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Summary

As far as concerns the risks of nanotech-
nology, the focus of attention is on nano-
materials and in particular on free na-
noparticles. Alongside the investigation
of their possible toxicity, the question of
the exposure of humans and the envi-
ronment is an essential element of their
risk assessment. Nanoparticles suspend-
ed (distributed and embedded) freely in
the air are of particular relevance, since
they can easily penetrate the human
body via the lungs. In addition, it is ex-
tremely difficult to monitor the spread
of nanoparticles in the air.

Commercially available particle counters
can be used to determine the concen-
tration of particles and droplets in the
air down to a size of a few nanometres.
In the light of the high background con-
centration of natural nanoparticles and
those generated by human activity, the
first priority is to distinguish between nat-
ural and synthetic nanoparticles. While
an on-site concentration measurement
can be carried out in a few minutes, the
analysis of the nanoparticles contained
in the air, that is the determination of
their form and composition is only pos-
sible using complex electron microscopy
procedures in the laboratory. This situ-
ation currently constitutes the main prob-
lem for determining the concentration
of synthetic nanoparticles and will do so
for the near future.

* Corresponding author

Introduction

There is broad agreement that direct risk
to health and the environment in the field
of nanotechnology can above all result
from nanoparticles and their aggregates
and agglomerations. Two aspects are to the
fore in the associated assessment of the
risk: the exposition, i.e. the release of
nanoparticles in the environment and the
resulting possible absorption by humans,
and the effects that they might have in the
human body or in nature. The latter de-
pend strongly on the properties of the par-
ticles themselves. In addition to their size
and shape, their structure, chemical com-
position and, very decisively, the surface
properties play a role. Exposure is an im-
portant factor in particular for ensuring
safety at the place of work. In order to be
able to determine exposure and particle
properties, it is necessary to be able to de-
tect, i.e. measure and characterise the par-
ticles. The present dossier presents a num-
ber of the most important currently avail-
able measurement methods for detecting
and characterising nanoparticles in the air.
The focus here is less on a precise descrip-
tion of the technical methods and more on
their capacities and limits.

General preliminary
comments

Ordinary outside or room air consists of a
mixture of gases (individual molecules or
atoms), but also contains aerosols. Aerosol
is the generic name for all solids (particles)
or liquids (droplets) present in the air. The
aerosols in the air may be of natural ori-
gin, for instance caused by forest fires or
volcanic eruptions, condensed salt parti-
cles from the sea or disturbed soil or plant
components. However, particularly in urban
centres, they are mostly due to human ac-
tivities (anthropogenic). Here, aerosols that
originate from combustion processes (traf-
fic, industry, household) or through friction
on road surfaces, brakes and tyres or are
generated by machines with movable parts
predominate. Moreover, machines emit ex-
tremely fine oil droplets. The concentration
and size distribution of these particles de-
pends very strongly on local conditions (see
Table 1) and there are roughly between
10,000 and 40,000 particles per cm?3. Con-
ventional dust measurement distinguishes
between fine and ultrafine particles. Fine
dust consists of particles (particulate mat-
ter, PM) with a diameter of around 10 um
(PM10). Very fine dust refers to dust with
particles of a diameter of between 0.5 um
and 2.5 um (PM2.5), while ultrafine dust
(UFP) consists of particles with a diameter
of below 0.1 um, i.e. below 100 nm.

Table 1: Typical concentrations of man-made nanoparticles, according to Berges.'

Number of aerosols Particle diameter at

with a diameter of 14-673 nm maximum concentration
Process/place [particles/cm3] [nm]
Outdoor air/office ca. 10.000
Metal grinding up to 130.000 20-170
Soldering up to 400.000 35-65
Bakery 50.000-640.000 30-110
Airport up to 1.570.000 <10
Welding 100.000-40.000.000 40-600
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Synthetic nanoparticles differ from natural
anthropogenic nanoparticles by the fact that
they are manufactured intentionally with de-
fined properties and mostly with a narrow
size distribution The main challenge for the
measurement of synthetic nanoparticles con-
sists in distinguishing them from natural par-
ticles or those produced accidentally. In par-
ticular if the synthetic particles were to have
a high toxicity, they would have to be de-
tectable in low concentrations in order to ex-
clude risks for man and the environment.

In the light of the extremely highly developed
chemical detection methods, it might appear
strange that detecting nanoparticles, which
are several times bigger than molecules,
should be a problem. The reason is that po-
tential toxicity could be primarily due not to
the chemical elements but rather to factors
associated with size and shape. Asbestos is
an example of a substance that causes lung
cancer not as a result of its chemical ingre-
dients but rather because of its physical prop-
erties (bio-persistency, shape, size and rigid-
ity). Since the toxicity of particles is influenced
both by chemical composition, shape, size,
surface properties and by optical properties
(photocatalysis), these properties must be in-
cluded in the survey when counting the par-
ticles contained in the air. A purely chemical
analysis of the composition of the air, on the
other hand, would only result in a large num-
ber of different elements, without indicating
whether they were contained in gaseous
form, in the form of droplets or as particles
in the air. This does not permit any conclu-
sions about the shape, size, composition and
concentration of the individual aerosols.

One of the commonest ways of determin-
ing the dust load is to pass a defined quan-
tity of air through a filter and measure the
mass of the particles collected on this filter.
However, since only a few large particles are
equivalent to the mass of thousands of small
particles (see Table 2), this provides practi-
cally no information about concentrations of
nanoparticles, in other words although the
number of nanoparticles in the air can be
much larger than the number of large par-
ticles (see Fig. 1), their share in the mass of
aerosols found in the air is as a rule oo small
for the use of mass-sensitive measurement
methods.

Table 2:

Calculated particle concentrations for
0.1 mg/m?® according to Berges

(see footnote 1).
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Figure 1: This figure shows a comparison between two measurements (2006, 2007) of the
particle concentration in outdoor air. The dotted lines represent measurements with an APS
(aerodynamic particles sizer) which is suitable for particles of between 500 and 20,000 nm,
and is likewise based on the DMA principal (see text). The representation is in double
logarithmic form: this means that both the x-axis and the y-axis are scaled in powers of 10.
The illustration clearly shows that the number of nanoparticles also clearly outweighs the total

number of particles in the outside air. While for instance only 1 to 10 particles per cm

3 were

measured with a diameter of 1000 nm, concentrations of 10,000 particles per cm3 were
detected for particles with a diameter of around 20 nm. With particle size 100 nm, a clear
difference of a factor of 10 can be identified between the 2006 measurement (the top line)
and the 2007 measurement. This difference shows how particle concentrations depend on

It follows from the conditions described above
that the determination of the concentration
of specific nanoparticles in the air can only
consist of a combination of a size-depend-
ent determination of concentration followed
by an analysis of shape or chemical com-
position of the particles counted. Whilst the
size-related determination of the concentra-
tion is currently possible “online” (on-site),
the analysis of the particle shape and com-
position can in the current state of the art on-
ly be carried out “offline”. Offline, in con-
trast to online, means that the particles must
be collected on a sample holder and then
analysed in the laboratory. The following ex-
plains the principle of the particle counters
currently being used.?

local and temporal conditions. (Source: Berges')

Particle counter
(Scanning mobility
particle sizer, SMPS)

The commonest particle counters at present
are based on the principle of differential mo-
bility analysis (DMA) implemented as a scan-
ning mobility particles sizer (SMPS) combined
with an optical counter. This measurement
method consists essentially of two stages. In
the first, the collected particles are distin-
guished according to size while a second
stage determines the number of particles of
a specific size. The following describes the
principle for the determination of size in
more detail, since this also reveals some of
the limits of the measurement method.

Quantity for 0.1 mg/m3  Quantity for 0.1 mg/m?
at 20 nm at 2 um Density
Material [particles/cm?] [particles/cm?] [kg/m3]
Buckyballs (C60) 14.500.000 14 1.650
TiO2 5.600.000 6 4.240
Silver 2.300.000 2 10.490




NANQ®: dossiers

No. 025en e March 2012

At the input of the measuring device, large
particles (> 1000 nm) outside the measure-
ment range of interest are first of all elimi-
nated by means of what is known as a pre-
impactor. The remaining particles and drop-
lets are first electrically neutralised and giv-
en a defined negative charge according to
their size. The charged particles are then
passed in turbulence free flow through a
tube. In the middle of this tube there is a sec-
ond tube with a smaller diameter. An elec-
tric voltage is applied between the two tubes
(up to 10,000 V) with the result that the
charged particles are driven towards the cen-
tral electrode by means of electrical atftrac-
tion. This acceleration is limited by collisions
with the gas molecules of the carrier gas
(particle-free air), with the result that the ef-
fective drift speed that develops is related to
the size of the particles. At the end of the in-
ner cylinder there is a small outlet opening
on the cylinder wall. Depending on the elec-
trical voltage applied, only aerosols of a spe-
cific size can pass through this opening. The
size of the aerosols can be determined by
varying the voltage between the cylinders.

In a second stage, the number of these size-
selected aerosols is determined optically in
the detector. For this purpose, the air is sat-
urated with H,O (water) or butanol vapour,
the particles and droplets acting as conden-
sation nuclei. In this way, a larger drop forms
around the aerosol and can then be count-
ed optically. This principle is called the con-
densation particle counter (CPC).

This method can be used for aerosols with
a diameter of between 2.5 and 1000 nm.3
The upper limit, however, means that large
(< 1 um) agglomerates of nanoparticles can-
not be measured using this device.# Mea-
surement accuracy is around 5 % for the par-
ticle size and around 10 % for the determi-
nation of the concentration. Concentrations
of between 1 and 108 P/cm? can be detect-
ed. The measurement devices are trans-
portable and are therefore useful for deter-
mining the aerosol concentrations near pro-
duction facilities and at the place of work.
The disadvantage is that the measurements
take a relatively long time (depending on ac-
curacy between 20 and 300 seconds). This
is then a problem if specific processes of a
production process with brief peak values are
to be examined (replacement of a contain-
er in a bottling plant).4

However, the method also involves a num-
ber of restrictions. It cannot distinguish be-
tween droplets and particles, nor can it de-
termine the chemical composition, shape or
surface properties of an aerosol of a spe-
cific size.

The size of the aerosol is only measured in-
directly, namely on the basis of drift behav-
iour in the carrier gas. This, however, depends
strongly on the shape of the particles. Fibre-
shaped particles, entangled nanotubes, large-
scale agglomerates, droplets and compact
particles have different drift behaviours.
This means that the mean diameter attrib-
uted to them (aerodynamics or mobility equi-
valent diameter) need not necessarily cor-
respond with the actual diameter.

Electron microscopy

Since the aerosol counters cannot be used
to determine what aerosols have been count-
ed, in many cases an electron microscope
analysis is carried out in addition. For this
purpose, aerosols are deposited on special
sample carriers at the place of the concen-
tration measurement and investigated in the
laboratory with an electron microscope.

Essentially, two methods can be distinguished:
transmission electron microscopic (TEM) and
scanning electron microscopy (SEM). The two
devices are relatively expensive, a TEM be-
ing considerably more expensive than an
SEM. However, with a TEM, it is usually pos-
sible to carry out both methods in one de-
vice, the preparation of samples is very dif-
ferent. What both methods have in common
is that they must be carried out in a high vac-
uum (> 1077 atm), which makes the investi-
gation of a large number of different sam-
ples a time-consuming enterprise. The drop-
lets contained in the aerosol cannot be in-
vestigated using both methods, since they
evaporate immediately in the vacuum.

Figure 2:

TEM image of diesel soot. Although the
particles have a diameter of 100 — 210 nm,
they agglomerate to create the structures of
several um shown in the figure.

(Source: Berges')

With TEM, the focused electron beam trans-
mits the sample. Accordingly, the sample
must be prepared in such a way that parti-
cles are not superimposed on each other,
and the matrix in which the particles are held
must be in strong contrast to the material of
the particles (see Fig. 2).

If the crystalline structure of the particle is al-
so to be determined, the point in the sam-
ple where the particle is located must be
thinned to a few layers of atoms. This is nec-
essary, since otherwise a number of crystal
levels would be superimposed and the crys-
talline structure could not be identified (cf.
Fig 3). Because of this complex preparation
of the sample, this method is primarily
used for research purposes or for the analy-
sis of layer systems such as those used in the
semiconductor industry.

In SEM, the sample is scanned by moving a
focused electron beam in lines across it. The
current of the secondary electrons emitted
by the sample is measured according to the
position of the electron beam.” This results
in fopographic image of the sample. Hence
SEM can be used to determine the shape of
the particles (cf Figs. 4, 5).

The devices usual today can resolve parti-
cles down to the size of a few nm. With spe-
cial devices, a resolution of down to 1 nm
can be achieved with samples with a high
electrical conductivity.

With larger particles, the electron beam can
be used to eject electrons out of the atoms
and measure their energy distribution. This
is known as the Auger electron measure-
ment, and can determine the elements that

Figure 3:

TEM image of an approximately 15 nm
FesO, particle, prepared in such a way that
the individual atom layers are visible.
(Source: Pinnaf)
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comprise the particle. A very similar way of
determining composition is energy dispersed
x-ray (EDX) measurement. Here, instead of
measuring the ejected electrons, the emit-
ted x-rays are measured. Since the electron
beam excites not only the surface of the sam-
ple but also penetrates into the material be-
low its surface, the detection of particles less
than 3000 nm in size involves considerable
uncertainty.

Particles that, while having different crystal
structures, are comprised of the same ele-
ments can however not be distinguished with
this method. This restriction is particularly rel-
evant in the case of carbon-based nanopar-
ticles such as all types of fullerenes, for ex-
ample buckyballs. They cannot be distin-
guished chemically from the ubiquitous soot
particles.

However, a further restriction is that an analy-
sis of the composition of the particles is on-
ly possible on a random sample basis and
in addition, with small particles, involves a
high degree of uncertainty.

In principle, both methods, SEM and TEM,
can be used to determine particle concen-
tration in addition to structure. To this pur-
pose, a defined quantity of the air to be
measured is pumped through a special fil-
ter. The filter is then inserted into an elec-
tron microscope in the laboratory and
analysed. In order to determine the concen-
tration, sections of a defined size are select-
ed at random and the particles in this sec-
tion are counted manually. In order to min-
imise systematic and statistical errors, a suf-
ficient number of different sections of the
sample must be counted. The advantage of
this method is that it can be used not only
to determine the concentration but also to

Figure 4:

SEM image of three crystallites roughly
1000 to 3000 nm long. The characteristic
shadowing of SEM images is clearly visible,
creating the impression that the objects
viewed have been lit from the site. The small
particles and the stripes are 70 to 150 nm
in size. (Source: Fiedeler®)

obtain information about particle size and
structure. There is currently no alternative,
in particular for the determination of con-
centrations of fibrous particles (“high aspect
ratio nano-objects”, HARN). On the other
hand, it is extremely time and labour inten-
sive.” The particles must be counted accord-
ing to size and structure. This method in-
volves considerable uncertainty and only
provides limited information, particularly in
the case of samples where a large number
of different particles of different sizes, shapes
and compositions have been deposited on
the sample carrier.® Moreover, electron mi-
croscopes are relatively expensive devices
and can only be operated by well trained
and experienced personnel

As already mentioned above, it would also
be conceivable to investigate particles de-
posited on a filter using known and highly
sensitive chemical analysis methods. How-
ever, it is only in the rarest cases that it can
be assumed that the particles deposited on
the filter are of only one specific composi-
tion. Instead, it must be assumed that the
particles on the filter are of very varying
chemical composition. A list of the elements
contained in the material investigated only
allows conclusions about the composition of
the particles in very special circumstances
(e.g. where the elements are rare and chem-
ically inert such as gold). In addition, a few
large particles can dominate the analyti-
cal investigation of the sample as a whole.

200
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Signal A= SE2
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Glossar

Aerosol Aerosol is a generic term for
all solids (particles) or liquids (droplets)
present in the air.

Butanol (C4H;¢0) Butanol is an alcohol
with four carbon atoms.

Saturated A saturated gas (or solution) is
a gas (or liquid) in which the maximum
quantity of a particular substance has been
dissolved. If parameters such as pressu-
re or temperature are reduced, droplets
form on what are known as condensati-
on nuclei in the gas (or solids on crystal-
lisation nuclei in the liquid (crystallite)).

nm Nanometre = 10 metre
um Micrometre = 10°¢ metre

Suspension A mixture of solid elements
in a liquid or a gas.

A chemical analysis may make sense if
thanks to the background conditions (e.g. di-
rect proximity to a specific production facil-
ity) the specific nanoparticles that might be
involved are already suspected. However, it
can be used more to exclude the possibili-
ty of the particles originating from the facil-
ity if for instance the sample shows no Ti al-
though the facility is one that produces TiO,
nanoparticles.

In the light of the high background level of
natural and anthropogenic nanoparticles,

Figure 5:
SEM image of carbon nanotubes (CNT). (Source: Berges')
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there is currently essentially only one possi-
bility of directly measuring the synthetic na-
noparticles carried in the air. To this purpose,
the concentration of particles is continuous-
ly measured at the place of work and com-
pared with the activities carried out. The open-
ing of a production facility for nanoparticles
or the bottling of nano-materials can then
under certain circumstances lead to an in-
crease in particle concentration. However,
one cannot be certain whether the increase
is actually the cause of the activity record-
ed. Accordingly, there must be certainty that
no other activities took place at the same time
(the opening of a window or a door, a diesel
vehicle passing by or another production
process). Fig. 6 shows a comparison of two
measurements carried out before and after
the bottling of nano-materials. A leak in the
bottling plant identified in this way led to a
difference in concentration by a factor of 4
to 5 with 20 nm particle size.
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cle concentration using a purely optical par-
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5 Using a fast mobility particle sizer (FMPS), the
measurement of the concentration according
to size can be done within a second. The par-
ticles are likewise selected by size according
to the DMA principle, but because of the dif-
ferent structure of the detection device the par-
ticle fractions can be measured at the same
time. However, these devices are large and ex-
pensive and less sensitive with respect to
small nanoparticles than the SMPS described
above (cf. Endnote 5, p. 472 (Pelzer) and End-
note 4, BSI, p.16).

Figure 6:

Comparison of two measurements before
and after bottling nano-materials in a
production facility with a leak in the bottling
system. (Source: Berges')

Fine dust and synthetic nanoparticles

At the latest since the Industrial Revolution, the contamination of air with combustion residues
has become a serious problem. The replacement of coal stoves by oil or gas fired central
heating and the development and use of filter systems have made a major contribution to
a significant improvement in the air quality, particularly in towns. On the other hand, tech-
nical developments both in the field of combustion engines and in the field of measure-
ment technology have meant that ultrafine dust concentrations have increased or become
measurable. Ultrafine dust refers to dust consisting of particles with a diameter below 100 nm.
In towns, the concentration of these particles is around 10,000 per cm3 (see Table 1). In
contrast to these particles created in part naturally (forest fires, friction etc) and in part by
human activity (man-made particles or incidental particles), synthetic nanoparticles are made
systematically and have a defined composition, shape and, as a rule, a very narrow size
distribution. Mostly, the concentration of these synthetic nanoparticles is far lower than the
background concentration of natural and man-made nanoparticles. This fact is currently
the largest problem in the determination of the concentration of synthetic nanoparticles in
the ambient air.

Conclusions

At first sight, it might be assumed that determining the exposure of synthetic nanoparticles
in outside air is so difficult because there are no measurement devices that can detect par-
ticles down to the nanometre size range. However, this is not the case. There are a num-
ber of particle counters that can detect nanoparticles with sufficient accuracy. The problem
of determining the concentration of synthetic nanoparticles is that these devices cannot dis-
tinguish between natural and synthetic nanoparticles. This is all the more serious because
the background load of natural nanoparticles and those accidentally generated by human
activity (e.g. through combustion processes) is very high. Against a high background con-
centration, a small increase in concentration of synthetic nanoparticles is therefore hardly
detectable.

Admittedly, electron microscopy also provides instruments for the detailed analysis of nanopar-
ticles, but their time and labour-intensive operation means that these are only of limited
suitability for practical application for the comprehensive monitoring of production facili-
ties. Even if technically appropriate methods could be developed, the systematic monitor-
ing of the concentration of synthetic nanoparticles in the air would also require a signifi-
cant increase in personnel efford.
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