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A well-known and accepted aerosol measurement technique, the scanning mobility particle sizer (SMPS), is
applied to characterize colloidally dispersed nanoparticles. To achieve a transfer from dispersed particles to
aerosolized particles, a newly developed nebulizer (N) is used that, unlike commonly used atomizers,
produces significantly smaller droplets and therefore reduces the problem of the formation of residual
particles. The capabilities of this new instrument combination (N + SMPS) for the analysis of dispersions
were investigated, using three different dispersions, i.e. gold—PVP nanoparticles (~20 nm), silver—PVP
nanoparticles (~70 nm) and their 1:1 (m : m) mixture. The results are compared to scanning electron
microscopy (SEM) measurements and two frequently applied techniques for characterizing colloidal
systems: Dynamic light scattering (DLS) and analytical disc centrifugation (ADC). The differences,
advantages and disadvantages of each method are discussed, especially with respect to the size
resolution of the techniques and their ability to distinguish the particle sizes of the mixed dispersion.
While DLS is, as expected, unable to resolve the binary dispersion, SEM, ADC and SMPS are able to give
quantitative information on the two particle sizes. However, while the high-resolving ADC is limited due

to the dependency on a predefined density of the investigated system, the transfer of dispersed particles
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Accepted 14th July 2014 into an aerosol and subsequent analysis with SMPS are an adequate way to characterize binary systems,

independent of the density of concerned particles, but matching the high resolution of the ADC. We
DOI: 10.1039/c42y01203h show that it is possible to use the well-established aerosol measurement technique (N + SMPS) in colloid

www.rsc.org/methods science with all its advantages concerning size resolution and accuracy.

other things the input aerosol as well as the produced disper-
sions have to be characterized. Up to now, different techniques

1. Introduction

Engineered nanoparticles (ENP) can be synthesized in gases
(aerosols)* and liquids (dispersions)? and introduced into solids
(solid nanostructured materials; composites). Here we consider
only ENPs in the liquid and gas phases, which often occur in
one process chain for producing nanostructured materials. The
ENPs in the gas phase are often transferred into the liquid
phase shortly after synthesis to avoid agglomeration and to
reduce the potential release of ENPs into the environment (air)
mainly during handling. This increases the importance of
liquid phase ENPs. During transfer from the gas phase into the
liquid phase and vice versa, property changes of the ENPs may
occur. To control the performance of such processes, among
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with different limitations are used with sometimes incompa-
rable results. The use of identical measurement principles for
particles in different media is hence preferable in order to avoid
discrepancies in the measured results.

The sizes of single ENPs and the structure of agglomerated
or aggregated ENPs are of great importance for the properties of
the end products® and also after release for their behaviour in
the environment.*” To adjust the properties of the produced
materials to the desired properties by introducing ENPs, the
properties, mainly size and structure, of the produced ENPs
have to be controlled during synthesis and handling. Size
distributions of the ENPs are of great importance and have to be
measured at different points of the production chain in the
different material phases. Different techniques for gaseous and
liquid matrix phases have been developed and used. A cross-
over between liquid phase and gas phase occurs when disper-
sions are sprayed to aerosolize the particles in order to measure
them with aerosol measurement techniques. This is done
mainly for aerosol instrument calibration with respect to size
(monodisperse) and structure (spherical) using well-defined
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latex* and other dispersions (e.g. SiO,).” The very same
processes can be used to characterize ENPs in dispersions.
Making use of aerosol measurement technologies, here with the
Scanning Mobility Particle Sizer (SMPS), in combination with
appropriate spraying devices for the -characterization of
dispersions may have advantages and may be used in colloid
research and in dispersion control. For aerosolization, we have
used here a newly developed nebulizer (N; TSI Inc., prototype
model 3485). We applied this technique to different dispersions
and compared the measurement results mainly with results of
the analytical disc centrifuge (ADC) used for direct dispersion
analysis thus far. Mainly size and size resolution comparisons
were performed. This is the basis for a discussion of the
advantages, but also the limitations of (N + SMPS) to charac-
terize dispersions.

Besides well-defined latex and SiO, particles used as stan-
dards for calibration, we used nearly monodisperse spherical
metallic nanoparticles. Metallic nanoparticles are of great
importance in current materials research, with potential
applications in biomedicine, energy conversion, imaging, or as
pigments.® Their size plays a critical role, because it influences
their physical and biological properties. In a dispersion (typi-
cally in water), two cases must be clearly distinguished. In the
first case, the dispersed material may consist of agglomerated
nanoparticles with effective agglomerate diameters in the
micrometer range; in the second case, which is valid here, the
dispersed material may consist of individual particles having a
diameter in the nanometer range. The average particle size and
the particle size distribution are important parameters to
characterize dispersions of metallic nanoparticles which are
usually not perfectly monodisperse and often consist of several
distributions. For a given synthetic product, size distribution
data are usually presented in the literature, but very often only
electron microscopic images are shown which represent only an
extremely small fraction of the entire sample and may not be
representative.® The dispersion has to be dried before analysis.
This may cause changes in the agglomeration state of the ENPs.
Another practical disadvantage is that we deal with an off-line
technique, which is not very suitable for process and product
control. Nevertheless, it is a technique directly related to the
basic quantity length. Therefore it is often used as a reference
method for other indirect methods, such as the ones considered
here which allow size distribution determination in situ and at
least quasi-online.

The concentration measures of interest are number, surface
area and mass (volume) concentrations as a function of particle
size. Besides instruments measuring one of these quantities
more or less directly (for example a particle counter for number
concentration performing single particle counting), others are
measuring indirect quantities (e.g. scattered light of an
ensemble of particles, to derive the number concentration by a
calibration curve). There are several different size definitions of
interest. Particle mass or volume-related effects ask for the
volume (mass) per particle as a size indicator. The surface area
per particle is less frequently used as size indicator, although it
is an important parameter for describing interface effects
(catalysis and sensor technology). Very popular are equivalent
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sizes described as a diameter of a sphere, which shows the same
behaviour as the (non-spherical) particle, which may be an
agglomerate or aggregate in the physical process used for
measurement. For instance the electrical mobility diameter is of
great importance in aerosol characterization, because popular
sizing instruments (SMPS and others) for gas-borne particles
make use of the size-dependent transport of charged particles
in an electric field.>'® For a size distribution, both quantities, i.e.
concentration measure and size have to be calibrated or a
validated model has to exist to allow the transformation of the
measured signals into the desired concentration measure and
geometrical size. This is especially true if structural information
shall be obtained for non-spherical particles, e.g. agglomerates
and aggregates.' It is necessary for measurement techniques
for both material systems, i.e. aerosols and dispersions.

Mahl et al. (2011)® made a comparative study of several
measurement techniques used for the characterization of
dispersions. They investigated dispersions with nearly mono-
disperse spherical silver nanoparticles (~70 nm), gold nano-
particles (~15 nm) and their 1:1 (m : m) mixtures stabilized
with poly(N-vinylpyrrolidone) (PVP). These dispersions were
characterized with different techniques: scanning electron
microscopy (SEM), transmission electron microscopy (TEM),
dynamic light scattering (DLS), analytical disc centrifugation
(ADC; also denoted as differential centrifugal sedimentation,
DCS), and nanoparticle tracking analysis (NTA). The limitations
of the measurement techniques were discussed. The main task
was to find out whether the different techniques generate
comparable results with respect to particle size. Furthermore it
was investigated how the size distribution data for the mixture
compares to those of the individual particles, and whether the
methods are able to differentiate between small and large
metallic nanoparticles in the mixture. For 1 : 1 mixtures, only
SEM and ADC were able to give (semi-)quantitative data on the
bimodal size distribution. A literature review about other
comparative studies of these techniques is also given by
Mahl et al.®

Size distributions of aerosols in the submicron size range
can be determined with diffusion batteries,"”” low pressure
cascade impactors,* and electrical mobility spectrometers. The
most popular electrical mobility spectrometer is the scanning
mobility particle sizer (SMPS),® which is commercially available
in different forms. The SMPS measures in real-time with high
size resolution. This technique has been chosen in our study for
the comparison with the frequently used methods DLS and ADC
because of its high size resolution capacity and proven high
sizing accuracy.'*'® The necessary transformation of the
dispersion into an aerosol can be accomplished by spraying the
liquid in a way such that each droplet formed contains no more
than a single particle. For this purpose, techniques like elec-
trospray'® or more recently, a tailored nebulizer have been
developed which produce very small droplets in order to mini-
mize interference from non-volatile residue. It is very well
known that even ultra-pure water still contains dissolved
materials that crystallize upon drying of the droplets to form
small particles."”** Assuming that the nanoparticles are not
changed significantly during the spray process, the resulting
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distributions are compared with the distributions resulting
from the direct measurements of the dispersion with DLS and
ADC. Similar to Mahl et al® we concentrate on the sizing
comparability. Errors in the concentration measures and their
effects on the comparability of the measured size distributions
are not discussed in detail.

The goal is to demonstrate the possibilities of aerosol
measurement techniques in dispersion analysis and to identify
the advantages and disadvantages of using aerosol measure-
ment technology for the characterisation of dispersions. In our
study we follow the approach taken by Mahl et al.® with respect
to the investigated samples. We also use gold and silver nano-
particles and their 1:1 (m:m) mixture. For these investiga-
tions, metallic nanoparticles are useful because of their physical
properties. The particles have solid cores that do not swell,
shrink or change their morphology. The relatively high density
benefits the analytical disc centrifuge measurements, while the
electronic and optical density is helpful for light scattering and
SEM. We chose gold and silver nanoparticles, as they form
stable dispersions in water, are easily prepared and frequently
cited in the literature for applications in biomedicine, imaging
or catalysis. To conduct the experiments, we prepared samples
of spherical poly(vinylpyrrolidone)-coated gold (about 20 nm)
and silver (about 70 nm) nanoparticles and a 1:1 (m:m)
mixture of both samples.

2. Materials and methods

PVP-functionalized silver and gold nanoparticles were synthe-
sized by a modified Turkevich method as reported earlier.*'* For
purification, the particles were separated from the reaction
solution by ultracentrifugation (30 min at 66 000g) and redis-
persed in ultrapure water. This procedure was repeated twice.
With the single gold and silver dispersions, a 1:1 (m:m)
mixture of gold and silver nanoparticles was prepared. The
metal content of the purified samples was verified by atomic
absorption spectroscopy (AAS). The desired amounts of the two
dispersions were mixed in a Falcon tube by vortexing.

For scanning electron microscopy (SEM) images, the
dispersions were diluted with water and drop-cast onto a silicon
wafer. The samples were dried under ambient conditions. SEM
was performed with a FEI Quanta 400 FEG equipped with a
secondary electron (SE) detector. The acceleration voltage was
30 kV, and the spot size was 0.3 nm.

Dynamic light scattering measurements (DLS) were carried
out on a Malvern Zetasizer Nano ZS ZEN 3600 (25 °C; laser
wavelength 633 nm). The scattering was monitored at a fixed
angle of 173° in backward scattering mode. The primary data
was derived from the correlation function of the scattered
intensity.

Analytical disc centrifugation was performed with a CPS
Instruments Disc Centrifuge DC 24000 (24 000 rpm, 28 978g).
The wavelength of the laser light source was 470 nm. Two
sucrose solutions (8 wt% and 24 wt%) were used to provide a
density gradient with n-dodecane as capping agent. The cali-
bration standard was a dispersion of poly(vinylchloride) (PVC)
particles in water with a particle size of 371 nm. Calibration was
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carried out prior to each run. A sample volume of 100 uL was
used for every run.

Aerosol measurements were conducted with a Scanning
Mobility Particle Sizer (TSI Inc. 3936), equipped with a nano-
DMA (TSI Inc. 3085) and water-based ultrafine condensation
particle counter (W-UCPC, TSI Inc., model 3786). The DMA was
operated with 0.3 Ipm aerosol and 3.0 Ipm sheath flow. The scan
time was set to 120 s resulting in a covered particle size range of
4.5 to 159.6 nm. The necessary transfer from dispersion to
aerosol was achieved with a TSI Inc. prototype Model 3485
Nanoparticle Nebulizer. The samples were diluted to desired
concentrations with ultrapure water. Prior to the particle size
measurements, calibration runs were carried out with disper-
sions of SiO, particles.

3. Theoretical background of
instrumentation used
3.1 Scanning Mobility Particle Sizer (SMPS) for aerosols

Diffusion batteries as well as low pressure cascade impactors
are used to measure size distributions of aerosols. They have
several principal and practical disadvantages, in particular their
low size resolution. The most important tool for submicron gas-
borne particle size distribution measurements thus far are the
scanning mobility particle sizer (SMPS)° or related instruments
like the fast mobility particle sizer (FMPS)." In an SMPS, the
particles are bipolarly charged in a defined way.*® They are then
fractionated in a differential mobility analyser (DMA) according
to their electrical mobility of one polarity, which is related to
their electrical mobility diameter. In the case of spherical
particles the (electrical) mobility diameter of single-charged
particles is equal to the geometric diameter. In case of non-
spherical particles it assumes that the particle under consider-
ation behaves in the DMA like a sphere of this particular
diameter. The fractionated particles are counted with a
condensation particle counter (CPC) in which the particles are
enlarged to optically detectable sizes. The resulting number size
distribution does not yet represent the airborne number size
distribution, because it is biased by multiple-charged particles
and does not yet take into account charging probabilities. To
obtain the correct number size distribution from the measured
distribution, multiple-charged particles having the same elec-
trical mobility as single-charged particles are deducted from the
corresponding mobility class, resulting in the corrected distri-
bution of single-charged particles as a function of mobility size.
With the known size-dependent probability of a particle
acquiring a single elementary charge in the bipolar charger, the
total number distribution as function of electrical mobility
diameter, equal to the geometric diameter for spheres, is
calculated.”>* Depending on settings and DMA used, SMPS
systems can typically cover particle sizes between 2.5 nm and
1000 nm.

The measured number distributions can easily be trans-
ferred into surface area and volume distributions with the
equations for spheres. Problems of error propagation have to be
discussed. Here, we are investigating only spherical particles to

This journal is © The Royal Society of Chemistry 2014
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avoid the increasing uncertainties, particularly in the surface
area and volume/mass determination of non-spherical
particles.™

3.2 Transformation of dispersions into aerosols

In order to be able to make use of aerosol measurement tech-
nology for colloid characterization, the colloid must be trans-
formed into an aerosol, if possible without any changes of
particle properties. For this purpose devices are used which
transfer the liquid into a spray, followed by evaporation of the
droplets, resulting in an aerosol consisting of solid particles
from the suspension and unavoidable residual particles from
crystallization of dissolved, non-volatile material.”® To avoid
agglomeration of particles during drying of the droplets, each
droplet must not contain more than one single particle. This
can be achieved if very small droplets are produced and/or by
dilution of the dispersion. Most of the time, both steps have to
be applied. The droplets normally evaporate very easily. A
change of the size of the particle from a droplet may occur if the
dissolved, non-volatile material in the droplet forms a layer on
the surface of the solid particle during drying. To minimize this,
as well as the formation of residual particles, the produced
droplets have to be small, non-condensing materials in the
colloid have to be avoided, and the dilution medium (water) has
to be extremely clean.

3.2.1 Existing spraying techniques and their limitations.
To create a spray of an extended duration, so-called atomizers
are used.”* An atomizer typically consists of a two-phase nozzle.
If compressed air is pushed through the nozzle, it generates a
low static pressure in the nozzle body, through which the liquid
is sucked into the nozzle through a second hole. When the air/
liquid mixture passes the nozzle, the liquid is dispersed into
small droplets which are carried away with the air flow. The
formed droplets are rather large (>1 pm) and therefore the
contamination problem discussed earlier can play an important
role. Smaller droplets (~300 nm) can be produced by electro-
spraying.”® A high voltage is applied to the tip of a nozzle
through which the colloid flows. The continuous flow is sepa-
rated into highly charged droplets, which must be immediately
discharged in order to avoid considerable electrostatic particle
losses to the surrounding walls. The droplets are small, but
electrospraying only works for conducting liquids. More
recently a so-called nebulizer” has been developed, which is
described in more detail in the next chapter.

3.2.2 Nebulizer and SMPS (N + SMPS). The key to make this
approach work is to transfer the dispersed nanoparticles from
the liquid to the gaseous phase by the nebulizer module. There
is the risk that spherical particles change their size due to
agglomeration. The nebulizer is based on a special nozzle
design and a tightly-controlled dilution process for a large range
of dilution ratios described in a patent published in 2012.>° A
similar approach has already been presented at research level in
1988,”” but has been more or less dormant since then and was
never commercialized.

A colloidal sample is automatically diluted in-line in ultra-
pure water (UPW) and then injected into the nebulizer unit. The
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nebulizer, comprised of a unique critical orifice that helps to
produce smaller droplets, generates a droplet distribution in
filtered air. The resultant droplet distribution encounters an
impaction pin in close proximity to the nebulizer orifice. The
impaction pin serves to remove the large droplet fraction of the
droplet distribution. Water is removed from the approximately
300 nm diameter droplets exiting the nebulizer by mixing them
with dry filtered air and heating the resulting mixture to form an
aerosol which then is characterized with aerosol measurement
techniques. By reducing the size of the droplets, it is possible to
reduce the aforementioned formation of non-volatile residual
particles. The sizes of particles originating from precipitation of
residues from water, as commonly experienced when dispersing
liquids, are reduced to approximately 10 nm and below. If the
same amount of residue is present inside a droplet that
contains a nanoparticle, it would only cause a negligible change
of the nanoparticle size. For example, the 74 nm Ag particles
used here would grow to 74.06 nm and the 22 nm Au particles to
22.67 nm. In addition, by controlling the dilution ratio, one can
ensure that not more than one particle is present in each
droplet, which would lead to a decrease in the measured
particle concentration and shift the size distribution to larger
particle sizes. The most important advantages of the nebulizer
are that it produces small droplets (<300 nm), high dilution
ratios can be achieved, dispersions with different liquids can be
treated and the dilution, spraying and evaporation process
takes place in one controlled instrument.

For aerosol characterization, we have used the SMPS to
measure number concentration vs. size distribution of spherical
particles. The number concentration of nanoparticles with a
certain particle size in the dispersion can be derived from the
number concentration measured in the gas phase with the
known flow rate and the dilution ratio of the nebulizer.

The ultrapure water used for dilution was checked before-
hand with respect to the production of residual nanoparticulate
contamination in the size range from 10 to 100 nm. The
nebulizer generated an aerosol with a maximum concentration
of 2.0 x 10° # ecm ™2 at 10 nm, which dropped continuously with
increasing diameter to 1.0 x 10" # cm > at 100 nm. The residual
particle sizes produced with classical atomizers are typically
larger and their concentrations several orders of magnitude
higher. This is because the larger droplets produced with the
atomizer cause larger residual particles which grow into the size
range covered by the measurement instrument. Fortunately, the
aerosol measurement technique allows to control the effect of
these components because the residual particles show up in the
measured size distribution curve. The size information of the
residue together with the known droplet size can be used to
estimate the size increase of the analyzed particles due to resi-
dues which becomes more important with decreasing particle
size. As long as their sizes are smaller than the ones of the
particles to be analyzed, they can be separated. The nebulizer
allows the reduction of the impact of these components and
lowers the minimum particle size detection limit of the aerosol
measurement technique.

Commercial dispersions typically contain stabilizers to avoid
agglomeration of the highly concentrated nanoparticles in the
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liquid. When the sprayed droplets are dried, the stabilizers also
precipitate and generate residual particles which are usually
larger in size than the ones from the water. By testing a series of
dilution ratios with ultrapure water, the size of the resulting
residual particles decreases with increasing dilution, thus
allowing a better differentiation of the nanoparticulate sample
from residual particles.

The dilution ratio of the nebulizer has to be calibrated as
required for the determination of the particle number concen-
tration in the dispersion. The nebulizer controls the dilution
ratio of the sample as well as the spray and drying process. The
SMPS as detector gives aerosol concentration and number-
based size distributions. The control software of the complete
system combines the data into one format. It also allows the
calibration of the number concentration by using a defined
volume concentration standard as sample.

Here, a prepared dispersion of silica nanoparticles with a
narrow distribution (mode 30 nm) and a concentration of 5.0 x
10" nm® mL~" was used. The calibration procedure typically
measures the standard at a dilution factor of ca. 1000. The
number-based aerosol distribution is then converted into a
volume-based particle size distribution. The ratio between the
specified total volume and the measured aerosol total volume of
particles is used as a conversion factor to calculate number
concentrations in unknown samples.”

The correctness of the dilution ratio was checked by
analyzing a series of differently diluted dispersions and deter-
mining the normalized size distributions. They have to agree if
only single or no particles are in the droplets. They agreed very
well in number concentration except for very small dilution
factor (100), where larger particles occurred due to agglomera-
tion in the droplet. The curves were normalized by the peak
number concentration. The normalization is possible because
we are only interested in the sizing quality, not in absolute
particle concentrations. The distributions were described as
log-normal distributions represented by only two parameters.
The normalized measured distribution as well as the corre-
sponding log-normal distribution are shown in Fig. 1. The
mode diameter and the corresponding standard deviation
measured with SMPS are d,, = 30.2 nm and o, = 1.10. They
agree very well with the ones given by the manufacturer (d,, =
~30 nm; g, = ~1.18) without defining the equivalent diameter.
The manufacturer mainly specifies the number concentration
of the dispersion.

3.3 Dynamic Light Scattering (DLS) and Analytical Disc
Centrifugation (ADC) for dispersions

Dynamic light scattering (DLS) is one of the most frequently
used methods to obtain an average diameter of nanoparticles
dispersed in liquids. While this nondestructive method offers a
quick and easy measurement and has the advantage of simul-
taneously probing a large quantity of particles, it has a number
of sample-specific limitations.”**® The light scattering technique
relies on Rayleigh scattering from the suspended nanoparticles
that undergo Brownian motion. By illuminating the sample with
a laser source to estimate the diffusion speed of the particles, the
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Fig. 1 Normalized number size distribution of an SiO, standard
nanoparticle dispersion, measured with nebulizer + SMPS and
normalized by peak number concentration, and the corresponding
log-normal distribution.

hydrodynamic diameter of the nanoparticles can be calculated.
While leading to reasonably accurate results for strictly mono-
disperse nano-particles, dynamic light scattering is unable to
distinguish between nanoparticles with slight differences in
diameter or to precisely resolve polydisperse samples.*** This is
due to the fact that this method measures the intensity of the
scattered light which is proportional to the sixth power of the
particle diameter. In the case of a polydisperse sample, the
scattered light of larger particles or agglomerates will strongly
overlay that of smaller particles. In comparison to the other
analytical methods mentioned, dynamic light scattering
measures the hydrodynamic diameter of the particles, which
includes hydration layer, polymer shells or other possible
stabilizers, leading to a larger particle size in general. On the
assumption that the colloidal particles are treated as uniform
isotropic non-interacting single scattering spheres, the
measured intensity distribution may be converted into relative
volume or number distribution of the particle size.**

Analytical disc centrifugation (ADC) is a high-resolution
particle sizing technique that utilizes Stokes' law to estimate an
unknown particle size distribution in a known centrifugal field
by measuring the sedimentation time of the particles in a fluid
of known density and viscosity.*” The hollow centrifugal disc is
filled with a density gradient and operated at a defined speed.
Prior to each run a standard with very narrow particle size
distribution is used to calibrate the time scale to particle size. As
the particles' sedimentation rate is proportional to the square of
their diameter, the resolution of the analytical disc centrifuge is
adequate to separate particles with very small size differences.
To measure a sample, the density of the nanoscopic material
must be known. This leads to difficulties if a particle system of
two different materials is to be examined. While alloyed or core-
shell particles can be measured by applying a mixed density, a
juxtaposition of two or more particle types of different density
cannot be concurrently analyzed for all particle types.

This journal is © The Royal Society of Chemistry 2014
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4. Results and discussion
4.1 Scanning electron microscopy

Scanning electron microscopy is fully capable of resolving
different particle sizes. It can also probe the morphology of the
synthesized particles, in this case spherical. A histogram can be
compiled from the images, either by measuring and counting
the particles manually, or by using a specific software. From the
measured data, a log normal distribution has been derived in
our study. In the case of gold nanoparticles (Table 1), a mode
diameter of 18.3 nm was obtained from the number distribu-
tion by manually measuring the diameter of 150 particles.
Likewise, this method leads to a mode diameter of 71.3 nm for
the silver nanoparticles (Table 1). The mixed gold-silver
dispersion was accurately resolved with mode diameters of
19.4 nm for gold and 71.5 nm for silver (Table 1).

The size of each particle was determined by measuring the
corresponding largest dimension. The geometric standard
deviations were 1.17, only for silver particles, the value was 1.12.
There may be a statistical error because only a rather small
number of particles had been counted.

When comparing the results from the SEM images, it has to
be taken into account that the particle sizes derived from elec-
tron microscopy images represent the metallic core of the
particles because the hydrated polymeric shell collapses during
drying and in the high vacuum chamber of the SEM. It is also
noteworthy that the accuracy of the measured particle size
scales with the resolution of the SEM images. Apart from a
possible distortion of the images due to charging effects, the
edges of the particles become increasingly blurred with
decreasing particle diameter, making a precise size prediction
more difficult.

4.2 Discussion and comparison of size distributions
measured in dispersions and after aerosolization

4.2.1 DLS-measurement results of single metallic particles
and their mixture. The log-normal distributions of the sepa-
rately measured intensity and the derived number distributions

View Article Online
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of the gold and silver particles using the code of the instrument
normalized by the corresponding peak intensity or the peak
number concentration are shown in Fig. 2. The transformation
from intensity distribution into number distribution (which is
practically very relevant) causes a shift to smaller particle size
and a reduction of the standard deviation (gold: d,,, = 34.8 nm;
oz = 1.40 for intensity to d,, = 22 nm; o, = 1.25 for number;
silver: d,, = 124.1 nm; o, = 1.56 for intensity to d,, = 61.5 nm;
0y = 1.30 for number).

Note that the mean number-weighted hydrodynamic
diameter of the silver nanoparticles is, against expectations,
smaller than the geometric diameter derived from SEM images.
This can probably be attributed to the fact that the SEM image
represents only a very small fraction of the sample. Moreover,
the number concentration is a mathematically derived distri-
bution parameter that is strongly dependent on the quality of

1.0 -+ —— Au-NP intensity \
— = Au-NP number
1 ——Ag-NP intensity | \
— —Ag-NP number | |
0.8 -
o
3 ]
S
o 0.6 -
(3]
N |
®
Eoa4 ]
o]
4
0.2
0.0 — ; many —
1 10 100 1,000

Particle diameter d, [nm]

Fig. 2 Normalized log-normal intensity and number concentration
distributions of gold and silver nanoparticle dispersions measured with
DLS.

Table 1 Comparison of the measured (standard type) and the derived (italic type) log-normal distribution parameters for dispersions of gold

nanoparticles, silver nanoparticles and a mixture thereof

SEM DLS ADC N + SMPS
Particle material dge()metric a dhydrodynamic a dgravimetric a del-m()bility a
Au-Ag-mix Au (number) 18.3 1.17 22.0 1.25 13.9 1.19 22.0 1.15
Ag (number) 71.3 1.12 61.5 1.30 50.5 1.25 74.2 1.16
Au (number) 19.4 1.17 14.6" 1.17 22.6 1.22
Ag (number) 71.5 1.17 51.2 1.29 51.3° 1.23 74.0 1.17
Au (mass,,) 19.8 1.17 25.5 1.25 15.2 1.19 23.3 1.15
Ag (mass,g) 74.3 1.12 75.6 1.30 58.7 1.25 79.0 1.16
Au-Ag-mix based on Au Au (massyy) 20.9 1.17 15.6 1.17 25.4 1.22
Ag (mass,g) 38.1 1.24
Au-Ag-mix based on Ag Au (massa,) 22.6 1.17
Ag (massag) 76.9 1.17 58.5 1.23 79.6 1.17

“ Based on Au. ? Based on Ag.
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Fig. 3 Normalized log-normal number concentration distributions of
gold and silver nanoparticle dispersions, compared with the mixture
number and intensity distributions as measured with DLS.

the intensity distribution and the monodispersity of the
nanoparticles.

In Fig. 3, the normalized number distribution of the mixture
is compared with the distributions of the components. The
mixture shows only one peak at dp,, = 51.2 nm with o, = 1.29,
similar to what was described by Mahl et al.® The DLS distri-
butions show only one distribution slightly shifted to larger
particles in comparison to the smaller fraction. This has been
observed already by several investigators.® They argue that DLS
cannot see the small particles because of the tremendously
reduced scattered light at smaller particle sizes compared with
the scattered light of the larger particles. As a result, DLS is
indeed unable to resolve bimodal distributions, and therefore
also not distributions with even higher number of modes.

4.2.2 ADC-measurement results of single metallic particles
and their mixture. A technique used for dispersions and known
for its high size resolution is the ADC. Unfortunately, it is not
very practical in cases where the difference between particle and
solvent densities is small, e.g. in the case for latex particles in
water which are used as standard particles for instrument
calibration in aerosol measurement technology.® In this case,
and also when the particles are rather small, the analysis time
needed for sedimentation is very long. Therefore, we decided to
do the comparison for the more dense metallic particles (gold
and silver). When performing ADC, the different densities of
silver and gold have to be considered because mass concen-
trations are measured. The size distributions measured with
ADC for gold and silver particles have been interpreted by log-
normal distributions. Both log-normal distributions are shown
in Fig. 4 with normalized mass concentration as ordinate. The
derived values for mode diameter and geometric standard
deviation are shown in Table 1.

The mixture of both kinds of nanoparticles can be examined
either with the density of pure gold, pure silver or with a
calculated mixed density. However, as the given particle size
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Fig. 4 Normalized log-normal mass concentration distributions of
gold and silver nanoparticle dispersions, measured with ADC.

distribution of the inspected mixed dispersion directly depends
on the predefined density, not more than one of the two mean
diameters of the bimodal size distribution will be a reliable
result. A mixed density will yield a size distribution in which the
size of the gold nanoparticles is overestimated and the silver
nanoparticles underestimated. As Fig. 5 shows, the ADC is
capable of separating the particles in the mixed dispersion.
Mode diameters of 15.2 nm for the gold nanoparticles and
58.7 nm for silver nanoparticles are obtained. The mode
diameters of the particles in the mixed dispersion are almost
identical to the corresponding pure particles, depending on the
defined density. It is also observable that the reproducibility of
measurements in the ADC is excellent, as the size distribution

— Au-Ag-NP-Mixture
based on Au

— Au-Ag-NP-Mixture
based on Ag

-
(=]
!
—

o o
o -3

o
F

Normalized mass concentration
o
o

0.0 ——

T

100
Particle diameter d, [nm]

1,000

Fig.5 Normalized log-normal mass concentration distributions of the
mixture of gold and silver nanoparticles, measured with ADC.
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graphs of the mixed dispersions and their maxima are almost
entirely congruent to the corresponding pure nanoparticle
systems. It is also noteworthy that the particle diameters are
slightly smaller than those obtained from scanning electron
microscopy. This is likely due to the polymeric coating of the
nanoparticles, which lowers the effective density of the
particles.

4.2.3 Nebulizer + SMPS-measurement results of single
metallic particles and their mixture. The SMPS determines
number concentration distributions of airborne particles as a
function of electrical mobility diameter, after nebulizing the
dispersion into air. Here we deal with spherical particles where
the equivalent electrical mobility diameter is equal to the
geometric diameter of the spheres. As mentioned earlier, the
residues from the dispersion as well as in the dilution water
cause a small increase in particle diameter that is smallest if the
nebulizer produces very small droplets. After evaporation,
droplets without any particle will form very small particles from
the residues, which best can be seen plotting the originally
measured size distributions. This causes an additional particle
distribution in the ultrasmall size range (<20 nm), which is also
seen by the instrument (Fig. 6 and 7).

This distribution can be reduced by changing the dilution
ratio of the dispersion and the sprayed dispersion. In the case of
the gold particles, their distribution can easily be identified by
subtracting the background (Fig. 6). In the case of the silver
particles (Fig. 7), the peak is rather small compared with the
peak of the residues. The quality of the data could be improved
by higher dilution. Nevertheless, a log-normal distribution
describing the measurement results could be derived for each
metal. The normalized distributions are shown in Fig. 8.

In Fig. 9, the measured distributions of the gold-silver-
mixture are shown. It is a tri-modal distribution. The peak on
the left refers to the particles caused by residues from particle-
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Fig. 6 Number concentration distribution of the gold nanoparticle
dispersion, measured with SMPS, and the derived log-normal
distribution.
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Fig. 8 Normalized log-normal number concentration distributions of
the two dispersions of gold and silver nanoparticles, derived from
SMPS-data.

free droplets. They would cause a limit in the measurable size
range at the lower size end, if it were not avoided. Again, it is
possible to identify the two separate gold and silver distribu-
tions and to describe them by log-normal distributions. The
normalized log-normal number concentration distributions are
shown in Fig. 10.

4.3 Transformation of measured number size distributions
(EM; DLS, N + SMPS) into volume (mass) size distributions
and vice versa (ADC) for comparison

With the assumption of spherical particles, the measured
number distributions (EM, N + SMPS) can be transferred into

Anal. Methods, 2014, 6, 7324-7334 | 7331
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Fig. 10 Normalized number concentration distributions for the
mixture of gold and silver nanoparticles.

volume distributions, which can be converted into mass
distributions, using the known density of the gold and silver
particles. The mass distributions determined with ADC can
similarly be turned into number distributions by applying the
reverse procedure. All these distributions can be represented by
the modal diameter and the geometric standard deviation of the
log-normal distributions. These parameters, together with the
parameters of the measured distributions, are summarized in
Table 1.

DLS measures intensity distributions. The derived modal
diameters of the number distribution are larger in the case of
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gold, and smaller in the case of silver, compared to the corre-
sponding SEM-values. The og-values are larger, indicating the
lack of sizing resolution. For the mixture, only one mode
diameter is given, which is not very meaningful, especially for
the mass distribution.

The SEM and nebulizer + SMPS are both used to determine
number concentration distributions. SEM analysis gives the
geometric diameter as a basic quantity. The SMPS measures the
electrical mobility diameter, which in the case of a sphere is
equal to the geometric diameter. Compared to the sizes from
SEM, which we used as reference, the mode diameters
measured with N + SMPS are 20% larger in the case of the small
gold particles and only 4% in the case of the larger silver
particles. The differences may be partly due to the residues in
the liquid which are deposited on the particle surface during
evaporation. However, as mentioned earlier, these size changes
are rather minute and certainly do not amount to the deviations
observed here. Other measurement errors, e.g. concerning the
sizing accuracy of the SMPS, have to be taken into account. The
SMPS sizing is affected by the accuracy of the applied voltage as
well as the flow rates. On the other hand, a 20% difference for
the small size range is acceptable in most cases. The smaller
differences between the diameters of the single particles and
their mixture in both measurement cases can be considered as
an indicator for the measurement inaccuracies. The standard
deviations (o) in all cases are very similar with the extreme
values of 1.12 and 1.22. The average value of all (¢,) values of the
SEM-measurements (1.16) is almost equal to the one of the N +
SMPS-measurements (1.18). Except for the size increase due to
residues that can be minimized, N + SMPS and SEM measure-
ments agree very well.

ADC measures the mass distribution. The measured
diameter is the geometric diameter of a sphere. The results
cannot be directly compared with the results of the earlier
described sizing methods. The comparison of ADC results with
SEM results using the SEM values as a reference shows that the
ADC-derived diameters are smaller by ~18%. This is probably
caused by a lower effective density of the polymer-stabilized
gold and silver nanoparticles in comparison to naked metallic
nanoparticles. The densities of pure gold and silver were used
for the dispersions of gold and silver nanoparticles because it is
difficult to estimate the influence of the polymer and the
thickness of the polymeric shell on the hydrodynamic density.
However, the polymer and the hydration layer contribute to the
viscous drag of the particles during centrifugation.® For the
mixtures, the mode diameters of the two components measured
with ADC compare very well with the values for the single
components if the appropriate densities are chosen. Therefore,
a mixture measurement with ADC is always biased by the
chosen density. The (o,) values of the ADC-measurements
appear to be a little bit larger than those of the SEM
measurements.

Table 1 also shows the size parameters of the log-normal
mass distributions, derived from the measured number size
distributions with SEM and N + SMPS. A slight increase of the
mode diameter is observed in all considered cases due to the
weighting with 7°. Therefore the difference between mode mass

This journal is © The Royal Society of Chemistry 2014
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diameters of SEM and ADC measurements is also increased
(Au 23%, Ag 21%).

A similar calculation has been performed to calculate the
size parameters of the number distributions from the mass
distribution parameters measured with ADC (Au 24%, Ag 29%).
Again, the differences are increased.

5. Conclusions

Advantages and disadvantages of the colloidal dispersion
measurement techniques DLS and ADC are compared with the
aerosol measurement technique SMPS combined with a nebu-
lizer (N + SMPS). DLS does not measure a basic parameter like
number concentration and has low size resolution, suppressing
the smaller particles in a size distribution. Therefore, it is not
able to measure multi-modal distributions. ADC has a high
resolution and is able to separate mixtures if the components
cover different size ranges or have different densities. The
measured mass concentration is affected by bulky polymeric
stabilizers that cause an underestimation of particle size. ADC
is not applicable for dispersions with particles having the same
refractive index as the liquid. In the case of a mixture of parti-
cles with different density, it will assume the same density for
both components. The method is very time-consuming, if the
densities of particles and the liquids are comparable and the
sedimentation rate is low.

When applying aerosol measurement techniques, the
dispersions have to be transferred into aerosols with a nebu-
lizer. The dispersion has to be diluted to the extent that only one
or no particle occurs in a droplet. This status can be controlled
with the SMPS, showing no change in the relative size distri-
bution following dilution.

The combination of a nebulizer with an SMPS shows high
sizing resolution comparable to SEM and better than ADC.
Since the method counts individual particles, it is independent
of the density of the particles. Rather, it determines the number
concentration as function of electrical mobility diameter that is
equal to the geometric diameter for spheres. In the case of non-
spherical particles, an extended SMPS technology'* may be used
to obtain additional information based on a suitable model.** In
principle, the SMPS is able to measure very small nanoparticles
(<3 nm), depending on the kind of DMA and the counter used.
In combination with the nebulizer, the smallest detectable
particle size is determined by the sizes of the residual particles
from the dried liquid. The residual particles typically show
modal diameter around or below 10 nm. The particles must be
larger in order to be distinguishable.

Combining the SMPS with a nebulizer produces small
residual particles (typically <10 nm, depending on the non-
volatile residue concentration in the diluent) that can interfere
with the nanoparticles of interest. The residues can also
increase the diameter of the particles of interest. These effects
can be minimized by very clean liquids and high dilution ratios.
The droplets may carry high charge levels due to the spraying
process that remain on the particles in the droplet. This may
affect the particles’ transport behavior.

This journal is © The Royal Society of Chemistry 2014
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One other advantage of the N + SMPS technique is that it
determines the number size distribution of particles in liquids
as distribution parameter directly without transformation from
other distribution parameters. If, however, the mass size
distribution of particles in liquids is of interest, the ADC tech-
nique is the preferred option, because it delivers this quantity
without the need for additional assumptions.
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