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Automated Analysis of Submicron Particles by Computer-Controlled
Scanning Electron Microscopy
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and Plant Engineering, Graz University of Technology, Graz, Austria

Summary: Automated analysis of submicron particles by
computer-controlled scanning electron microscopy is gen-
erally possible. The minimum diameter of the detectable
particles is dependent on the mean atomic number of the
particles and the operating parameters of the scanning mi-
croscope. The main limitation with regard to particle size
is set by the quality of the particle detection system, which
generally is the backscatter electron detector. The accuracy
of the results of the x-ray analyses is very often strongly
affected by specimen damage, omnipresent especially for
environmental particles even at low electron energies and
probe currents. With the exception for light elements, the
detection limit is approximately 1 wt%. Device-related
limitations to automated analysis may be specimen drift and
an unreliable autofocus function.

Key words: scanning electron microscope, automated par-
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Introduction

Automated analysis of particles by scanning electron mi-
croscopy (SEM) and energy-dispersive x-ray spectrome-
try (EDXS) allows for the unattended determination of
both the geometric parameters and the chemical composi-
tion of hundreds or even thousands of individual particles.
With the use of these data, correlations among particle
size, shape, and chemical composition, but also the num-

ber of compounds and their contribution to the overall con-
centration can be established. Therefore, computer-con-
trolled scanning electron microscopy (CCSEM) serves,
for example, as an ideal tool for the investigation of all
kinds of environmental particles, especially airborne par-
ticles collected on a filter (Katrinak and Zygarlicke 1995,
O’Keefe et al. 2000, Petzold et al. 1998, Poelt et al. 1997,
Sitzmann et al. 1999, Skogstad et al. 1999, Watt 1998). In
many cases, the measurements include submicron particles
down to a size of 0.1 µm. 

A more fundamental question is the process of aerosol
formation, for example, in biomass combustion units, and
how it can be influenced by process parameters. This is im-
portant for the comprehension of heavy metal deposition
on the aerosols in dependence on particle size, the corro-
sive attack of the particles on the boiler walls, and their bi-
ological impact on humans. A great variety of other topics
may originate from materials sciences, for example, pow-
der catalysts. In general, the measurements yield the final
results, but they may also support other methods, such as
lidar (light detection and ranging), where the particle size
distributions and the chemical types are used to calculate
the optical backscattering and extinction coefficients (Kas-
parian et al. 1998). With the knowledge of these parame-
ters, lidar allows three-dimensional (3-D) mappings of the
size and concentration distribution of atmospheric aerosols.

The quantity of measurements and publications con-
cerning automated particle analysis, especially in envi-
ronmental sciences, might give the impression that sub-
micron particle analysis by CCSEM is already a well-
established and fully developed technique. The adjustment
of the conventional quantitative procedures for bulk spec-
imens to particles is generally regarded as the most serious
problem. Many techniques have been developed, although
mainly for supermicron particles and demanding an ana-
lytical expression for the particle shape (Armstrong 1991,
Osán et al. 2000, Ro et al. 1999). However, for environ-
mental particles with their often very irregular shapes and
rough surfaces, these routines may not necessarily work re-
liably. Moreover, in the submicron region, other difficul-
ties in connection with particle detection itself or specimen
damage may even prevent an exact measurement of parti-
cle size distributions and particle compositions. Although
both problems have been addressed occasionally (Ocker et
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al. 1995; Poelt et al. 2000; Reimer 1985; 1989; Schmied
et al. 2000), they often seem to be regarded more as some
sort of minor side effect. Moreover, radiation damage has
very often been related mainly to organic and polymeric
materials (Goldstein et al. 1992). Other restrictions on au-
tomated submicron particle analysis may be device re-
lated: specimen drift and autofocus. In some cases, evalu-
ation of the measurements with conventional methods also
will not work, because the particles are not homogeneous.

In the following sections, a detailed discussion of all of
these points will be presented. The main purpose of this
paper is to investigate the applicability of CCSEM / EDXS
for the automated analysis of environmental particles, with
special emphasis on aerosols formed in biomass combus-
tion plants. Another aim is to point out how a device can
be optimised for this type of measurements.

Materials and Methods

Particle Standards

Standards have been prepared by grinding pure chemi-
cals (Merck, p.a., Darmstadt, Germany) with a ball mill,
suspending the particles in pure ethanol, and subsequently
filtering the solution through a Nuclepore filter (Whatman
International Ltd., Kent, U.K.). To restrict the particle size
to average diameters < 2 µm, double filtering has been per-
formed: First the original solution was filtered through a
filter with a pore diameter of 2 µm, then the filtrate was fil-
tered again through a Nuclepore filter with a pore diame-
ter of 0.1 µm. With an appropriate dilution of the particles
in the alcohol, particle spacing on the filter was sufficiently
high to prevent particle agglomeration. Finally, the speci-
men was coated with a thin carbon layer (~ 3.6 µg/cm2). 

A more sophisticated procedure for a homogeneous dis-
tribution of particles for automated analysis has been sug-
gested by Katrinak et al. (1992).

Biomass Aerosol Specimens

For the collection of fly ash particles in a biomass com-
bustion unit, Isopore polycarbonate filters (Millipore Cor-
poration, Bedford, Mass., USA) (pore diameter 50 nm)
were fixed on a specially designed filter holder. The filter
holder was inserted into the flue gas channel of a fixed-bed
biomass combustion unit at the boiler outlet, and flue gas
(temperature 200°C) was sucked through the filter holder.
Isokinetic sampling was applied in order to guarantee a rep-
resentative sampling with respect to the different size frac-
tions of the particles in the flue gas. This means that the flue
gas velocity at the entrance of the filter holder was adjusted
to the velocity of the flue gas in the duct by an exchange-
able nozzle mounted at the inlet of the filter holder. This
method guarantees that the particle size distribution of the
coarse fly ash and aerosols is the same in the sample flow
and in the duct. To achieve a single layer of particles and
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avoid particle agglomeration by collision on the filter mem-
brane surface, the sampling time, during which the flue gas
is passed through the filter, has to be kept very short (5–20s)
(Brunner et al. 2000). The specimen analysed in this paper
was sampled in the flue gas from a fixed-bed biomass
combustion unit, operating at full load and burning bark.

Instrumentation

All measurements were performed by a Noran Voyager
EDXS system (ThermoNoran, Middleton, Wisc., USA)
(Si (Li), 30 mm2, ultrathin window) attached to a Leo
DSM 982 Gemini (Leo Electron Microscopy, Ltd.,
Oberkochen, Germany). As the Noran Voyager also con-
trols the motorised specimen stage (Deben SPRITE version
III, Suffolk, U.K.), a fully automated and unattended par-
ticle analysis at as many fields as necessary is possible. Im-
ages for automated analysis have been recorded with a
resolution of 1024 × 1024 pixels by use of a 4-quadrant
backscatter (BS) detector from K.E. Developments Ltd.,
Cambridge, U.K. After thresholding, they were processed
with an opening filter (erode filter, followed by a dilate fil-
ter, two passes have been performed). This filter both re-
moves noise and separates particles that just touch one an-
other. A description of these filters with many applications
can be found in Russ (1995). To minimise the influence of
noise, only particles with an area of at least 30 pixels have
been evaluated; otherwise it would be impossible to get re-
liable values for particle shapes.

Generally, a low primary electron energy is preferable.
The lower it is, the more of the interaction volume is in-
side the particle, and the less is in the substrate. This im-
proves the contrast between particle and substrate and in-
creases the x-ray yield. However, to detect Ca-K x-rays
with high efficiency, an electron energy of at least 7 keV
is necessary. Thus, for both image recording and x-ray
spectrometry, a primary electron energy (E0) of 7 keV and
probe currents (Ip) of both 0.7 and 2.3 nA have been cho-
sen. For x-ray analysis, spot measurements at the particle
centres with an analysis time of 10 or 13 s were performed.
For quantification of the x-ray spectra, the Noran Voyager
quantification routines for bulk specimens (Proza) without
any adaptation for particles were used. Noran Voyager
uses top hat filtering for background subtraction and ref-
erence spectra for peak fit and deconvolution. For the ele-
ments analysed, accuracy proved in most cases to be in-
dependent on whether Proza correction had been applied
or only k-ratios calculated (Schmied et al. 2000). Analy-
sis of light elements was not possible, because the high car-
bon and oxygen peaks from the filters masked the corre-
sponding particle peaks.

Automated Analysis

In Figure 1, a simplified flow diagram of an automated
particle analysis routine is presented. An image is recorded,
then filtered (e.g., noise filtering) and finally thresholded.
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Now the geometrical parameters of the particles (average
diameters, areas, shape factors, coordinates of particle cen-
tres, etc.) can be measured. Thereupon, the electron beam
is directed back to the first particle, and then x-ray spectra
from all the particles are recorded successively. After this
is executed, the stage moves to the next field, and the
whole cycle is repeated until a sufficient number of parti-
cles has been analysed. The average diameter of the parti-
cles is defined as the average of all triangle altitudes drawn
between pixels on the convex perimeter. Triangle bases are
defined by adjacent pixels, and peaks by pixels on the op-
posite side (Noran Voyager handbook, version 3.3).

Results and Discussion

Thresholding and Particle Detection

Thresholding implies the choice of a certain grey value
for the discrimination of the particles from the substrate (or
image background). Each pixel that is brighter than the
threshold value belongs to a particle, and each that is darker
to the substrate, or the other way around. Generally, for
image recording a backscatter detector is used. In this
manner, one can get rid of topography contrast and pure
phase contrast remains. The higher the mean atomic num-
ber of the phase, the brighter it appears in the BS image.
Thus, some simplified phase analysis is possible even with-
out the use of an x-ray spectrometer.

However, this does not work the same way in the case
of submicron particles. The reason is, that the interaction
volume of the electrons with the specimen, except for ex-
tremely low primary electron energies, is substantially
greater than the particle volume. Part of the information,
both in the image and the x-ray spectrum, is generated in
the substrate. Thus, also part of the BS electrons originates
from the filter, and the BS coefficient is a weighted sum
of the coefficient of the particle and that of the filter, with
the weight factor approximately the ratio of the interac-
tion volume inside the particle to half of the whole inter-
action volume. The smaller the particle, the more its
brightness in the BS image resembles that of the filter.
Therefore, in the case of submicron particles, the BS con-
trast is mainly a “particle-size” contrast and cannot be
used to discern between different phases, as is possible
and common in the case of supramicron particles. “Par-
ticle-size” contrast masks phase contrast and phase analy-
sis is only possible for particles of approximately the
same size (Fig. 2).

As a consequence, particles smaller than a certain size
cannot be detected by the image processing system, be-
cause the difference in contrast between particle and filter
is too small and lies within the noise level. Thus, not the
resolution of the microscope, but the sensitivity and the sig-
nal-to-noise ratio of the BS detector determines the size of
the smallest particles that can be detected and measured.
Therefore, the quality of the BS detector or, more gener-
ally expressed, of the particle detection unit is of paramount
importance for submicron particle analysis.

The resolution of the microscope determines mainly the
sharpness of the particle boundaries. A field or Schottky
emission gun is, of course, prerequisite. For very small par-
ticles, conditions resemble those in transmission electron
microscopy. There is only a small beam broadening inside
the submicron particle, then the electrons flow off to the
substrate. Backscattering from a carbon substrate is nearly
negligible.

The minimum size of the detectable particles depends
also on the primary electron energy E0 and the particle den-
sity. The smaller E0 and the higher the density, the smaller
the interaction volume, and thus its portion inside the par-

FIG. 1 Flowchart diagram for automated particle analysis by com-
puter-controlled scanning electron microscopy (fo/ no= maximum
number of fields / particles to be analysed).

Image recording

Thresholding

Image filtering
(noise, holefill,…)

Particle detection:
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particle coordinates
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No

Yes
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Specimen Drift

Figure 4 effectively combines two other effects that
complicate the analysis of submicron particles: specimen
drift and specimen damage. The cut-like shape of the dam-
age is due to specimen drift during a point analysis. Spec-
imen drift is unavoidable and present in any SEM. A drift
of approximately 10 nm/min has been measured for the de-
vice in use (Poelt et al. 2000). This value is similar to
those measured by other authors for other devices (Vladár

FIG. 2 (a) Schematic illustration of the formation of particle size con-
trast; (b) backscattered electron-image of K2SO4 particles. Eo = 7 keV,
image width = 5.7 µm.

FIG. 3 (a) Backscattered electron image of biomass fly ash particles;
(b) overlay of two binary images of (a) with different values for the
threshold. Grey areas: threshold = 140; outline. Threshold=70.

ticle increases. This entails also an increase in the particle
brightness compared with that of the substrate.

Thresholding in automated particle analysis is always a
difficult task, but in connection with submicron particles
it becomes much more difficult because of the “particle
size” contrast. To shift the minimum size of the smallest de-
tectable particles to as small values as possible, a thresh-
old value very close to the substrate brightness has to be
chosen; however, in this case particles lying close to each
other are no longer separated (Fig. 3). In addition, since it
is rather difficult to suppress topography contrast com-
pletely, some of the weakly visible topographical features,
for example, wrinkles in the filter, may be interpreted as
particles and cause a severe distortion of the results. With
a high threshold value, closely neighboured particles are
separated, but the measured diameters of the small parti-
cles are by far too low and some cannot even be discrimi-
nated from the substrate. Furthermore, the minimum de-
tectable particle size is different for particles of different
composition: the smaller the mean atomic number of a par-
ticle type, the greater the diameter of its smallest detectable
particles. To avoid a distortion of the particle size distrib-
utions in dependence on particle type, an appropriate lower
cut-off in particle size has to be chosen.

(a)

Filter

Particle Particle

e–e–

Filter

(b)

(a)

(b)
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across rather great distances, and even if the specimen is a
plain filter, it will inevitably run out of focus. This can also
be caused by instabilities in the lens currents during the
long measurement times. Thus, in general, a reliably work-
ing autofocus routine is necessary. This is even more true
if unattended analysis of several specimens is planned.

A defective autofocus limits the number of fields and
with it the number of particles that can be analysed by un-
attended analysis; thus, it could be a really limiting feature
in automated analysis.

Specimen Damage

There is a fundamental difference between small parti-
cles and bulk specimens, or also rather great particles
(great with regard to the interaction volume of the electrons
in the specimen). In a bulk specimen, even in the case of
spot analysis, thermal energy can flow off, depending on
heat conductivity. In a submicron particle, this is nearly im-
possible independent of the heat conductivity of the mate-
rial. The contact between the particles and the substrate is
often weak, the particles resting generally on some rather
small topographical irregularities on the substrate. In ad-
dition, the substrate itself may have a low heat conductiv-
ity. Thus, except for the loss caused by heat radiation, the
thermal energy is stored inside the particle, and even par-
ticles of a material with high heat conductivity can be
damaged. Specimen damage will therefore always be much
more severe for small particles than for bulk specimens,
even if spot analyses are performed in both cases.

How quick and severe specimen damage can occur is
demonstrated in Figure 5 on the example of a submicron
biomass fly ash particle, consisting mainly of K2SO4, KCl
and ZnO. Within an analysis time of 12 s, S and Cl have
nearly vanished, but also a substantial decrease in the
potassium signal can be observed. In addition, a darkening
of the area around the measurement point in the BS image
very often seemed to indicate a mass loss; but this could,
at least partly, be also due to the building up of a carbon
contamination layer during the spot analysis.

As a consequence, the effect of specimen damage on the
quantitative results can only be estimated by use of stan-
dard particles of approximately the same size, structure, and
composition as the unknown particles. However, even
within a certain particle type with a fixed particle diame-
ter, the amount of specimen damage can vary substan-
tially: from nearly no damage to very severe damage
(Schmied et al. 2000). Possible reasons may be surface
stress and crystal disorder, or even crystal transformation
in case of milling particles with a ball mill (Mi et al. 1999).
Unfortunately, both imaging with the BS detector at low
electron energies and the necessity for short x-ray analy-
sis times requires rather high probe currents, thus increas-
ing the possibility of specimen damage. 

A possible remedy could be the use of a cooling stage;
but cooling with nitrogen, although successfully used in
connection with analysis of individual particles (Osán et al.

FIG. 4 Secondary electron image of a biomass fly ash particle after
x-ray spot analysis at point 1 (Eo = 7 keV, Ip = 0.7 nA, t = 100 s).

1999). Its value proved to be independent of the type of
specimen. Fortunately, also stage movements did not in-
fluence the amount of drift substantially. The drift was al-
ways highest immediately after switching on the device, or
after a change of the primary electron energy or the probe
current, then slowed down and finally became approxi-
mately constant. Thus, instabilities of the lens currents
seem to be the main reason for the drift. 

Specimen drift limits the number of particles per field
that can be analysed. With a smallest particle size of 100
nm and a drift of 10 nm/min, the initially measured centre
coordinates lie outside the actual particle area after 5 min.
Thus, with an x-ray analysis time of 10–20 s per particle,
approximately 20 particles can be analysed per field, and
then the stage has to be moved to the next field. This is not
a real restriction for automated analysis, but it increases the
number of stage movements, image recordings, and thus
the overall analysis time and cost.

The use of a drift correction program may not be a real
alternative because, in the case of automated analysis, the
image processing system would have to find itself a suit-
able feature in the image for the correction, and in many
cases this will not work reliably. In addition, specimen con-
tamination could change the overall grey value of the image
and thus the contrast of details, and drift correction like-
wise enhances the analysis time.

Autofocus

Analysis of submicron particles implies the use of high
magnifications, especially to obtain exact values for the par-
ticle shapes. This entails a reduction in the depth of focus.
Analysing a great number of fields implies movements
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2000), may not be recommendable for unattended auto-
mated analysis. In that case, vibrations and an enhanced
value of the drift might even prevent automated analysis of
submicron particles. In addition, commercially available
equipment is definitely not suited for unattended analysis
during nights or even weekends.

Also, coatings with a better heat conductivity than that
of carbon, for example gold, could possibly help to reduce
specimen damage. However, most of these elements have
x-ray lines in the energy range between 1 and 4 keV and
thus could give rise to serious peak overlaps with the lines
originating from the particles. Furthermore, the substrate
would also have to be coated with a thick layer of the same
element, otherwise the BS coefficient resulting from the
combination of coating and carbon filter could equal that
of the particles and thus make particle discrimination im-
possible.

Automated Analysis

Figure 6 shows the result of an automated analysis of
1300 K2SO4 particles, dispersed on a Nuclepore filter.
With decreasing particle diameters, an increasing scatter of
the ratio wt% K / wt% S can be observed. Since with de-
creasing particle diameters less and less of the interaction
volume of the electrons with the specimen is inside the par-
ticles, the x-ray yields and the net intensities for a fixed
analysis time also decrease. Thus, a stronger scatter is to
be expected for purely statistical reasons. 

Figure 6 also demonstrates, that the calculated values are
not scattered symmetrically around the exact value. The av-
erage value is always shifted to too high ratios; in addition,
the smaller the particle diameters, the stronger the shift.
Thus, besides statistics, one or more additional effects
must be active. One of the reasons for the shift could be a
shortcoming of the quantification routines, because only
quantification methods for bulk analysis have been ap-
plied, without any adaptation to particles. However, since
oxygen has been calculated by stoichiometry, and the x-ray
energies of sulphur and potassium are close together, the
errors caused by such shortcomings should be about the
same magnitude and cancel each other out. In fact, a close
inspection of a greater number of particles proved that the
main reason for both the strong scatter of the results and
the asymmetry is specimen damage. In Figure 7 the spec-
tra of three different particles of Figure 6 can be found. Par-
ticles with a value far away from the theoretical value have
definitely experienced a loss of SOx (compare also Fig. 5).

Similar results have been obtained by automated analy-
sis of a particle standard with three different particle types:
K2SO4, PbSO4, PbCl2. The diagram in Figure 8, wt% S
against the average diameter, clearly demonstrates the
presence of three phases: no sulphur, amounts of sulphur
corresponding to K2SO4, and amounts corresponding to
PbSO4. Also, in this case, the average amounts of sulphur
are too low compared with the theoretical values due to
specimen damage; but then, the necessity of peak decon-
volution because of the strong overlap of sulphur and lead
might be an additional source of error. Nevertheless, a
comparison of Figures 6 and 8 demonstrates the influence
of the probe current on specimen damage. It is much higher
for the particles in Figure 6 because of the much higher
probe current used in that measurement. The difference in
the size ranges of the three particle types in Figure 8 is

FIG. 5 (a) Backscattered electron image of biomass fly ash particles.
Image width: 3.8 µm; (b) x-ray analyses at the center of particle 1 
(Eo = 7 keV, Ip = 0.7 nA); the recording of the spectrum was stopped
after 12 s, then immediately the recording of a new spectrum at the
same spot was started.

FIG. 6 Automated analysis of K2SO4 particles on a Nuclepore fil-
ter (carbon coated; appr. 1,300 particles, E0 = 7 keV, Ip = 2.3 nA, 8000
cps, measurement time / particle = 10 s; oxygen by stoichiometry).
Dependence of the ratio of wt% K/wt% S in dependence on the av-
erage diameter, with the solid line marking the theoretical value.
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caused by the way the standard has been produced: PbCl2,
PbSO4, and K2SO4 have been successively filtered through
the same 2 µm Nuclepore filter (see section particle stan-
dards). Because of the increasing obstruction of the pores
from the last particle type, K2SO4, only the smallest parti-
cles could pass.

Figure 8 also gives some idea of the detection limit of the
element concentrations. For the PbCl2 particles, a sulphur
concentration of about 1–2 wt% is calculated, with rising
values for decreasing particle diameters; but these values
may be lower for elements without peak overlap. As a test,
sodium was added to the element list. For all particles, the
calculated sodium concentration was smaller than 1 wt%.

As a result, despite the low net intensities and the noisy
spectra, both peak deconvolution and spectrum quantifi-
cation routines work rather well. The main limiting factor,
as far as accuracy is concerned, seems to be specimen
damage. This may be true not only for the particles inves-
tigated here, but for the majority of environmental particles.
Unfortunately, statistics and specimen damage run paral-
lel: with decreasing particle diameters both worsen. If 
x-ray lines with energies < 1 keV have to be included in the

analysis, the choice of the quantification routine might be-
come more important. In that case, absorption for those
lines is substantial for electron energies even as small as 7
keV. Decreasing the primary electron energy is not ap-
plicable, because in that case the detection of calcium al-
ready presents a problem. The net intensities remained at
a constant value for particle diameters >0.8–1.0 µm. Thus,
for smaller particles a full atomic number, absorbtion, flu-
orescence (ZAF) correction is not justified.

In Figure 9, the results of the automated analysis of sub-
micron biomass fly ash particles (fuel: bark) can finally be
found. Figures 9a and b prove that most of the particles con-
tain K, S, and Cl, the main elements, simultaneously, and
with varying concentrations of S and Cl, whereas the K
concentration is approximately constant. Figure 9a also
demonstrates that the particles have a rather narrow size dis-
tribution, with possibly a maximum somewhere between
60 and 100 nm. Other elements present in the particles were
Zn, Pb, and Na, with increasing concentrations of Zn and
Pb with decreasing particle diameters (Fig. 9c). Thus no
definite particle types such as K2SO4, KCl., etc., are pre-
sent. The reason is, that submicron fly ash particles are very
often agglomerates of nanosized particles of different com-
position (Kauppinen et al. 1998). But as a consequence,
classing of particles with mineral particle types, and the
customary methods for automated evaluation of the re-
sults, such as cluster analysis, principal components analy-
sis, or methods based on neural networks (Treiger et al.
1993, Van Espen 1994, Xie et al. 1994) will not work. It
also renders the estimation of the influence of specimen
damage on the results much more difficult. Generally,
these fly ash particles seemed to be more prone to speci-
men damage than, for example, pure K2SO4, possibly a re-
sult of their internal structure. It is well known, that sys-

FIG. 7 X-ray spectra of the particles 1–3 of Figure 6. Solid lines:
original spectrum; dotted lines: after subtraction of the fitted peaks. 
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tems like K2SO4 – KCl – NaCl - ... often are eutectic with
melting points much lower than the corresponding pure
substances (Backman et al. 1999).

Conclusion

The results yielded by automated analysis of submicron
environmental particles will be more reliable if the dif-
ferences in the mean atomic numbers of the different par-
ticle types are small because, in that case, image contrast
of the BS electron detector and thresholding can be opti-
mized. Generally, because of the increase of the BS co-
efficient with the mean atomic number, the size of the
smallest detectable particles will be the smaller, the higher
their mean atomic number. This could cause distortions
in the particle size distributions of different particle types
of the same specimen. The quality of the results, however,
will also depend on the device used and how well it is ad-
justed for this special purpose. The signal-to-noise ratio
of the BS detector should be optimised for the primary
electron energy used in the analysis. To minimize speci-
men damage, the product of probe current and x-ray
analysis time should be as low as possible. Therefore, for
the x-ray detector, a detector crystal with an area of 30
mm2 or larger will be favourable, and if finally the nec-
essary precautions are taken to keep the specimen drift
low, then nothing should prevent a sound particle analy-
sis down to particle diameters of 50–100 nm, albeit with
a reduced analytical accuracy.

Acknowledgments

The authors thank Mr. Paller for his help with the prepa-
ration of the particle standards. 

References

Armstrong JT: Quantitative elemental analysis of individual mi-
croparticles with electron beam instruments. In Electron Probe
Quantitation (Eds. Heinrich KFJ, Newbury DE), Plenum Press,
New York (1991) 261–315

Backman R, Hupa M, Skrifvars B-J: Predicting superheater deposit
formation in boilers burning biomass. In Impact of Mineral Im-
purities in Solid Fuel Combustion (Eds. Gupta R, Wall T, Bax-
ter L), Kluwer Academic, Plenum Publishers, New York (1999)
405–416

Bastin GF, Heijligers HJM: Quantitative electron probe microanalysis
of ultralight elements (Boron-Oxygen). Scanning 12, 225–236
(1990)

Brunner T, Dahl J, Obernberger I, Poelt P: Chemical and structural
analyses of aerosol and fly-ash particles from fixed-bed biomass
combustion units by electron microscopy. Proc 1st World Conf
and Exhibition on Biomass for Energy and Industry, 5–9 June
2000, Seville, Spain, Vol II, 1991–1995. James&James Ltd.,
London (2000)

Goldstein JI, Newbury DE, Echlin P, Joy DC, Romig AD, Lyman CE,
Fiori C, Lifshin E: Scanning Electron Microscopy and X-Ray Mi-
croanalysis. Plenum Press, New York (1992) 658

FIG. 9 Automated analysis of biomass fly ash particles on an Iso-
pore filter (carbon coated; approx. 1100 particles, E0 = 7 keV, Ip = 0.7
nA, 3000 cps, measurement time / particle: 13 s; oxygen by stoi-
chiometry). Particles with average diameters between 0.07 and 1.5
µm have been registered. (a) S- and Cl-concentration in dependence
on the average diameter; (b) correlation of the K-concentration with
both the S- and Cl-concentration; (c) Zn- and Pb-concentration in de-
pendence on the average diameter.

S

Cl

(a)

0.0

40

30

20

10

0
0.1 0.2

Average diameter / µm

S
, C

l /
 w

t%

0.3 0.4 0.5 0.6

S

Cl

(b)

0

40

30

20

10

0
10 20 30

K / wt%

S
, C

l /
 w

t%

40 50 60 70 80

Zn

Pb

(c)

0.0

20

15

10

5

0
0.1 0.2

Average diameter / µm

Z
n,

 P
b 

/ w
t%

0.3 0.4 0.5 0.6



100 Scanning Vol. 24, 2 (2002)

Kasparian J, Frejafon E, Rambaldi P, Yu J, Vezin B, Wolf JB, Ritter
P, Viscardi P: Characterization of urban aerosols using SEM-mi-
croscopy, x-ray analysis and lidar measurements. Atm Environ
Vol 32, No. 17, 2957–2967 (1998)

Katrinak KA, Zygarlicke CJ: Size-related variations in coal fly ash
composition as determined using automated scanning electron
microscopy. Fuel Proc Techn 44, 71–79 (1995)

Katrinak KA, Brekke DW, Hurley JP: Freeze-dried dispersions for
automated scanning electron microscope analysis of individual
submicron airborne particulates. Proc 50th Annual Meeting of
EMSA (Eds. Bailey GW, Bentley J, Small JA). San Francisco
Press, San Francisco (1992) 408–409

Kauppinen EI, Lind TM, Kurkela J, Latva-Somppi J, Jokiniemi JK:
Ash particle formation mechanisms during pulverized and flu-
idized bed combustion of solid fuels. In Ashes and Particulate
Emissions from Biomass Combustion (Ed. Obernberger I). dbv-
Verlag, Graz, (1998) 141–153

Mi G, Murakami Y, Shindo D, Saito F: Mechanochemical synthesis
of CaTiO3 from a CaO-TiO2 mixture and its HR-TEM obser-
vation. Powder Tech 105, 162–166 (1999)

Ocker B, Wurster R, Seiler H: Investigation of nanoparticles in high
resolution scanning electron microscopy (SEM) and low volt-
age SEM by digital image-analysis. Scan Microsc 1, 1, 63–73
(1995)

O´Keefe CA, Watne TM, Hurley JP: Development of advanced scan-
ning electron microscopy techniques for characterization of
submicron ash. Powder Tech 108, 95–102 (2000)

Osán J, Szalóki I, Ro C, Van Grieken R: Light element analysis of
individual microparticles using thin-window EPMA. Microchim
Acta 132, 349–355 (2000)

Petzold A, Ström J, Ohlsson S, Schröder FP: Elemental composition
and morphology of ice — crystal residual particles in cirrus
clouds and contrails. Atmos Res 49, 21–34 (1998)

Poelt P, Obernberger I, Koller H: SEM / EDS—a nearly universal tool
for fly ash analysis? Proc Inst Phys Electron Microsc and Analy-
sis Group Conf EMAG 97, Cambridge 1997. Inst Phys Conf Ser
No. 153, (1997) 629–633 

Poelt P, Schmied M, Brunner T:Automated analysis of submicron par-
ticles in SEM? Proc EUREM 12, Brno 2000, Vol III (Eds.
Tománek P, Kolarík R).(need accent over last r and I) Czech Soc
Electron Microscopy, Brno (2000) I283–I 284

Proza is a mathematical procedure developed by Bastin et al. exclu-
sively licensed by ThermoNoran (Middleton, Wisc., USA).

Reimer L: Scanning Electron Microscopy. Springer Verlag, New
York (1985) 100

Reimer L: Transmission Electron Microscopy. Springer Verlag, New
York (1989) 453

Ro C, Osán J, Van Grieken R: Determination of low-z elements in in-
dividual environmental particles using windowless EPMA. Anal
Chem 71, 8, 1521–1528 (1999)

Russ JC: The Image Processing Handbook, 2nd ed. CRC Press, Lon-
don Tokyo (1995) 450

Schmied M, Poelt P, Dahl J: Standards for analysis of submicron par-
ticles by SEM / EDXS. Proc EUREM 12, Brno 2000, Vol III
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