures, from well below 200◦C to at least 500◦C. Incompletely burnt
bioaerosol matter was still found after heating to 600◦C. The results imply that the EC20

fraction in aerosol matter can be overestimated significantly if the contribution of OC to
a thermogram is not well separated.

1. Introduction

Carbonaceous particles constitute a significant if not a large fraction of atmospheric
aerosol matter (Molnar et al., 1999; Putaud et al., 2004; ten Brink et al., 2004). It25

is common practice to distinguish two categories, organic carbon (OC) and elemental
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carbon (EC). Quantitative measurements of OC and EC are hampered by sometimes
severe sampling artefacts (Mader at al., 2003; ten Brink et al., 2004) as well as by the
fact that analytical methods based on the use of fundamental properties are not avail-
able. The mass of OC and EC in a given sample is usually determined by combustion,
applying certain protocols which define the temperature and duration of heating, the5

composition of the gas atmosphere, the method of analysing gaseous carbon evolving
from the sample, the control of sample charring etc. Depending on the details of the
protocols, the results for EC were found to differ significantly (Hitzenberger et al., 1999;
Schmid et al., 2001; ten Brink et al., 2004), in extreme cases by as much as a factor
of 12 (Schmid et al., 2001). Part of the problem relates to the fact that OC comprises10

a diverse mixture of materials ranging from small organic molecules to bioaerosols
(Cachier, 1998). These various components of OC exhibit different characteristic tem-
peratures of desorption, pyrolysis and combustion. EC containing particles, on the
other hand, may be expected to feature a comparatively well defined combustion be-
haviour. Preliminary evidence in this respect was recently obtained using scanning15

electron microscopy (SEM) to trace the incineration of diesel soot carbon nanoparti-
cles after different steps of 1 h heating in ambient air (Wittmaack, 2004). The diesel
particles, which are known to be composed of EC in the form of graphitic crystallites
(Ishiguro et al., 1997; Wentzel et al., 2003), remained essentially unchanged after
heating to 400◦C, but had disappeared completely after heating to 500◦C.20

The purpose of this study was to extend the previous work with the aim of arriving
at a detailed picture of the combustion characteristics of a variety of OC containing
particles as well as of diesel soot, the latter often comprising the largest fraction of
EC particulate matter. The results of such an investigation might be used to interpret
the different peaks routinely observed in thermograms of ambient aerosol matter at25

temperatures between 100 and 850◦C (Chow et al., 2001). A detailed peak assignment
has not been possible in previous work.
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2. Methods

The approach used in this study differs in several ways from commonly used proce-
dures for determining EC and OC in ambient aerosol matter. The standard approach is
collect particles with aerodynamic diameters less than 10 or 2.5µm (PM10 or PM2.5,
respectively) on quartz fibre filters (Hitzenberger et al., 1999; Schmid et al., 2001;5

Mader et al., 2003; ten Brink et al., 2004) and to determine the combustion charac-
teristics of the as-sampled aerosol matter, with or without determining the changes in
optical transmission or reflectance during the heating procedure (Cachier, 1998; Chow
et al., 2001). EC and OC measurements on size fractionated aerosols collected in
impactors are rare (Maenhaut et al., 2002). To the author’s knowledge, a detailed com-10

parison of the thermograms observed in different size ranges has not yet been carried
out. In this study aerosol matter was sampled using a 5-stage Berner-type impactor
(Hauke GmbH) operated at a flow rate of 80 l/min. The nozzles and the correspond-
ing aerosol deposits are arranged along a circle with a diameter of 50 mm. Annular
aluminium foils, 12µm thick, with inner and outer diameters of 32 and 70 mm, respec-15

tively, served as impaction substrates. Sampling was carried out on the campus of
GSF, located on the northern outskirts of Munich, during a 24 h period in May 2000.
Different from standard procedures, the water soluble aerosol matter was extracted
prior to analysis and heat treatment. The procedure, tested (Wittmaack et al., 2002)
and applied before (Wittmaack, 2004), has several advantages. First, many OC and20

EC containing particles, which may be covered by inorganic matter after prolonged
sampling, become visible in SEM analysis. Second, combustion artefacts due to in-
teraction with inorganic matter (Chow et al., 2001) are removed or at least reduced.
Third, water soluble organic carbon (WSOC) is removed from the sample and may be
analysed separately.25

The sampled aerosol deposits were treated as follows. The total mass of the aerosol
deposits on each foil was first determined gravimetrically. Water-soluble matter was
then removed by depositing the impaction foils face down in 10 ml of deionised wa-
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ter for 1h. The concentration of inorganic ions was determined by ion chromatogra-
phy (Wittmaack and Keck, 2004). After drying of the impaction foils, the mass of the
residual water-insoluble deposits was also determined gravimetrically. Small sections
containing between eight spots in stage 1 and one spot in stage 4 were cut from the
impaction foils for separate heat treatment and analysis (for stage assignment, number5

of nozzles, nozzle diameter, and aerodynamic cut diameter see Fig. 1a). Each sec-
tion was heated only once in ambient air, to temperatures between 200 and 600◦C, for
1 h. Prior to SEM analysis the samples were covered with a conducting layer of sput-
ter deposited platinum (nominal thickness 3 nm). SEM images were recorded using a
model JSM-6300F scanning electron microscope (Jeol), equipped with a field emission10

electron gun operated at 5 kV. A model 6524 Si(Li) detector (Link Analytical) served for
acquiring energy dispersive X-ray (EDX) spectra. To achieve optimum sensitivity for
light elements, the detector was operated with an open window. EDX analysis was
usually carried out while scanning the electron beam over an area of 60×42µm. Oc-
casionally small-area analysis (4×3µm) was performed to determine the composition15

of individual mineral particles. For that purpose the beam energy was increased to
15 keV (window closed).

3. Results and discussion

3.1. Coarse description of samples

The size dependent differences between the aerosol deposits collected in the different20

impactor stages are illustrated in Fig. 1. The total mass after sampling ranged from
50 to 350µg per stage, the water insoluble mass from about 10 to 150µg (Fig. 1a).
Different from stages 4 and 5, which contained a large amount of water insoluble min-
eral dust, the soluble fraction was typically 60% in stages 1–3 (mostly ammonium sul-
phate and nitrate). This result is in accordance with recent studies on PM2.5 matter25

(Wittmaack and Keck, 2004). Assuming that the residual insoluble aerosol matter had
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a mean mass density of 2 g/cm3 and was uniformly distributed over an area equiva-
lent of the respective nozzle area, the mean coverage per stage can be calculated in
units of monolayers (ML), as shown in Fig. 1b (the thickness of one monolayer was set
equal to the geometric mean aerodynamic diameter in the respective impactor stage).
In stages 1 and 3 the deposits were found to be about five ML thick, even thicker in5

stage 2 (about 18 ML), but only 0.3 ML in stage 4. Accordingly, the nominal areas of
deposition should to be densely covered in stages 1–3, but only partially in stage 4.
However, due to enhanced deposition near the jet axis, previously referred to as fo-
cussing (Wittmaack, 2002), the local thickness in the centre of the deposit was larger,
possibly by up to a factor of two. The SEM and EDX data presented below are in10

accordance with this estimate. The fractional coverage in stage 5 was found to be
even smaller than in stage 4. Hence stage 5 was not included in the detailed analysis
described below.

3.2. SEM analysis

Evidence for a significant concentration of diesel soot particles in the ambient air at the15

GSF sampling site has already been presented before (Wittmaack, 2004; Wittmaack
et al., 2005). Figure 2 shows examples of these densely packed carbon nanoparticles
near the centre of deposits in impactor stage 4 (panel a, unheated; referred to as room
temperature, RT) and stage 3 (panel b, after heating to 300◦C; in what follows the term
“after heating to” will be skipped for brevity, only the temperature of the heating cycle20

will be quoted). There is no detectable difference in the morphology of the nanopar-
ticles for the RT and 300◦C samples. In the stage 3/510◦C sample (Fig. 2c), on the
other hand, diesel soot particles are no longer detectable, i.e. they have been lost by
combustion. As a results the much larger mineral particles become clearly observable.
EDX analysis showed that these particles are composed mostly of Si, Fe, and O, with25

additional contributions due to K, Ti and Ca.
A closer inspection of Fig. 2c shows some aggregated very small particles on the
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much larger mineral particles. The tiny particles, which could be misinterpreted as
residual carbon nanoparticles, are actually some kind of ash presumably left behind
as a result of the combustion of the diesel soot particles at 510◦ C. Figure 3 illustrates
the differences in morphology of the two types of nanoparticles. Two high-resolution
images of diesel soot particles observed at RT outside the central area of aerosol5

deposition in stages 1 and 2 are presented in Figs. 3a and 3b, respectively. Similar
chain aggregates have been described repeatedly (Bérubé et al., 1999; Wentzel et al.,
2003; Van Gulijk et al., 2004; Wittmaack, 2004). The important aspect to note with
reference to Figs. 3a and 3b is that the individual aggregated particles feature distinctly
different sizes, about 20 nm in panel a, but between 30 and 40 nm in panel b. Almost10

the same differences in the size of diesel soot particles have been reported recently
(Wentzel et al., 2003), but a reason for the difference could not be provided. More
work appears to be necessary to fully understand the growth mechanism of diesel soot
particles.

For comparison, the residues of combustion in stage 2/600◦C are shown in Fig. 3c.15

The individual particles in the aggregates have sizes less than 10 nm. Owing to an
estimated resolution in the SEM analysis of 2–5 nm, the actual size could well be less
than 5 nm. Because of the very small amount of material contained in these particles,
compositional analysis is extremely difficult, if not impossible. EDX analysis at 5 keV
showed very faint signals due to silicon, barely above the bremsstrahlung background.20

The particles could be the ash of diesel soot combustion. In fact, low concentrations
of silicon in diesel soot have also been observed recently in transmission electron
microscopy studies (Wentzel et al., 2003).

The temperature dependence of diesel soot combustion is evident from Fig. 4 which
shows a compilation of low-resolution images of stage-1 deposits. Increasing the tem-25

perature from (a) RT through (b) 200◦C and (c) 400◦C to (d) 440◦C there is no de-
tectable change, neither in the surface morphology nor in the density. At 480◦C (e)
there is a change in that individual carbon nanoparticle have become observable with
better contrast. This change, which has already been observed before with a different
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sample at 400◦C (Wittmaack, 2004), could be due to desorption or combustion of OC
containing matter (see Sect. 3.3). After a further increase in temperature to 520◦C (f),
the diesel soot particles have disappeared completely and only the residues discussed
with reference to Fig. 3c are left behind. These findings imply that combustion of diesel
soot EC in ambient air is characterised by a rather sharp threshold, somewhere be-5

tween 490 and 510◦C.
The concentration of diesel soot particles was found to be high in stages 1 and 2,

intermediate in stage 3 and comparatively low in stage 4. Concurrent with the de-
crease in diesel soot concentration, the contribution due to mineral particles increased
(note again that water soluble matter had been removed). The aerosol matter col-10

lected in stage 4, however, exhibited a significant difference compared to stages 1–3.
Stage 4 contained a large amount of material of biological origin. A few examples are
presented in Fig. 5. The small spherical objects seen in Fig. 5a are known as brocho-
somes produced by insects. Recent studies revealed surprisingly high concentrations
of these bioaerosol particles in ambient air during the warm season (Wittmaack, 2005;15

Wittmaack et al., 2005). The coiled object in Fig. 5b could be a hypha, the product of
a fungus; the huge, partially covered object in Fig. 5c is presumably the scale of an
insect (Wittmaack et al., 2005).

Other examples of stage-4 matter of biogenetic origin are depicted in Fig. 6a. The
top section of the image shows some kind of waxy material. The lower section contains20

a stem-type bioaerosol. Combustion of this kind of object at 430◦C presumably results
in a product of the kind located along the centre of Fig. 6b. The interesting aspect here
is that heating at 430◦C did not cause complete but only partial combustion. In fact,
residues due to partial combustion of bioaerosol matter were observed quite frequently,
even after heating to temperatures as high as 600◦C. An example is shown in Fig. 6c.25

On the other hand, the waxy matter in Fig. 6a had disappeared completely at 300◦C.
The results presented above imply that water-insoluble OC matter of biogenetic ori-

gin will be observed in thermograms over a wide range of temperatures, from below
300◦ to 600◦C and more. Therefore, standard thermograms will be difficult to interpret,
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in particular when dealing with PM2.5 or even PM10 samples rather than with size
fractionated matter. Owing to the variability of the bioaerosol fraction in aerosol matter,
one would expect that PM samples collected during the warm season exhibit a more
complex thermogram than samples collected during the cold season.

3.3. EDX analysis5

The results obtained by SEM imaging were substantiated by EDX compositional anal-
ysis. Owing to the complex morphology of the deposits and the differences in sample
thickness, evaluation of absolute concentrations did not seem to be justified. Hence
the elemental signals are discussed only in terms of the background corrected peak
X-ray yields.10

As an example, Fig. 7 shows the temperature dependence of the yields of C, O, Si,
Al (K-shell), and Pt (M-shell) for stage-1 aerosol deposits. In accordance with the SEM
images in Fig. 4, the C signal appears to remain essentially constant up to 440◦C, starts
to decrease slightly at 480◦C and, between 480 and 520◦C, drops rapidly to the level
measured with a blank Al substrate. Concurrently the Al signal increases almost to the15

blank level. There is, however, a difference in that the Al signal exhibits an increase
already at temperatures between about 300 to 400◦C. This change, which amounts
to only about 5% of the blank level, is not detectable in the C data because relative
changes of this magnitude are smaller than the statistical variation from sample to
sample. Plotting the results for Al in the form of an [Al(blank) – Al] yield difference (dia-20

monds with central crosses), the close correlation between the C and Al data becomes
fully evident. The signals measured for O and Si were clearly above the blank level (by
a factor of three to four), indicating that the water-insoluble aerosol deposits in stage 1
contained some non-EC matter, presumably mineral oxides or OC (see below).

A comparison of the temperature dependence of the C and Al signals observed with25

the aerosol matter in the four different size ranges is presented in Figs. 8a and 8b.
The corresponding data for O and Si are shown in Figs. 9a and 9b. Consider first
the Al data in Fig. 8b. The important result is that only in the case of stage 2 (open
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triangles) the mean thickness of the deposits (∼940µg/cm2) was so large so that the
5-keV probing electron beam could not “see” the Al substrate. In stage 1 (∼64µg/cm2),
however, a small substrate signal was clearly detectable (solid circles). Hence small
changes in the mass density of the deposits due to evaporation and/or combustion
during heating to up to 400◦C became detectable as an increase in the Al signal. Much5

more significant losses, on the order of 30%, were deduced from the C and Al signals
after heating to 480◦C. The tentative interpretation is that these losses are due to the
combustion of water-insoluble OC contained in the aerosol sample. This OC is not
evident in the form of particles identifiable by SEM. Instead the OC matter may be
present in the form of a “hazy background” in the SEM images and to some extent also10

as a thin layer on the diesel soot particles. Changes in morphology similar to those
in Fig. 4 have previously been associated with the removal of adsorbed contaminants
(Wittmaack, 2004).

The Al substrate signal was also detectable in stage 3 (open diamonds in Fig. 8b)
even though the estimated thickness was quite large (∼1060µg/cm2). This apparent15

discrepancy is probably due to the fact that, owing to the comparatively high concen-
tration of mineral particles, the deposit contained a significant number of microscopic
holes and clefts through which the beam could penetrate (Wittmaack et al., 2002). The
high Al signal observed in stage 4, on the other hand, is due to the fact that the sample
was only partially covered with various types of aerosol matter (see Figs. 5 and 6). The20

results for stages 3 and 4 indicate a significant loss of carbon at lower temperatures
than in the case of stages 1 and 2. This difference is attribute to the increasing fraction
of bioaerosol matter contained in the deposits. In fact, a large loss of carbonaceous
matter was observed in stage 4 already at 200◦C, see Fig. 8a. Even though diesel soot
particles could be found in stage 4, the contribution to the total carbon content of the25

sample amounted to only a few percent so that the step-like combustion of EC around
500◦C got lost in the background signal.

The results for O and Si in Fig. 9 complete the picture outlined above. The small
signals observed in stage 1 suggest that the concentration of mineral dust was quite
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small. In stage 4, on the other hand, most of the mineral particles were not covered
with carbonaceous matter (see Figs. 5 and 6) so that the O and Si signals reflecting
their presence exhibited only a rather small increase due to combustion related losses.
These losses, however, are clearly evident in stages 2 and 3, and the temperature
dependence is in accordance with the results in Fig. 8. The relative changes are con-5

siderably smaller than for Al, the reason being that the mineral particles producing the
O and Si signals were presumably distributed fairly uniformly within the deposited layer
so that a sizable fraction of these particles could be detected by the probing beam even
before removal of carbonaceous matter by combustion.

4. Conclusions10

This study has provided further evidence that SEM in combination with EDX is an indis-
pensable tool for characterising ambient aerosol matter in terms of morphology, origin
and combustion behaviour. To ease distinction between the OC and EC particles, ini-
tial removal of water soluble matter is highly advisable. Analysis of the water-insoluble
fraction of aerosol deposits collected in an impactor revealed very pronounced size15

dependent differences in composition. Carbonaceous matter was observed mostly in
the form of diesel soot carbon nanoparticles (EC) and various types of material of bio-
genetic origin (OC). The diesel soot particles featured step-like combustion centred
around 500◦C. Combined with gravimetric data, the SEM results suggest that the EC
fraction in water-insoluble aerosol matter was very large (70%) in the size range be-20

low 140 nm and large below 500 nm. However, the estimated contribution to the total
PM1.7 mass was small, i.e. only between 5 and 8%. Bioaerosols and other OC matter
not fully identified by SEM disappeared by evaporation and combustion over a compar-
atively wide range of temperatures, from below 200◦C to 500◦C or more. Some types
of bioaerosol matter require combustion temperatures well above 600◦C. These re-25

sults provides at least a qualitative explanation for the complex thermograms reported
previously.
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 Fig. 1. Gross characterisation of the analysed aerosol samples in terms of (a) the mass per
stage and (b) the mean number of layers in units of the mean particle diameter. The impactor
specifications are listed in the top part of panel (a).
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Fig. 2 

 Fig. 2. SEM images showing diesel soot particles (a) in an as-prepared sample (stage 4), (b)
after heating to 300◦C (stage 3) and (c) to 510◦C (stage 3). The magnification is the same in
all three panels.
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Fig. 3 

 
 
 
 

Fig. 3. High-resolution SEM images of diesel soot particles in as-prepared samples, (a) stage
1 and (b) stage 2. (c) Residues left behind in stage 2 after sample heating to 600◦C. The
magnification is the same in all three panels.
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Fig. 4. Low-resolution SEM image of stage-1 deposits, (a) RT (as-prepared), and after sample
heating to different temperatures, (b) 200◦C, (c) 400◦C, (d) 440◦C, (e) 480◦C, and (f) 520◦C.
The magnification is the same in all six panels.
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Fig. 5 

Fig. 5. Examples of bioaerosol matter observed in impactor stage 4, (a) brochosomes, (b)
presumably a coiled hypha, (c) scale of an insect.
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Fig. 7 

Fig. 6. Other types of bioaerosol matter observed in impactor stage 4, (a) RT (as-prepared),
and after sample heating to (b) 430◦C and (c) 600◦C.
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 Fig. 7. Temperature dependence of X-ray signals for stage-1 aerosol matter. The signals due
to the conducting Pt layer are shown for comparison. The horizontal bars to the left indicate the
signals measured with a blank Al foil. The blank signal for Si was only 5±3 counts.
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Fig. 8. Comparison of the temperature dependence of X-ray signals measured in the four
different size ranges specified at the top, (a) carbon and (b) aluminium.
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 Fig. 9. The same as Fig. 8, but for (a) silicon and (b) oxygen.
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