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Size characterization of airborne SiO, nanoparticles
with on-line and off-line measurement techniques:
an interlaboratory comparison study
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Abstract Results of an interlaboratory comparison
on size characterization of SiO, airborne nanoparticles
using on-line and off-line measurement techniques are
discussed. This study was performed in the framework
of Technical Working Area (TWA) 34— “Properties
of Nanoparticle Populations” of the Versailles Project
on Advanced Materials and Standards (VAMAS) in
the project no. 3 “Techniques for characterizing size
distribution of airborne nanoparticles”. Two types of
nano-aerosols, consisting of (1) one population of
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nanoparticles with a mean diameter between 30.3 and
39.0 nm and (2) two populations of non-agglomerated
nanoparticles with mean diameters between, respec-
tively, 36.2—46.6 nm and 80.2-89.8 nm, were gener-
ated for characterization measurements. Scanning
mobility particle size spectrometers (SMPS) were used
for on-line measurements of size distributions of the
produced nano-aerosols. Transmission electron micros-
copy, scanning electron microscopy, and atomic
force microscopy were used as off-line measurement
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techniques for nanoparticles characterization. Samples
were deposited on appropriate supports such as grids,
filters, and mica plates by electrostatic precipitation and
a filtration technique using SMPS controlled generation
upstream. The results of the main size distribution
parameters (mean and mode diameters), obtained
from several laboratories, were compared based on
metrological approaches including metrological trace-
ability, calibration, and evaluation of the measurement
uncertainty. Internationally harmonized measurement
procedures for airborne SiO, nanoparticles character-
ization are proposed.

Keywords Scanning and transmission
electron microscopies - Atomic force
microscopy - Scanning mobility particle size
spectrometers - Metrological traceability - SiO,
nano-aerosol size distribution - Interlaboratory
comparison

Introduction

Nanotechnology is one of the six Key Enabling
Technologies (KETs) selected by the European Com-
mission as producing a major economic impact and
societal challenges (EC 2009, 2011a, b). Indeed, the
probability of finding nano-objects in the workplace,
as well as in ambient air, increases with the development
of new industrial applications of nanotechnology
employing nanomaterials in the car industry, electronics,
communications, cosmetics, energy, environment,
pharmaceutical biomedicine, and bio-technology.
Scientific studies of health and environmental risks
indicated that nano-objects, in particular in aerosol
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form, have potentially adverse health effects on exposed
workers and the general population (Oberdorster 2001;
Maynard and Kuempel 2005; Oberdorster et al. 2005;
Witschger and Fabries 2005; Nel et al. 2006; Tsuji et al.
2006; AFFSET 2006, Lahmani et al. 2010). With regard
to these risks, three potential routes of exposure were
identified: ingestion, epidermal absorption, and inhala-
tion. The last one is considered as predominant,
especially in the workplace (Witschger et al. 2012).
Relevant characteristics of airborne nanoparticles,
such as the particle size (ISO 2011), strongly influence
the particle deposition in the respiratory tract (ISO 2007,
2012). Up to now, the knowledge of the impact on
people’s health, following exposure to nanomaterials
inhalation, is incomplete. In order to address societal
issues around nano-objects, standardized characterization
protocols for traceable and reliable measurements
are necessary (Maynard et al. 2006; Maynard and
Pui 2007). Therefore, a number of interlaboratory
comparisons have been performed over the last 20
years with on-line and off-line techniques in order to
measure particle parameters (Cadle and Mulawa 1990;
Countess 1990; Schmid et al. 2011; Zervas et al. 2005;
Hering et al. 1990; Slowik et al. 2007). In such studies,
sampling for off-line particle measurements is a crucial
step to obtain representative, reliable analysis results. A
recent study of Cyrs et al. (2010) focused on the
nanoparticle collection efficiency of capillary pore
membrane filters (PMFs). The authors pointed out that
size-specific correction factors could be used for char-
acterization of the particle size distribution (PSD) of
airborne particles measured by microscopy techniques.
The major conclusion of these inter-laboratory
comparison studies was on the lack of measurement
standards and of harmonized and standardized measure-
ment procedures. As an example, Cadle and Mulawa
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(1990) concluded that their measurement accuracy is
unknown, since measurement standards of elementary
carbon in atmospheric particles do not exist. Zervas et al.
(2005) pointed out that only metrological aspects such as
measurement repeatability and detection limits were
studied in their work, without considering calibration of
the measuring instruments. During their interlaboratory
study performed in a vehicle and involving a reference
particle measurement system, Giechaskiel et al. (2008)
pointed out that calibration procedures for such an
instrument should be better defined.

Other interlaboratory comparisons have been
performed in order to compare off-line measurement
techniques, such as proton-induced X-ray emission,
X-ray fluorescence (Calzolai et al. 2008), and
on-line techniques, such as mobility particle size
spectrometers (MPS) (Wiedensohler et al. 1993;
Rodrigue et al. 2007). The performances of four
scanning mobility particle size spectrometers (SMPS)
were evaluated by Fissan et al. (1996) under the same
conditions for flow rates, flow ratio, input monodisperse
aerosols, and transport-line lengths in the 6-50 nm size
range. Their results provide a quantitative comparison
of the mobility resolution and diffusion loss of the
nanometer aerosols in such systems. Moreover, the
performance assessment of Fast MPS (FMPS) and
Ultrafine Water-based Condensation Particle Counter
(UWCPC) equipped SMPS was performed by Jeong
and Evans (2009) under various conditions on urban
ambient particles, urban indoor particles, rural ambient
particles, and laboratory-generated particles. Asbach
etal. (2009) tested four different mobility particle sizers
on NaCl and diesel soot particles measurements.

A lack of metrological traceability can therefore be
identified in these studies, so the need of traceable
measurement results becomes of crucial importance.
Only the paper of Wiedensohler et al. (2012) talks about
harmonization of measurement procedures to facilitate
high quality long-term observations of atmospheric
particle size number distributions obtained by SMPS.

In this paper, we present results of a study performed
within the framework of Technical Working Area
(TWA) no. 34—*“Properties of Nanoparticle Popula-
tions” of the Versailles Project on Advanced Materials
and Standards (VAMAS) in project no. 3 “Techniques
for characterizing size distribution of airborne nanopar-
ticles”. The working group of this project is composed of
11 National Metrology Institutes (BAM, CENAM,
DFM, NMIA, NMISA, INPL, KRISS, LNE, NIST,

NMIJ-AIST, NPLI) and four laboratories involved in
nanoparticle metrology (LPMA, LISA, [ILAQH-QUT],
UNIGE). This work was focused on manufactured SiO,
nanoparticles because of their widespread use in industry.
Two types of non-agglomerated nano-aerosols (Motzkus
etal. 2010, 2011, 2012) were generated. One contained a
single population of nanoparticles, and the second one
was composed of two populations of non-agglomerated
nanoparticles. The results, presented in this paper, were
obtained during an interlaboratory comparison for SiO,
airborne nanoparticles characterization using (1) an on-
line measurement technique, called SMPS (described as
a Differential Mobility Analysing System by ISO 2009),
and (2) off-line measurement techniques, namely trans-
mission electron microscopy (TEM), scanning electron
microscopy (SEM), and atomic force microscopy
(AFM), all of which needed the particles collection on
appropriate supports (grids, filters and mica plates).
Based on these results, international harmonized mea-
surement procedures for size characterization of airborne
SiO, nanoparticles are proposed.

Measurement methods

Five SMPS laboratories were involved in this study in
order to compare different aerosol generation methods
and to evaluate interlaboratory variation of the SMPS
PSD measurements (coded SMPS1-5). Seven other
laboratories participated in TEM analysis, seven in
SEM, and four in AFM measurements, in order to
compare parameters of the size distributions obtained
by these techniques for aerosol particles deposited on
grids, filters, and mica plates by electrostatic precip-
itation and filtration techniques used during the SMPS
controlled generation upstream.

Nano-aerosol generation and on-line measurement

The objectives were to generate airborne SiO, nano-
particles and to characterize the PSD of the generated
aerosols with different on-line measurement techniques,

and to validate them by an interlaboratory comparison.

Aerosol generation set-up and on-line measurement
systems

The instruments used for the interlaboratory compar-
ison were an aerosol generator, a differential mobility
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analyser (DMA), and a condensation particle counter
(CPC). An atomizer, available to the greatest number
of participants, was used to generate high concentra-
tion aerosols. Electrospray was also used by the fifth
SMPS laboratory as a generation system to produce
nano-aerosols with fewer impurities (parasitic parti-
cles), compared to the atomizer. The same DMA
commercial type (model 3080, TSI) was used by all
participants. DMA was operated in (1) scanning mode,
and (2) stepping mode. In the scanning mode, the
commercial software, Aerosol Instrument Manager
(AIM), was used for DMA control and data analysis.
DMA flows were selected for a wide particle size range
in order to monitor and assess trends in particle
generation. For the stepping mode, custom-made
software was used for DMA control and data analysis
based on the DM A moment method (Ehara et al. 2000).
DMA flows were selected to obtain the best resolution
to determine the PSD parameters. Different types of
CPC, used in this study, were also commercial devices
from the TSI company. Each CPC was connected to a
DMA using tubes with a length of 25 cm and a
diameter of 6 mm. Figure 1 shows the most common
set-up and specific details of the different systems used
by the SMPS laboratories. Table 3 in Appendix lists
associated operating parameters.

The analysis steps described in “Determination of
particle size distribution—Differential electrical mobil-
ity analysis for aerosol particles” (ISO 15900 2009) for
DMA were taken into account. Calibrations for size
measurements were performed using Certified Refer-
ence Materials (CRMs) of Polystyrene Latex particles
(PSL CRMs) certified by TEM [46 £ 2 nm (3050A,
Thermo Fisher Scientific), 81 & 3 nm (3080A, Thermo
Fisher Scientific) and 100.82 £ 0.66 nm (STADEX
SC-010-S, JSR)]. The calibration results are listed in
Table 3.

Airborne SiO; nanoparticles generation protocol

Sample preparation with colloidal suspensions The
best available purified and deionized water was used to
prepare diluted suspensions. In order to obtain an
aerosol with one nanoparticle population (a monomodal
PSD), an amount of a manufactured colloidal
suspension was diluted in 11 of Milli-Q water. This
prepared solution was then introduced into the bottle of
an atomizer system (model 3076, TSI) in order to obtain
a monodisperse population called “Aerosol One
Population” (aerosol OP). To produce an aerosol with
two nanoparticle populations (a bimodal PSD), 50 pL
of a second manufactured colloidal suspension was
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Fig. 1 Setup of generation and size characterization of SiO, airborne nanoparticles available to the greatest number of laboratories
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diluted in 1 1 of Milli-Q water. This prepared solution
was then introduced into the bottle of an identical
atomizer system (model 3076, TSI) in order to obtain a
double-population aerosol called “Aerosol Double
Population” (aerosol DP) characterized by two
populations of isolated (non-agglomerated) airborne
particles.

The SiO, manufactured colloidal suspensions were
chosen according to their properties (particle size,
morphology, and agglomeration state) and their avail-
ability. The first suspension contained a single popula-
tion of nanoparticles, and the second one was composed
of two populations with particle size below 100 nm of
non-agglomerated nanoparticles with spherical shape.
The values of the aspect ratio (minimum feret diameter
divided by maximum feret diameter) of the particles as
measured by TEM are in the range between 0.92 and
0.96 indicating a relatively high sphericity of the
nanoparticles.

The samples were distributed to the participants
knowing that all the samples were coming from the
same batch. Special attention was taken during
transportation by using tightly sealed containers to
prevent evaporation and to ensure the sample integrity.

Aerosol generation Before each generation of SiO,
nanoparticles, the aerosol background was checked by
nebulising the solvent alone (water) after by cleaning the
bottle and the atomizer three times with Milli-Q water.
This was performed until the background resulting from
remaining SiO, particles was negligible. Each aerosol
generator was used under optimum conditions. For
example, a TSI atomizer 3076 was operated at a pressure
of 2.4 bars of clean-dry air delivered from a commercial
device (model 3074B, TSI). Generated particles are then
introduced through a homogenization chamber and a
solvent collection tank before passing through diffusion
driers and analysis by on-line SMPS device.

SMPS measurement methods

Scanning  mode:  operating  parameters — and
software Aerosol Instrument Manager (AIM)
software (Release Version 8.1.0.0, TSI) was used with
or without diffusion and charge corrections. A density of
22 and 1.2 x 107 g/em® for particles and gas,
respectively, was taken into account. Different sheath
(g.) and aerosol (g,) flows were used. These flow
conditions corresponded to a 14-673 nm size range. The

scanning steps were identical, 180 s for voltage
increasing, 30 s for voltage decreasing and the
remaining 30 s for idling, with a total recording time
of 4 min. The measurements were started only when the
generation system was stable for longer than 10 min, and
at least 10 scans were recorded on three different days.

Stepping mode: operating parameters and DMA
moment method For the stepping mode, DMA
flows were set at g. = 19.5 L/min and ¢, = 1.0 L/
min. The CPC (model 3022A, TSI), which is used to
count particles at the DMA exit, was operated in the low
flow mode (0.3 L/min). At least eleven values for DMA
voltages were selected to cover the whole particle peak.
Each voltage was applied for 30 s with the first 20 s for
idling and the remaining 10 s for particle counting. The
measurement was started from the voltage which was
expected to be close to the middle of the peak.
The voltage was then changed alternately to the left
and to the right of this first voltage, knowing that the
first and last voltages should match in order to check the
stability of aerosol generation. It was considered that
the DMA spectrum had to be done again when the
difference between first and last particles counts was
larger than 10 %.

Curve fitting was employed to obtain the size
distribution. In these conditions, the peak was clearly
isolated from background particles and the average
diameter could be determined. The peak voltage
diameter was also determined in order to compare
the obtained mode diameter with the one obtained by
scanning mode operation. Furthermore, the certified
diameter of the reference particles was used to correct
possible errors in DMA electrode dimensions. For
each sample, the measurements were repeated three
times on three different days. The equations given by
Allen and Raabe (1985) and established by Wie-
densohler (1988) were used, respectively, for the slip
correction and equilibrium charge distribution.

Results treatment and uncertainty measurement

The measurement results were treated according to the
ISO 5725-2 (ISO 1994) procedure in order to deter-
mine repeatability and reproducibility of mean and
mode diameters for each particle population. Gaussian
(normal), asymmetric Gaussian, and log-normal dis-
tribution models were used. The influence of different
aerosol generators, DMA flow conditions, and the
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presence or absence of diffusion and charge correc-
tions were investigated to evaluate measurement
uncertainty components and to calculate the expanded
uncertainty. In order to better describe aerosol DP, two
ratios in number concentration were calculated. The
peak and area ratios correspond, respectively, to the
ratio of the maximum intensities (mode, in number
concentration) and to the ratio of the two populations
areas, either in integrality (Gaussian law) or integrated
on determined size ranges.

Sampling for off-line measurements

As mentioned above, TEM, SEM, and AFM were used
as off-line techniques to measure the number-based
PSD of SiO, airborne nanoparticles collected on
appropriate supports after their generation. Concern-
ing the SMPS-controlled nanoparticles generation,
identical protocols as described in “Nano-aerosol
generation and on-line measurement” were used, and
either a flow splitter connection (model 3708, TSI) or a
T-junction were used, depending on the laboratories
for SMPS and off-line sampling systems connections.
In this study, two main sampling techniques were
used: electrostatic precipitation and filtration.

Sampling methods

Electrostatic precipitation Electrostatic precipitation
(Bau et al. 2010; Li et al. 2010; Dixkens and Fissan
1999) can also be performed to sample airborne
nanoparticles. In this study, a Nanometer Aerosol
Sampler (NAS, Model 3089, TSI) was used to collect
SiO, nanoparticles. For the off-line analysis study,
mica substrates (AGAR Scientific, G250-3,
11 x 11 mm, roughness ~ 50 pm, root mean square
roughness 0.08 nm) and TEM grids (Formvar carbon
on 200 mesh Cu grid and pure carbon on 200 mesh Cu
grid), fixed with liquid silver glue on a 9.5-mm NAS
electrode, were used. Before each sampling, the NAS
chamber and its electrode were cleaned with ethanol
and dried with filtered compressed air. A flow rate of
2 L/min and a voltage of 10 kV were used for the
sampling in order to obtain a high collection efficiency
and the greatest amount of collected nanoparticles. It
was recommended to deposit SiO, nanoparticles onto
the shiny side of the TEM grids (Formvar/Carbon
film). Just before deposition, the mica must be cleaved

@ Springer

using the adhesive tape method until the surface
appears visually featureless. Two TEM grids of
different types were used in this study and were
labeled N1, N2 for carbon-coated Formvar films and
N3, N4 for pure carbon film. The TEM grids with pure
carbon were required for AFM measurements due to
the fragility of Formvar-carbon films rendering them
unsuitable for AFM scanning. Each sampling
laboratory took at least two TEM grids of each type
in order to study the repeatability of their sampling
process.

Two configurations of the NAS system connection
were used in this study, i.e. before (configuration 1) and
after (configuration 2) the Kr85 SMPS neutralizer. A
preliminary study shows that configuration 1 was
better suited to collect generated SiO, airborne nano-
particles on TEM grids than configuration 2, due to the
higher particle concentration and the associated reduc-
tion of sampling time. The other advantage of this
configuration was the possibility to easily connect the
SMPS in parallel in order to control the size distribu-
tion of the produced aerosol. For configuration 1,
sampling times of 5 min and 2 min 30 s on TEM grids
were used for both SiO, nano-aerosols (OP and DP)
and a sampling time of 30 min for mica substrates in
order to obtain a suitable nanoparticle surface density
(~20 particles/um?). This allowed maximizing the
number of collected particles without particle overlaps.
For configuration 2, sampling time was 2 h. The mica
and TEM grids samples obtained using the NAS
system are, respectively, called samples D and B. Each
sampling laboratory produced three mica samples for
each AFM laboratory (called M1, M2 and M3) in order
to study the repeatability of their sampling process.

Filtration technique Filtration is a technique which
uses diffusion, interception, and impaction processes
to collect particles on a substrate. Diffusion is the
major phenomenon involved in deposition of airborne
nanoparticles.

Airborne SiO, nanoparticles were sampled using a
25-mm filter holder equipped with a pump and a
regulator in order to control the flow rate at 2 L/min.
Before each sampling, the filter holder was cleaned
with ethanol and dried with filtered compressed air.
Sampling was performed simultaneously on 25 mm
polycarbonate membrane filters (PMF, Nuclepore®)
with pore size of 0.2 pm and on 3 mm TEM grids
placed directly on the PMF. Two TEM grids (G1 and
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G2, carbon-coated Formvar film and pure carbon film
on 200 mesh Cu grids), placed at a radial distance of
6.5 mm from the PMF centre, were used and called
“sample A” (Fig. 2) for TEM and AFM measure-
ments. After sampling, PMFs were cut for TEM
(piece P1, Fig.2) and SEM (Piece P2, Fig. 2)
analysis.

Preliminary tests showed that particle density on
the filter is higher than for TEM grids. Therefore, other
PMFs without TEM grids and with lower particle
density were used to avoid particle overlaps (sample
C, Fig. 2). Each sampling laboratory produced three
A and C samples (F1, F2, and F3) for SEM and TEM
measurements in order to study the repeatability of
their sampling process. Moreover, several laboratories
had the opportunity to transfer nanoparticles first
deposited on A and C PMF samples to TEM grids (gl
and g2, respectively, on carbon-coated Formvar films
and pure carbon film on 200 mesh Cu grids) via its
dissolution (Fig. 2) in order to estimate the impact of
this method on the measurement.

For samples A, sampling times of 10 and 5 h were
used, respectively, for aerosols OP and DP, in order to
obtain good nanoparticle density (~20-50 particles/
um?) on the TEM grids and no particle overlaps. For
samples C, sampling times of 12 and 15 min were
used, respectively, for aerosols OP and DP, in order to
obtain particle densities of 15-30 particles/um? on the
PMF.

Fig. 2 Description of the
sampling methods used for
TEM and SEM analysis. The
associated nomenclatures
are indicated for sample A
(left) and sample C (right)

Part P,
Part P,

Sample A :
PMF (F1. F2.F3) + 2 TEM grids (G1. G2)

Storage conditions and sample transport

After sampling, each filter was placed in a numbered
polypropylene petri dish (Petrislides type) for storage
and transport. TEM grids were placed in numbered
holes of a grid box. The shiny side was turned towards
the left side of the holes wall. Mica substrates were
prepared for transport and AFM measurements by
sticking them to steel discs (20 mm metal specimen
discs, Ted Pella). The samples were transported in an
atmosphere with a relative humidity below 30 % in
vacuum plastic boxes in order to prevent pollution
from ambient air. The boxes were equipped with a
magnetic tape at the bottom to attach the steel discs
and to facilitate easy removal. The sample batches
were stored under dark conditions in vacuum boxes
with bubble packs to reduce shocks and vibrations
during transport.

Off-line technique interlaboratory comparison
organization

Each sampling laboratory collected three samples (M,
G, F, see “Sampling methods” section) of A, B, C, and
D sample types, for at least two different AFM, TEM,
and SEM microscopy laboratories, in order to study
homogeneity, repeatability of the sampling, and inter-
laboratory variability of the measurement methods

Sample C :

PMF (F1. F2.F3) only

> > d =25 mn »

: for transfer on TEM grids (g1, g2)
: used for SEM
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applied in each microscopy laboratory (ISO 17043
2010). AFM laboratories analyzed some TEM grids
(from TEM laboratories) only for A and B samples.

Off-line microscopy analysis
Atomic force microscopy

After their generation and sampling on either mica or
grids, PSDs of airborne SiO, nanoparticles were
determined by AFM. The maximum particle height
was chosen as the measurand for the particle size, and
was supposed to be equal to the diameter d, in the case
of spherical particles. The height should be taken on the
particle apex relative to the surrounding substrate
surface. Two reference AFM samples were used to
establish metrologic comparability: (1) a calibrated
height standard, consisting of a grating with a calibrated
step height and corresponding expanded uncertainty of
41.2 &+ 0.7 nm, and (2) a reference particle sample
composed of monodisperse spherical polystyrene latex
particles (3050A, Thermo Fisher Scientific), with a
mean diameter of 46 + 2 nm certified by TEM. These
reference samples were circulated to all participants for
the purpose of calibrating their AFM and to provide a
common reference for the comparison. One sample of
each aerosols OP and DP, called M* and collected on
mica plates, was circulated to three AFM laboratories
(AFM1, 2, and 4) for comparison.

AFM measurement protocol Measurement method
and AFM set-up were chosen according to the best
practice used by the participants. The AFM resolution
was chosen to give a corresponding pixel side length
of approximately 4 nm, which led to a reasonable
lateral resolution for a 25-nm particle. The resolution
in the z direction was estimated to be better than 1 nm
for all participants. A scan range of approximately
2 x 2 um at a time was measured for an AFM image
size of 512 x 512 pixels. Tapping or intermittent
mode was preferred to scanning in contact mode, since
particles on substrates were more easily detached by
the AFM tip in contact mode. However, use of a soft
cantilever could reduce this risk even during contact
mode. Supersharp tips were recommended for better
image resolution, but not required, since the measured
particle height was largely independent of tip shape.
In order to allow a reasonable statistical evaluation
of the PSD, a minimum of 400 measured particles per
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sample was recommended with a number of images
based on the expected particle density. The set 1
reference grating with the step height of 41.2 nm was
measured once. The scan range was set to
20 pm x 20 pm. The measured height of the step was
determined according to ISO 5436 and reported together
with the expanded uncertainty. The AFM parameters for
each laboratory are given in Table 4 in Appendix.

AFM result treatment The heights of the measured
particles (at least 400) in all images were recorded and
each image was levelled to obtain a substrate surface
parallel to the x—y plane. This could be accomplished by a
first-order plane fit which was subtracted from the
complete image. Ideally, only the substrate pixels were
used for this levelling. The size of each particle was
assessed by the height of the highest point of the particle.
Further techniques such as line-wise levelling can be
appropriate if the scanning is exposed to instrumental drift.
Note that the line-wise levelling required a fit limited to the
substrate pixels only, as many particle pixels per scan line
might lead to a bias. As the reference surface was
sufficiently flat with only little surface roughness, a
second- or third-order model for the levelling could be
considered by the involved laboratories.

AFM  measurement uncertainty evaluation The
measurement uncertainty was estimated by each
participant according to their measurement methods,
data processing, and the instruments implemented for
the comparison. The measurement protocol used for
the determination of the particle heights requires an
estimation of the height level of the sample substrate
that serves as a reference surface, as well as the
measurement of the maximum height on each particle.
Obviously, this method is very sensitive to the noise
level along the z direction and to a larger extent also to
the roughness of the samples. Concerning the latter
point, freshly cleaved mica substrates possess an
atomically flat surface with a very low roughness that
can be neglected in the uncertainty budget. However,
this is not the case for the grids or filters used to deposit
the nanoparticles during most of the aerosol sampling
experiments. For these substrates, the surface
roughness becomes clearly the main contributor for
the measurement uncertainty. Another significant
source of uncertainty is related to the individual
calibration of the different instruments with the
transfer standard used during the comparison.
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Scanning electron microscopy

After their generation and sampling on PMF sub-
strates, PSD of the SiO, airborne nanoparticles were
measured by SEM. Modern SEM operated with very
finely focusable electron beams (such as cold field
emission gun), or working at low electron beam
voltages (so that electrical charging of insulating
specimens becomes insignificant) or with electron
detectors of higher sensitivity (such as “In-Lens” or
“Through-the-Lens” detectors) can enable accurate
analysis of nanoparticle sizes well below 100 nm. As
presented in Table 5 in Appendix, a diverse range of
SEM instrumentation was employed by the partici-
pants, but it is representative of the most commonly
used microscopy techniques for the characterization of
specimen surface morphology at the nanometre scale.
As sources, electron guns such as tungsten (well-
known for providing electron beams of poor resolu-
tion) and (cold or thermally assisted) field emitters
(ensuring high resolution) were used. As detectors,
both conventional Everhardt-Thornley (ET) and “In-
Lens” and “Through-The-Lens” detectors were used.

Taking into account differences in instrumental
performances between the microscopes used, only
three relevant constraints were imposed: (1) accelerat-
ing voltage: arange of 1-30 kV was chosen. Depending
on equipment, the high-resolution low-voltage opera-
tion mode was preferred to the conventional high-
voltage mode, with the aim of avoiding electrical
charging effects that necessitate coating with a thin
conductive film; (2) a magnification between 250,000 x
and 300,000x was chosen. However, it was possible to
choose another magnification between 50,000x and
300,000x depending on the individual constraints of
laboratories to take images of about 500 or 1,000
nanoparticles; (3) the image magnification calibration
was performed with nanoparticle CRMs having a mean
diameter similar to those of the SiO, nanoparticles.
Such CRMs of nanoparticles in aqueous suspensions
were distributed by the SMPS4 lab to all participants:
(i) Polystyrene Latex Spheres (PSL) with mean diam-
eter of 81 & 3 nm certified by TEM (3080A, Thermo
Fisher Scientific), (ii) two reference materials of gold
nanoparticles with mean diameters, measured using
SEM, of 26.9 &+ 0.1 nm and 54.9 &+ 0.4 nm (RM 8012
and RM 8013, NIST) which did not require a conduc-
tive coating. Further useful instrumental parameters for
each laboratory are given in Table 5.

Sample preparation for SEM analysis  After particle
collection on PMF and before SEM analysis, a thin
film of Au, Ag, Pt, or Pd was sputter deposited in order
to ensure an electrically conductive surface and to
avoid surface charging under electron bombardment at
high accelerating voltages. For laboratories equipped
with a low-voltage microscope, the influence of the
coating on particle size measurements was assessed.
Both the PSL calibration and the airborne particle
measurements (aerosol OP and DP) were performed
under the same conditions to enable comparison of the
measurement results with and without coating. This
constitutes one way of estimating the measurement
uncertainties due to the applied coating.

SEM measurement protocol In order to check the
uniformity of the particle collection over the whole
sample area, a preliminary survey of the PMF sample
with the deposited nanoparticles was performed. It
was determined that the average distance between
neighbouring particles should not be shorter than their
average diameter, in order to avoid overlaps which
made the correct identification impossible.

For aerosol OP, about 500 particles were measured,
while about 1,000 particles were measured for aerosol
DP. It is important to avoid overlaps between the
scanned areas of different SEM microphotographs and
it was necessary for the scale bar to be visible on each
microphotograph. If coating was used, a thickness
correction including measurement uncertainties was
applied.

SEM results treatment Imagel] software (Collins,
2007; Rasband 1997-2009) was used for processing
and analysis of the SEM images. Other equivalent
softwares (e.g. Image Pro Plus or functionality
incorporated in the SEM software package) were used
for particle image treatment (see Table 5). Particle
diameter was defined as the mean length (L) and the
width (/) of ellipses circumscribing particles (method
used to determine the shape of the particle). For the
ellipse as a circle case, only conventional diameter was
determined. Other parameters such as perimeter and
area were also given. The mean, mode, and standard
deviation (SD) of the diameter distribution for each
sample were then calculated. For the case of a bi-modal
size distribution, the peak and the area ratios were also
reported. Obvious imaging artefacts were eliminated
manually.
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SEM  measurement uncertainty evaluation Contri-
butions of the image magnification calibration
uncertainty as well as of the coating thickness were
taken into account for the evaluation of the
measurement uncertainty. Selection of threshold in
the greyscale images was of decisive importance for
an accurate delimitation of the nanoparticles in the
evaluation of the diameter measurement uncertainties.
It is important to note that the data reduction software
required the redefinition of the pixel size of each
particular micrograph.

Methodology for TEM analysis

After the particle generation and sampling on TEM
grids and PMF substrates, the particle size was measured
by TEM. The TEM laboratories involved in the
interlaboratory comparison used two types of instru-
ments: (1) TEMs with thermo-ionic electron sources
[tungsten (W) or lanthanum hexaboride (LaBg) fila-
ments] operated at 100 and 200 kV, (2) TEMs with
Schottky-type field emission sources (FEG) operated at
200 and 300 kV. As seen in Table 6, the spatial
resolution of all the involved instruments was at the
same level, i.e. about 0.2 nm. Moreover, the laboratories
performed imaging used the same imaging mode, i.e.
bright field TEM (BFTEM). Digital BFTEM images
were recorded on CCD cameras of with detectors
ranging from 1,024 x 1,024 to 4,008 x 2,672 pixels.

TEM acquisition protocol Taking into account the
difference between the involved microscopes types,
three important parameters were imposed: (1) accel-
erating voltage: a range of 100-200 kV (depending on
the equipment) was chosen; (2) magnification: the
preferred magnification range was between 250,000 x
and 300,000x. However, imaging at differing
magnifications (50,000x to 300,000x) was allowed
depending on the laboratories constraints to perform the
images of 500 or 1,000 nanoparticles; (3) TEM
calibration was performed using CRMs. PSL CRMs
were certified by TEM (46 £ 2 nm (3050A, Thermo
Fisher Scientific), 81 &= 3 nm (3080A, Thermo Fisher
Scientific)) in aqueous dispersion for direct deposition
on TEM grids. Another RM was an aqueous dispersion
of gold nanoparticles (RM 8012 and RM 8013, NIST;
mean diameters, measured by TEM, equal to
27.6 & 2.1 nm and 56.0 £ 0.5 nm, respectively). A
third CRM was a gold grating replica on a copper TEM
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grid (2,160 lines/mm). All the acquisition parameters
employed by the laboratories of the TEM interlabo-
ratory comparison are presented in Table 6.

Sample preparation for TEM analysis For off-line
TEM imaging, 200 mesh standard copper grids,
covered with Formvar/carbon film and with carbon
only, were chosen. Three methods for deposition of
SiO, nanoparticles onto the grids were employed: (1)
Type A sampling (direct sampling on TEM grid): SiO,
nanoparticles were simultaneously deposited on PMF
and on TEM grids placed beneath a membrane, (2)
Type B sample (direct sampling on TEM grid): NAS
sampling on one TEM grid, (3) Type C sampling
(indirect sampling): nanoparticles were first deposited
on a PMF from which they were transferred to TEM
grids via its dissolution according to Sebastien et al.
(1978), by the Environmental Protection Agency
procedure (1987) and Spurny (1994).

After sampling, a piece of PMF was coated with a
thin graphite film by vacuum evaporation, placed on
TEM grid, and partially dissolved using CHCl; (ultra-
pure 99 %). In this way particles are sandwiched
between PMF and evaporated graphite film. This
dissolution was realized using: (i) a thermostatic bath
at 55 °C for about 8 h, (ii) a petri dish at room
temperature for about 24 h, (iii) a low vacuum for about
10 min. Sampling on TEM grids by each of the
sampling techniques listed above are ready for further
direct observation in TEM, i.e. without need of any
additional preparation step. This is not exactly the case
with the SEM imaging, which, depending on the type of
SEM instrument employed, may require the application
of a conductive coating to the as-sampled specimens.

TEM measurement protocol A preliminary scanning
of the entire grid was performed in order to check the
particle distribution and the collection uniformity. As
with the SEM measurement protocol, the average
distance between neighbouring particles should not be
shorter than their average diameter to avoid overlaps.
Since expected size distribution of nanoparticles was
in a range between 20 and 100 nm, magnifications of
50,000x to 300,000x were recommended. For
aerosol OP, about 500 particles were measured while
about 1,000 particles were measured for aerosol DP. It
was important to prevent overlaps between the
scanned areas of different TEM microphotographs
and it was necessary that the scale bar be visible on
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each microphotograph recorded in at least ten random
90 x 90 pm squares of the grid.

TEM results treatment The result treatment of TEM
were identical than the SEM result treatment (see
“Scanning electron microscopy”).

TEM measurement uncertainty evaluation —Calibration
of image magnification and the TEM grid mounting
(the sampling side mounted towards the electron gun)
were taken into account for the measurement
uncertainty. To ensure correct grid orientation, each
grid box sent to participants contained clear
identification of the mounting side of TEM grids. An
additional post-acquisition uncertainty that originated
from the diameter measurement uncertainty, which
depended on the accuracy of thresholding to digital
greyscale TEM images, was also included.

Results and discussions of inter-laboratory
comparison

On-line measurements

Figure 3 shows two examples of PSD results plotted as
a function of the logarithmic electrical mobility
diameter of airborne particles, for aerosols OP (left
side) and DP (right side). The y-axis (dM/dlog(d,))
represents the number concentration of the collected
particles divided by the width (in logarithmic scale) of
different channels of the diameter measurement. The
mean and mode diameter values of size distributions
with the different associated uncertainties (og

1.8
16 |
14
1.2
1.0}
0.8
0.6

DN/dlog dy,  #/ cm’) [10°]

04
0.2

0.0

10 100
Diameter (nm)

1000

DN/dlog dy, (#1 cm’) [10%]

standard deviation of reproducibility, u combined
standard measurement uncertainty and U expanded
uncertainty with the coverage factor k = 2), obtained
by the different participants for aerosols OP and DP in
this inter-laboratory comparison, are presented in
Tables 7 and 8 in Appendix.

For aerosol OP, the standard deviations for repeat-
ability and reproducibility are less than or equal to
I nm and the expanded uncertainties below 4 nm.
Different diameter ranges were investigated to deter-
mine the mean diameter. The first range is close to the
peak in order to decrease the influence of the different
artefacts due to impurity particles created during the
generation (fine particles below 20 nm) and/or doublet
particles. The second range corresponds to the total
DMA range in order to detect all produced particles.

The aerosol generation systems used (atomizer and
electrospray) were optimized in order to produce
primary SiO, particles without agglomeration.

Most of the mean diameters obtained by all labora-
tories for the aerosol OP (Table 7), with different
operating modes and data analysis, lie between 32 and
36 nm, except for results from laboratory SMPS3 (mean
diameter of 43 nm). The mode diameters are between
35 and 37 nm. The values of the mode diameter do not
change for different choices of the size ranges and the
statistics laws. Results from laboratory SMPS4 are
presented in Table 7 for aerosol OP (scanning 1 and 2)
and show that the different ranges used to determine the
mean diameter lead to a difference of only 2 nm with an
atomizer system. This difference was reduced to 0.6 nm
with an electrospray system, obtained by laboratory
SMPS5 for two different ranges and two different
operating conditions (scanning and stepping). A
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Fig. 3 Examples of size number distribution obtained using the generation setup and SMPS size characterization of SiO, airborne

nanoparticules for aerosols OP (left side) and DP (right side)
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difference of 2 nm is also obtained by laboratory SMPS2
if a Gaussian law is used rather than the mean diameter
given by the AIM software.

Table 8 presents the results obtained for the mean and
mode diameters for both aerosol DP populations (the
minor and major population, respectively). The peak and
area ratios of these two populations are also presented.
Most of the standard deviations for repeatability and
reproducibility are below 1 and 0.6 nm for the first and the
second populations, respectively. Only the repeatability
and reproducibility standard deviations obtained by
laboratory SMPS3 for the mode diameter of the first
population are higher (5 and 6 nm, respectively). The
expanded uncertainties are, respectively, below 13 and
4 nm for first and the second populations. For the first and
second populations, the mean and mode diameters
obtained by all laboratories, with different operating
modes and data analysis, are comprised between 39 and
46 nm, and between 82 and 88 nm, respectively. Some
results, such as those for laboratory SMPS4, show that the
range used to calculate the statistic diameters with the
same data could lead to a difference of 5 nm for the mean
diameter; no difference was observed for the mode
diameter. The results show that the operating modes
(stepping or scanning) with two different ranges lead to a
difference of 2 nm for mean and mode diameters of the
first population, and to 4 nm for the mode of the second
population. The peak ratios (peak intensity obtained for
the mode of the first population divided by peak intensity
obtained for the mode of the second population in %) are
mostly between 16 and 21 %, except for the ratios from
laboratories SMPS1 and SMPS3, with 52 and 40 %,
respectively. The area ratios (ratio in particle number
concentration between the first and the second popula-
tions in %) are slightly higher than the peak ratios with
results between 18 and 63 %. The smallest ratio is
obtained by laboratory SMPS5 using electrospray as a
generation system. This could be due to a reduction of the
number of residual and agglomerated particles with
electrospray, compared to atomizer generation.

Figure 4a, b presents, respectively, the measured
aerosol OP and aerosol DP mean diameters. The total
average mean and mode diameters with +two inter-
laboratory standard deviations are 35.1 & 6.4 nm and
35.4 £+ 2.0 nm for aerosol OP, 44.0 &+ 4.0 nm and
442 + 5.3 nm for the first aerosol DP population;
and 85.0 = 4.1 nm and 83.1 £ 3.4 nm for the second
aerosol DP population (Tables 1, 2). The results of
mean and mode diameters are included in the intervals
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of the associated two interlaboratory standard devia-
tions (Fig. 4a, b; Tables 7, 8), except for the mean
diameter OP from laboratory SMPS3.

A significant effort was made to produce a stringent
common protocol, both for aerosol generation and for
SMPS measurements. However, differences remain
between laboratories for the aerosol generation and
measurement equipment and conditions such as CPC
choice, DMA flow conditions, data processing, and also
diffusion and charge corrections. Therefore, the low
standard deviations of repeatability and reproducibility,
obtained for each laboratory, show some variation in the
results due to differences between the applied protocols.
Concerning the scanning mode operation, the influence
of different aerosol generators, DMA flow conditions,
and the presence or absence of diffusion and charge
corrections were investigated to evaluate measurement
uncertainty components and to calculate the expanded
uncertainty. All laboratories results (mean and mode
diameters) for aerosol OP and DP, except for the mean
diameter OP from laboratory SMPS3, are in agreement
with each other using the combined standard measure-
ment uncertainty, and in even better agreement using the
expanded uncertainty with the coverage factor k = 2
(Tables 7, 8).

The repeatability/reproducibility and measurement
uncertainties obtained in stepping mode operation by
laboratory SMPS5 are smaller than those for the
scanning mode (Tables 7, 8). The stepping mode
expanded uncertainties were evaluated by taking into
account other uncertainty sources such as reference
particle diameters, DMA voltages, slip correction, and
fitting function choices, charge correction and Brown-
ian motion effects. The results obtained by stepping
mode with an electrospray generator, which integrates
a correction using the reference particle diameter
(CRM), are in good agreement with scanning mode
and correspond to a more accurate value.

Off-line measurements
Atomic force microscopy

The diameter of the nanoparticles was determined by
their apex heights above the substrate surface, assuming
spherical nanoparticles. The diameters of the airborne
nanoparticles were measured on four different sub-
strates by four participants (Fig. 4c; Table 9 in Appen-
dix) for the aerosol OP and by three participants for the
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aerosol DP (Fig. 4d; Table 10 in Appendix). Tables 9
and 10 in Appendix present the mean and mode
diameters values, the standard deviation of the obtained
PSDs for the different labs for aerosols OP and DP with
the different associated uncertainties. The same sample
on a mica substrate, indicated by “M*”, performed by
laboratory SMPS4 (Tables 9, 10), was measured by
laboratories AFM1, 2, and 4.

Typically, 100-500 particles were measured by
each participant. For aerosol OP, good metrological
compatibility of the participant results is shown.
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Fig. 4 SMPS measurement results for acrosol OP (a) and aerosol
DP (b) mean diameters. AFM measurement results of the mean
diameters of aerosols OP (c¢) and DP (d) samples for various
substrates and samples of each measurement laboratory associated
with the sampling laboratory (SMPS2, SMPS3, and SMPS4).
Filled and empty squares represent the G and N grids, respectively.
Triangles represent samples on mica substrates. SEM results of the
measurement of the mean diameters for aerosols OP (e) and DP
(f) samples of each measurement laboratory associated with the
sampling laboratory (SMPS2, SMPS3, and SMPS4). Filled and

Most of the mean diameters for the aerosol OP are
comprised between 27 and 33 nm (cf. Fig. 4c), except
for result from laboratory AFM4 (mean diameter of
35 nm). The mode diameters are between 27 and 33 nm
(Table 9 in Appendix). The expanded uncertainties
associated to mean and mode diameters for aerosol OP
are below 7 nm. For the first and second aerosol DP
populations, the mean diameters are, respectively,
comprised between 3242 nm and 78-85 nm (cf
Fig. 4d). Concerning the aerosol DP mode diameters,
the results are comprised between 3645 nm and
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empty squares represent measurements with and without coating,
respectively. TEM measurement results of the mean diameters of
aerosols OP (g) and DP (h) for various samples of each
measurement laboratory associated with the sampling laboratory
(SMPS1, SMPS2, SMPS3, and SMPS4). Filled and empty squares
represent the G and N grids, respectively. Empty triangles
represent the “g” grids transferred from a PMF sample to grids.
Error bars indicate the expanded uncertainty (k = 2). The solid
line represents the total average within a band of Ztwo
interlaboratory standard deviations (dashed lines)
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Table 1 Average mean and mode diameter of aerosol OP. SD corresponds to the calculated standard deviations of the average
measurements of all SMPS, SEM, TEM, and AFM laboratories involved in this interlaboratory comparison

Averaged mean 2 x SD (nm) Averaged mode 2 x SD (nm)
diameter d,, (nm) diameter d,, (nm)

SMPS 35.1 6.4 354 2.0

TEM 35.1 74 35.6 7.6

SEM 39.0 14.2 38.3 14.1

AFM 30.3 3.7 304 5.1

78-86 nm. The expanded uncertainties of both statistic
diameters for the first and second populations are below
5 nm. AFM results for aerosols OP and DP show a good
agreement between all laboratories. The mean and
mode diameters with its associated expanded uncer-
tainties are comprised in the band represented by the
average with +two interlaboratory standard deviations,
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i.e. 30.3 + 3.7 nm and 30.4 £ 5.1 nm for OP aerosol.
In the case of aerosol DP, these diameters are also
comprised in the average bands with +two interlabo-
ratory standard deviations, i.e. 36.2 & 7.1 nm and
39.2 + 6.8 nm for the first population and 80.2 £
5.0 nm and 81.0 & 5.3 nm for the second one, respec-
tively (Fig. 4a, b; Tables 9, 10 in Appendix).
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Table 2 Average mean and mode diameter of both populations of the DP aerosol

First population

Second population

Averaged mean 2 x SD  Averaged mode 2 x SD  Averaged mean 2 x SD  Averaged mode 2 x SD

diameter d, (nm) (nm) diameter d, (nm) (nm) diameter d, (nm) (nm) diameter d, (nm) (nm)
SMPS 44.0 4.0 442 53 85.0 4.1 83.1 34
TEM 429 9.0 43.7 11.9 86.3 12.3 88.1 12.0
SEM  46.6 15.1 47.0 13.8 89.8 20.4 91.1 19.8
AFM  36.2 7.1 39.2 6.8 80.2 5.0 81.0 5.3

SD corresponds to the calculated standard deviations of the average measurements of all SMPS, SEM, TEM, and AFM laboratories

involved in this interlaboratory comparison

No significant difference was observed between the
NAS grid samples: sample B, NAS mica (sample D), and
the grid deposited on PMF (sample A). In general, a
cleaved mica substrate provides an ideal, atomically flat
reference surface for the measurement of particle
diameters. We observed that the smallest measurement
uncertainties of the mean particle diameters were
obtained with the mica. Other substrates, such as grids
or filters, show RMS surface roughness between approx-
imately 1 and 10 nm. These roughness values have a
significant impact on the measurement uncertainties. The
expanded uncertainties can become as large as the 95 %
percentile of the distribution of measured mean values, or
even exceed it. The variations of peak and area ratios
between both populations for the aecrosol DP were mainly
between 25 and 80 %, except for one measurement.

Scanning electron microscopy

Most commercial sputter coaters suggest coating
thickness values which shall be reached when the
coating applied runs under well-defined, recom-
mended controlled conditions. Nevertheless, it was

also stated that these given thickness values are rough
estimates, so that a calibration of an accompanying
witness specimen (silicon wafer) and separate trace-
able measurement of the coating thickness must be
undertaken.

When the low-sputtering mode was used, the
coating mean grain size reached typically about
2nm for Au and about 1.7 nm for Au/Pd. The
resulting well-known, irregular cauliflower-like struc-
ture is clearly visible in Fig. 5 (left) compared to
uncoated samples Fig. 5 (right). The particle coating
thickness was not necessarily the same as the one
obtained on a flat surface. Therefore, accurate deter-
mination of the applied coating layer thickness was a
challenging task which generated the most significant
uncertainty contribution to the size measurement that
may even exceed 10 nm.

The data reduction by image processing consisted
firstly of the accurate “takeover” of the calibrated
magnification, i.e. of the pixel size, associated with
every individual SEM micrograph. Depending on the
image processing software employed, the most signif-
icant part involving propagation into the measurement

Fig. 5 SEM micrographs of aerosol OP specimen of type C
(PMF as a support): coated with 10 nm Au (leff); note the
“cauliflower-like structure” of the Au coating altering the real

size of the nanoparticles, and uncoated specimen sampled by the
same laboratory in the low-beam voltage mode (right)
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uncertainty was setting the threshold for the particle
delimitation. No unique procedure was recommended
in the present study but it was noted that the higher the
quality of the acquired SEM micrograph was, the lower
the uncertainty associated with the threshold setting
becomes. In other words, it was highly recommended
to invest the time to obtain a high-quality SEM
micrograph. On the other hand, artefacts such as a
slight oversaturation of the signals acquired with an In-
Lens detector were observed by the participants. This
contributes to an overestimation of the particle size. It
was established that the particular mathematical/soft-
ware procedures employed for determining the particle
size (such as binarization or application of a “despec-
kle” algorithm for removing noise) may also lead to
significant measurement uncertainty contributions.
The “safest” way to get a realistic setting of the
threshold is to simulate (by Monte-Carlo methods)
SEM images similar to those which have been
measured and to derive the corresponding particles
size. Such pioneering work is challenging, but was
recently successfully performed by Buhr et al. (2009).

Agglomerates of two or more nanoparticles or
artefacts/defects of the support membrane were man-
ually removed by some laboratories. Due to the
coating applied by most of participants, it was realized
that the image contrast caused by the pronounced
surface morphology is quite similar to that of the
nanoparticles sampled on PMF. Additional filtering (-
out) options of the image processing software had to
be taken into consideration, resulting in an increase of

Fig. 6 SEM micrograph example for aerosol DP sample of type
C coated with about 10 nm Au (left) and image processed after
pixel calibration with Imagel software (right). Most touching
particles have been eliminated manually from the data reduction
(see the red crosses). One should note that this example is a
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the particle size measurement uncertainty. All the
image processing steps together could induce uncer-
tainties in determination of nanoparticle size of a few
nanometers. Poorly acquired images (due to low
performance instrumentation or an operator fault)
lead to unacceptable size measurement uncertainty.
The best supporting evidence constitutes the fact that
only some participants could observe the aerosol OP
specimens. However, with respect to the metrological
purposes of the present study, they could not be
resolved, i.e. no values are given in the Table 11 in
Appendix. But the populations belonging to aerosol
DP specimen could be resolved by all the participants.

Figure 6 shows a typical SEM micrograph taken during
the intercomparison with the most important sequence in
data reduction, namely the setting of the threshold. The
SEM results obtained from all SEM laboratories are
presented in the overview Tables 11 and 12 for aerosols
OP and DP with the associated uncertainties.

The SEM results are in quite good agreement for
the mode and mean values for both aerosol types. A
second result is the good reproducibility of the values
obtained by each laboratory. Standard deviations
exceeding 10 nm were calculated only in the case of
one laboratory, and no significant differences were
found. The main sources of uncertainties discussed in
the uncertainty section (“Scanning electron micros-
copy” section) range from 4 to 32 nm. Naturally, the
smallest associated uncertainties of only 4-5 nm are
those given by the laboratories having not necessarily
applied a coating in order to measure without surface

rather unfavourable one due to the relative large fraction of
touching particles, however, it was deliberately chosen in order
to illustrate the “manual” intervention during image processing.
An automatic image processing would have produced signifi-
cantly worse results
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charging. The large uncertainty value of 32 nm was
from a particular laboratory which had not corrected at
all for the coating thickness. The reproducibility of the
laboratory results, corresponding to twice standard
deviation, was calculated from measuring the same set
of three different samples SMPS laboratory sampling.
In the case of the measurement without coating, 2SD
reproducibility differences between the mean diame-
ters do not exceed 2 nm for the nanoparticle popula-
tion of lower size, and below 4 nm for the case of the
population of nanoparticles of larger size. The asso-
ciated uncertainty expressed as the double standard
deviation ranges from one-third of the mean value for
the two populations with quite similar, smaller size, to
about a fifth of the mean value of the population with
the larger size.

Seven measurement laboratories were involved in
the SEM analysis. Figure 4e, f shows the measured
mean diameter values, with expanded uncertainties
(k = 2), for aerosols OP and DP. The PMF sample
(sample C) was analyzed as coated and uncoated
aerosol particles (filled and empty squares, Fig. 4e, f).
Concerning the diameter measured from the coated
sample, laboratories SEM4 and 5 did not take into
account a correction factor for coating thickness, but
included this correction in the uncertainty calculation.
Only laboratory SEM6 applied a correction of 20 nm
for the mean and mode diameters of both aerosols OP
and DP, while laboratories SEMI1 and 2 applied a
correction of 5 and 26 nm, respectively, for aerosol DP
mean and mode diameters. The expanded uncertainty
was calculated as the root mean square of the square
sum of SD reproducibility and an uncertainty which
depends on several instrumental parameters such as
magnification calibration, coating thickness and pixel
calibration/threshold image selection. The reproduc-
ibility alone cannot explain the interlaboratory result
differences (cf. Tables 11, 12), however, taking into
account the expanded uncertainty, the laboratory results
are in agreement. For aerosol OP, mean and mode total
average diameters within a band of +two interlabora-
tory standard deviations are 39.0 £ 14.2 nm and
38.3 & 14.1 nm, respectively (Fig. 4e; Table 1).
For aerosol DP, these values are, respectively,
46.6 £ 15.1 nm and 47.0 £ 13.8 nm for the first
population and 89.8 &+ 20.4 nm and 91.0 £ 19.8 nm
for the second one (Fig. 4f; Table 2). The two
interlaboratory standard deviations were higher com-
pared to the other techniques (SMPS, TEM, and AFM)

due to the measurement results with and without
coating, and mainly due to values without correction of
coating.

For example, laboratory SEM3 determined a mean
diameter with an expanded uncertainty (k = 2) of
45.1 £ 4.2 nm and 82.5 £ 4.1 nm for the first and
second population of aerosol DP without coating,
respectively. These values can be compared to the
corresponding results from laboratory SEM7 which are
43.8 &+ 6.1 nm and 83.2 £ 5.6 nm. Higher differences
were obtained by laboratory SEM1 (57.6 &= 10.1 nm
and 100.3 £ 10.2 nm), where PMF samples were Pt
coated by taking into account a correction of 5 nm. For
aerosol DP, peak and area ratios between first and
second population maximum intensities were calcu-
lated for each measurement. These peak ratios vary
between 15 and 62 % and a similar variation for the
area ratios was obtained between 10 and 59 %.

Transmission electron microscopy

Proper mounting of a grid, the optimized usage of CCD
camera dynamic range in TEM digital imaging, and the
effect of objective aperture on BF TEM image of silica
NPs were considered due to their influence on the
imaging procedure. The grid should be oriented with its
“face” surface towards the electron source. This fact
was specifically stressed in the measurement protocol
and was found to have sufficient effect on final size
values calculated from TEM BF images. Adjustment of
contrast/brightness parameters for the recording device
(CCD camera) provides optimal usage of the whole
matrix of the CCD camera and eliminates “dead pixels”
(where information is lost because of under- or over-
saturation). It is also well-known that under the smaller
objective aperture the BF TEM image acquires stronger
contrast. Therefore acquisition of BF TEM images with
objective aperture inserted was recommended.
Numerical data about sizing of silica nanoparticles
were obtained via post-acquisition processing of
digital BF TEM images. The true geometry of
nanoparticles was found to be imperfect (Fig. 7a, b),
i.e. observed deviations from spherical morphology
were pronounced enough to render the recommended
circumscribing with an ellipse inaccurate. In addition,
automated particle delimitation based on grey level
threshold was found to be not accurate enough.
Seven measurement laboratories participated in the
TEM interlaboratory comparison study, each with
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Fig. 7 BF TEM images for a aerosol OP and b aerosol DP

different instrument specifications and methods for
processing the measurement data. For the calibration
procedures used by the participants of this interlabo-
ratory comparison (Table 6 in Appendix) a larger
uncertainty of about 3 % was taken into account. The
expanded uncertainty was calculated as the root mean
square of the square sum of SD reproducibility of each
laboratory and the uncertainty component of about
3 %. Results of TEM based on size measurement of
aerosol OP and DP are presented in Tables 13 and 14
in Appendix.

Figure 4g presents the mean diameter values
obtained by TEM laboratories for the aerosol OP. In
the same way, Figure 4h presents aerosol DP mea-
surements. The results showed that mode and mean
diameter values were very close, without taking into
account the diameters obtained from grid “g” mea-
surements. The expanded uncertainties associated to
mean diameters for aerosols OP and DP are below
5 nm.

For aerosol OP, the total average of mode and mean
diameters within a band of Ztwo interlaboratory
standard deviations are 35.6 & 7.6 nm and 35.1 £
7.4 nm, respectively (solid and dotted lines, Fig. 4h;
Table 1). Mode and mean total average diameters are,
respectively, 43.7 & 11.9 nm and 42.9 £ 9.0 nm for
the first aerosol DP population, and 88.1 £ 12.0 nm
and 86.3 £ 123 nm for the second population
(Table 2). These total averages were calculated without
taking into account the diameters obtained from grid
“g” measurements, i.e. the nanoparticles transferred
from a PMF sample to grids, since a significant
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difference was obtained for the diameter measurement
results in this case. For example, laboratory SMPS4
obtained an averaged mean diameter of 53.6 & 1.2 nm
for aerosol OP from grid “gl” measurements (empty
triangles, Fig. 4g), while a value of 36.8 4+ 0.6 nm was
obtained from measurements on grid “G1” performed
on the same sample A, i.e. a difference of about
16.8 nm between the two measurement types. Similar
differences were observed for aerosol DP. Therefore, a
transfer of NPs initially deposited on nucleopore
membrane onto a TEM grid may increase their size
by 50 % for the aerosol OP of the first aerosol DP
population and 25 % for the second aerosol DP
population. This increase seems to occur due to the
evaporated graphite film and the chloroform dissolution
used during the transfer of NPs on nucleopore mem-
brane onto a TEM grid. However, no significant
difference was observed between measurements of
samples B (TEM grid + NAS sampling) and A (grids
on PMF sample). This can be seen in Fig. 4f, g by
comparing filled and empty squares (grids G and N,
respectively) for a specific sampling laboratory. For
example, the average mean and mode diameters of
36.8 = 0.6 nm and 37.3 & 0.3 nm obtained by labo-
ratory TEM2 for sample A (grid G) produced by the
SMPS 4 sampling laboratory are very close to the
values of 36.8 £+ 1.6 nm and 37.3 £ 1.8 nm measured
for sample B (grid N) for aerosol OP. Similarly, no
significant differences of the measured diameter values
were observed between G1 and G2 grids, i.e., between
carbon-coated Formvar film and pure carbon film on
200 mesh Cu grids.
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Summary, recommendation, and outlooks

In this work, two different silica nano-aerosols were
generated and studied by on-line and off-line tech-
niques: one contained a single population of nanopar-
ticles, and the second one composed by two
populations of non-agglomerated nanoparticles. This
study describes the methodology (sampling, sample
preparation, measurement protocol, operating param-
eters, treatment of the results, traceability, and
calibration) and presents results obtained with an
evaluation of the measurement uncertainty. Metrolog-
ically traceable size measurements provided reliable
PSDs results for SiO, airborne nanoparticles.

Some methods were proposed to generate aerosols
and to measure their PSDs by SMPS, describing the
operating parameters, metrological traceability, calibra-
tion of the spectrometers for the purpose of size
measurement, evaluation of the measurement uncer-
tainty, and treatment of the obtained results. Five SMPS
laboratories were involved in this study and obtained on-
line measurement results in good agreement taking into
account the expanded measurement uncertainty. The
total average £ two interlaboratory standard laboratory
deviations (SDs) for the mean and mode electrical
mobility diameters were 35.1 £ 6.4 nm and 354 =+
2.0 nm, respectively, for aerosol OP, 44.0 + 4.0 nm and
442 + 53 nm for the first aerosol DP population;
85.0 =+ 4.1 nm and 83.1 £ 3.4 nm for the second one.
The geometric SD or SD of the measured size distribution
showed that the population of aerosol OP and both
populations of aerosol DP, taken separately, were
monodispersed. Consistent SMPS results allowed vali-
dation of the on-line measurement methodology pro-
posed for the size distribution in case of both studied
nano-aerosols. For aerosol DP, peak and area ratios were
mainly determined between 20 and 60 %.

Concerning off-line measurements, different pro-
tocols were proposed for the sampling (filtration and
electrostatic precipitation) onto different substrates
(carbon-coated Formvar film and pure carbon film Cu
grids, PMFs, and mica substrate). Different sampling
methods and sample preparation (e.g. the use of
conductive coatings for the SEM samples, the transfer
of particles from PMF to TEM grids) on the measured
PSDs for aerosols OP and DP were discussed. A
protocol for storage conditions and sample transport
was proposed in order to avoid positive and negative
artefacts of the PSD and to prevent air pollution.

Seven laboratories were involved in the TEM
analysis, seven in SEM, and four in AFM measure-
ments in order to compare mean and mode diameters
obtained by these techniques from aerosol deposited
on grids, filters, and mica plates by an electrostatic
precipitation and filtration technique using SMPS
controlled generation upstream.

For aerosols OP and DP, AFM results were consistent
among the four participants within their measurement
uncertainties. Total mean and mode diameters for aerosol
OP were determined to be 30.3 £ 3.7 nm and 30.4 &
5.1 nm, respectively. For aerosol DP, same diameters
were equal to 36.2 &= 7.1 nm and 80.2 + 5.0 nm for the
first population and 39.2 £ 6.8 nm and 81.0 &= 5.3 nm
for the second population (cf. Tables 1, 2). No significant
difference was observed between the different samples of
NAS grid (sample B), NAS Mica (sample D), and grid
deposited on PMF (sample A). A cleaved mica substrate
provided an ideal, atomically flat reference surface for the
measurement of particle heights. Not surprisingly, the
measurement uncertainties for mean particle heights on
mica are the smallest. The other substrates (grids or
filters) showed RMS surface roughness between approx-
imately 1 and 10 nm, with a significant impact on the
measurement uncertainties. The uncertainties can
become as large as the 95 % percentile of the distribution
of all measured mean values, or even exceed it. The SDs
of PSDs obtained by AFM were mainly between 3 and
9 nm for both aerosols OP and DP. The peak and area
ratios of the two populations of DP aerosol varied mainly
between 25 and 80 %.

We do not recommend the application of a conduc-
tive coating for the SEM measurement since it signif-
icantly affects the measured PSD. For example, a mean
diameter of 5-26 nm without correction for aerosols OP
and DP was obtained. If a coating was used, it was
necessary to correct the diameter by a study of the
coating effect and/or include the effect of the coating in
the uncertainty calculation. We observed that the
expanded uncertainty is significantly higher if the
coating treatment was used compared to measurements
without coating. For aerosol OP, mean and mode total
average diameters with f=two interlaboratory SDs were
39.0 + 14.2 nm and 38.3 £ 14.1 nm, respectively (cf.
Table 1). For aerosol DP, these values were
46.6 £ 15.1 nm and 47.0 & 13.8 nm, respectively,
for the first population and 89.8 £ 20.4 nm and
91.0 £ 19.8 nm for the second population (cf. Table 2).
The variation of peak and area ratio between the two
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populations for aerosol DP was similar to the SMPS
measurements, i.e. between 10 and 60 %. The SDs of
PSDs obtained by SEM were mainly comprised
between 4 and 9 nm for the populations of aerosols
OP and DP.

The SEM reproducibility global SD was higher
compared to the other techniques (SMPS, TEM, and
AFM) since all measurements (with and without
coating) were taken into account and were mainly due
to the values without coating correction. The reference
nanoparticles, from certified reference materials, played
arelevant role in the analysis and were sampled, with a
measurement protocol including calibration of the
image magnification. However, several SEM measure-
ments did not allow obtaining traceable results for nano-
aerosol OP due to the lower performances of some SEM
instruments. Nevertheless, modern instruments success-
fully analyzed all the sample types used in this
interlaboratory comparison. The present study clearly
proves that traceable measurements of aerosol nano-
particles size can be performed if sample preparation,
instruments conditions, and SEM operator follow a
strict measurement protocol as given in this paper.

The seven TEM laboratories involved in the com-
parison of aerosol OP particle sizes obtained mode and
mean total average diameters with £two interlabora-
tory SDs of 35.6 + 7.6 nmand 35.1 £ 7.4 nm, respec-
tively (cf. Table 1). Mode and mean total average
diameters are, respectively, 43.7 £ 11.9 nm and
429 £ 9.0 nm for the first aerosol DP population,
and 88.1 £ 12.0 nm and 86.3 = 12.3 nm for the
second population (cf. Table 2). These total averages
were calculated without taking into account the diam-
eters obtained from measurements on grid “g”, i.e. the
nanoparticle transfer from a PMF sample to grids, since
a significant difference was obtained for the diameter
measurement in this case. No significant differences in
the obtained PSD were found between measurements
for B (TEM grid + NAS sampling) and A (grids on
PMF sample) samples. Similarly, no significant differ-
ences in the measured diameters were observed
between carbon-coated Formvar film and pure carbon
film on 200 mesh Cu grids, respectively.

Concerning the TEM sample preparation, we recom-
mend direct deposition of nanoparticles onto a supporting
TEM grid for accurate measurements of nanoparticles
size in TEM. It was found that, unlike direct deposition
on a standard coated TEM copper grid, a transfer of
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nanoparticles initially deposited on a nucleopore mem-
brane onto a TEM grid may increase their measured size
up to about 20 nm for the mean and mode diameter. This
corresponds to the increase of the measured size by 50 %
for the first aerosol DP population and by 25 % for the
second aerosol DP population. The SDs of the PSDs
obtained by TEM were mainly between 2 and 9 nm for
the populations of aerosols OP and DP.

A major contribution to the TEM results uncertainty
was due to post-acquisition image processing. By
taking into account this expanded uncertainty, mea-
surements were mainly consistent without consider-
ation of measurements obtained by the transfer method.

For the simple shape (spherical) airborne nanopar-
ticles, the different mode and mean diameters mea-
surements by SMPS, AFM, SEM, and TEM were
consistent considering the obtained standard deviation
(cf. Tables 1, 2), even though the values for AFM were
always slightly lower than those obtained using the
other techniques. It is important to stress that we
compared different equivalent diameters, namely the
height diameter for AFM measurement, electrical
mobility diameter for SMPS measurement, and geo-
metric diameter for SEM and TEM measurements.
The protocols proposed in this work will be used to
provide international harmonized methodologies for
the characterization of airborne SiO, nanoparticles.
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