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ABSTRACT
Nanoparticles are a topic of interest because of their effects on human health and the climate,
but the current options for evaluating their chemical composition—one of the key properties
that determine the mechanisms of these effects—remain very limited and often require long
collection times. For example, the Soot Particle Aerosol Mass Spectrometer (SP-AMS) is an
instrument that measures the chemical properties of particles in real time, but sampling loss fixes
its lower particle size limit at 50 nm, thus excluding nanoparticles. Hence, we developed the Soot
Particle Agglomeration Inlet (SPAI), an addition to the SP-AMS that enables it to detect and
analyze nanoparticles by attaching them to the surfaces of artificially generated soot particles.
We characterized and optimized the soot generation and the soot–nanoparticle agglomeration
via laboratory testing and then assessed the SPAI’s performance using silver nanoparticles as the
test aerosol. The SPAI increased the SP-AMS’s capability to detect the silver nanoparticles by
35 times, demonstrating its potential in resolving issues related to analyzing the chemical
composition of nanoparticles, either as an enhancement of the SP-AMS or as an addition to other
sample pretreatment systems.
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1 INTRODUCTION
High concentrations of nanoparticles (< 50 nm) are found in the atmosphere. In urban areas,
they originate especially from anthropogenic sources such as traffic and small-scale combustion.
Nanoparticles can have direct effects on human health and climate: The smallest nanoparticles
have a high deposition efficiency in the respiratory system, and they can also translocate to other
parts of the body, such as the brain (Oberdörster et al., 2004; Maher et al., 2016). Atmospheric
aerosols affect the earth’s radiative forcing budget and thus climate in multiple different ways:
directly through absorption/scattering of radiation and indirectly through impacts on cloud
properties (Forster et al., 2007). Many of these properties are affected by the chemical composition
of the particles.
The chemical composition of aerosol particles is typically studied with offline methods, by
collecting material on a filter or on an impactor plate and analyzing the particle mass collected.
Lately, online methods have become more common. An example is the Soot Particle Aerosol
Mass Spectrometer (SP-AMS; Aerodyne Research, Inc.), that can be used both for non-refractory
substances that evaporate at the tungsten vaporizer operated at 600°C, as well as for absorbing
refractory components at about 4000°C. The latter is made possible by the soot particle (SP)
module developed as an addition to the original AMS system (Onasch et al., 2012) and is typically
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used to quantify the amount of the refractory black carbon (rBC) in the aerosol.
Due to particle losses in the aerodynamic lens system in the inlet of the SP-AMS, the transmission
efficiency of particles smaller than 50 nm or larger than 1 µm (vacuum aerodynamic diameter) is
poor (Liu et al., 2007), meaning that a major fraction of nanoparticles is left out of reach. With
the SP module also comes a challenge of overlapping the particle and laser beams: The collection
efficiencies of both rBC and the particle matter associated with it are strongly influenced by the
overlap. The overlap in turn is affected by particle properties, as the divergence from the center
of the particle beam depends on the particle size, morphology and chemical composition (Liu et
al., 1995; Huffman et al., 2005; Willis et al., 2014). Particles that neither absorb the wavelength
of the laser (1064 nm) nor evaporate at 600°C cannot be detected by the instrument.
The options for measuring the chemical composition of nanoparticles online are very limited.
Combining a Scanning Mobility Particle Sizer (SMPS; TSI Inc.) and inductively coupled plasma
mass spectrometry (ICP-MS) has been presented (Hess et al., 2015). The drawbacks of this system
are high cost and low portability. Single-particle mass spectrometry (SPMS) can be used to
analyze the chemical composition and size of single particles in near-real time. Examples of such
instruments are Aerosol Time-of-Flight Mass Spectrometer (AToFMS; Prather et al., 1994) and
Single-Particle Laser Ablation Time-of-Flight Mass Spectrometer (SPLAT-MS; Zelenyuk and Imre,
2005). These techniques suffer from particle losses before the detection part of the instrument
as well, and they are limited by their non-quantitative nature. There is a fundamental need for a
system that could be applied in all sorts of measurement environments to study the detailed
nanoparticle composition online.
In this study we present a measurement concept and a prototype system enabling the
measurement of chemical composition of nanoparticles online. In the concept, the studied
nanoparticles are attached on the surfaces of artificially generated soot particles. We call this
soot particle generation and agglomeration process the Soot Particle Agglomeration Inlet (SPAI).
The system is designed as an inlet to the SP-AMS. We applied the prototype in laboratory tests,
where the soot particle generation and the agglomeration section were characterized and
optimized, and the performance of the SPAI was evaluated with silver nanoparticles as test aerosol.

2 THE CONCEPT OF THE SPAI
The concept of the SPAI is illustrated in Fig. 1. The unknown aerosol is mixed with soot particles
and led to an agglomeration chamber, a large volume compared to the sample line, resulting in
a long residence time. The studied particles then coagulate with the soot particles. The sample
flow is created with an ejector diluter (ED), after which the mixture is led to the SP-AMS. The
desired test and soot aerosol flows are set by constricting the lines with adjustable valves. In the
prototype system, the soot particles are generated by burning acetylene (C2H2) with a flat flame
burner (McKenna Products) under fuel-rich conditions, but any device capable of producing a
suitable soot mode is a viable option. The combustion products are treated with a catalytic
stripper (CS; Amanatidis et al., 2018) operating at 350°C to remove volatile compounds, ideally
leaving only the non-volatile fraction of soot.
Downstream the agglomeration chamber, ideally all the tested aerosol particles are attached
to soot particles mainly larger than 50 nanometers in size and can thus penetrate the aerodynamic
lens. Soot particles then reach the laser in the SP part, absorbing a great deal of energy. Heat is
transferred from the high-temperature soot particles to the coating. Ideally, both the soot and
coating are entirely evaporated, further ionized, and efficiently transferred to the detection part
of the instrument.

3 METHODS
The test aerosol was created by producing silver particles with a tube furnace method (Scheibel
and Porstendörfer, 1983), using nitrogen as carrier gas. Silver particles were chosen as the test
aerosol for two main reasons. Firstly, silver has properties that we were looking for in the
benchmarking tests: It is a non-volatile metal that does not evaporate in the vaporizer and it has
two distinctive isotopes in the AMS high-resolution spectrum (m/z 106.905 and 108.905). Secondly,
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Fig. 1. The concept of the SPAI.
our laboratory infrastructure for generation of silver nanoparticles is well established and we are
experienced in controlling, e.g., the size distributions of the particles. The SP-AMS has been
shown to be sensitive to silver (and other metal) particles (Nilsson et al., 2015). However, the
addition of SPAI provides the advantages of (1) increased penetration of nanoparticles through
the aerodynamic lens and (2) more efficient evaporation of the reflective elements, as they lie
on the surfaces of soot particles that absorb the wavelength of the laser extremely well.
An SMPS operated with Model 3081 Differential Mobility Analyzer (DMA) was used to
determine the particle size distribution. Particle densities at selected particle diameters (17.8 nm
and 112 nm) were determined with a Cambustion Centrifugal Particle Mass Analyzer (CPMA;
Olfert and Collings, 2005) coupled with a DMA.
Adjusting the furnace temperature allowed for manipulation of the silver particle size
distribution. Similarly, the soot particle properties were varied by adjusting fuel flow and thus
the stoichiometric ratio of combustion. Prior to the measurements, both generation systems
were tested to determine how the adjusted parameters affect the generated particles and to find
a few distinctive soot and silver particle size distributions for the tests. The stabilities of the
systems with the chosen parameter values were also verified. In the tests, a cylinder-shaped
volume of approximately 7 L was used as the agglomeration chamber. With the inlet flow of the
ED (4.7 L min–1), the residence time in the agglomeration section is estimated to be 90 seconds.
Three different silver modes were tested, corresponding to furnace temperatures of 1100°C,
1150°C and 1200°C. Similarly, three soot modes were generated, corresponding to burner fuel
feeds of 0.9 L min–1, 0.92 L min–1 and 0.95 L min–1. The modes are from now on referred to as
“low,” “med” and “high,” referring to both the concentration of the generated substance (silver
or soot) and the adjusted parameters (temperature or flow).
The measured silver modes extended below the lower size limit of the SMPS (6.85 nm). In
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order to accurately estimate how much silver agglomerated with soot, modal fits for the
measured size distributions were constructed by assuming a lognormal size distribution:
dN
=
d ln ( Dp )

 (ln ( Dp ) − ln ( Dg ) )2
exp  −

2ln2 (σ g )
2π ln (σ g )

Ntot






(1)

where N is the particle concentration, Dp particle diameter, Ntot total particle concentration, σg
geometric standard deviation and Dg the geometric mean diameter. The appropriate values for
these variables were found by least squares method, minimizing the error between the fit and
measured values.
The SP-AMS is a mass-based instrument and in order to compare the concentrations measured
by it and the SMPS, the number concentrations needed to be converted to mass concentrations.
In order to achieve this, silver particle density as a function of particle diameter was needed.
Silver particles generated with the tube furnace method form agglomerates (Scheibel and
Porstendörfer, 1983; Ku and Maynard, 2006). Using the fractal dimension of the agglomerates,
the effective density of particles can be described as:

D 
− ( 3 − fd )log  mob  + log ( ρeff )
log ( ρeff ) =
 Dref 

(2)

where ρeff is the effective density, fd the fractal dimension, Dmob the mobility diameter and Dref
the upper diameter limit for particles with the reference density ρref and spherical shape. The
density of agglomerate-shaped particles has been successfully described with this method in
previous studies (e.g., Ristimäki, 2006; Skillas et al., 1998).
The effective density of silver particles was determined for two mobility diameters (17.8 nm and
112 nm, corresponding to densities of 6.11 g cm–3 and 2.30 g cm–3, respectively). If the density of
silver at room temperature (10.49 g cm–3) is assumed as the reference density ρref, the remaining
unknown variables fd and Dref can be solved from Eq. (2), which yields 2.3035 nm and 6.1106 nm,
respectively.
The validity of the density function was tested by the following method. First, the number size
distribution of the generated silver particles was measured without the agglomeration chamber.
It was then measured again after the agglomeration chamber, letting the particles grow due to
agglomeration. Thus, two different size distributions with equal mass were obtained. After
calculating the mass concentrations with and without the density correction and comparing the
obtained results, it was found that assuming constant density resulted in almost 3-fold difference,
whereas applying the density correction resulted in a difference less than 4%.
The particle diameters in the distributions measured with the SMPS are electrical mobility
diameters, whereas the mentioned SP-AMS cutoff (~50 nm) is a vacuum aerodynamic diameter.
In order to link the two, a relation presented by Jimenez et al. (2003) was used:

Dva =

ρ p Dv
ρ 0 Xv

(3)

where Dva is the vacuum aerodynamic diameter, Dv is the volume-equivalent diameter, Xv is the
dynamic shape factor, ρp is the density of the particle material and ρ0 is unit density. For a
spherical particle Dv = Dmob and Xv = 1. Thus, a spherical silver particle with a vacuum aerodynamic
diameter of 50 nm has a mobility diameter of 4.8 nm. Since the upper diameter limit for spherical
particles was determined to be 6.11 nm, the spherical shape assumption is valid.
The data obtained with the SP-AMS was analyzed with Igor Pro (v. 6.37) software, including
packages Squirrel (v. 1.57) and Pika (v. 1.16). Collection efficiency (CE) and relative ionization
efficiency (RIE) of 1 were used for the calculation of silver mass. Prior to the measurements,
default calibrations with ammonium nitrate and REGAL black were performed. The main goal for
the measurements was to generally test the functionality of the concept and thus no specific
calibration for silver was performed.
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Fig. 2. Enhancement of elemental silver detection in the SP-AMS by the level of generated (a) soot and (c) silver and (b, d)
corresponding particle size distributions from SMPS. Red line represents the vacuum aerodynamic diameter of 50 nm converted
to electrical mobility, assuming the density of silver and spherical shape of particles.

4 RESULTS AND DISCUSSION
Results from the laboratory tests are shown in Fig. 2. The subfigures on the right side (b and d)
contain the size distributions obtained while varying the soot or silver feed while keeping the
other constant. Both the measured distributions and the modal fits are shown. The red line
labeled as Transmission limit represents the vacuum aerodynamic diameter of 50 nm, converted
to electrical mobility diameter (4.8 nm) as presented in the section “Methods.” In the left
subfigures (a and c), the corresponding calculated elemental silver mass concentrations from the
SP-AMS are shown. Note that one measurement point (high silver feed combined with low soot
feed) is presented in both upper and lower subfigures. Further results obtained from the
measured silver concentrations and particle size distributions are presented in Table 1.
With constant soot feed (low), varying the silver feed increases the silver mass detected by SPAMS (0.32 µg m–3, 1.44 µg m–3 and 5.75 µg m–3 for low, medium, and high silver feed, respectively),
which is seen in Fig. 2(c). The agglomerated silver does not cause a visible change in the soot
mode (Fig. 2(d)).
Larger soot modes scavenge more silver particles which can be seen from the size distributions
in Fig. 2(b). The scavenged silver mass fractions are 0.80, 0.89 and 0.97 for low, medium, and high
soot feeds, respectively. Changing the soot feed had a dramatic impact on the silver detected with
the SP-AMS. Without soot, the measured concentration was 0.3 µg m–3. With low, medium, and
high soot feed the detected silver concentrations were approximately 6 µg m–3, 8 µg m–3 and
Table 1. The effect of soot feed of SPAI on the silver agglomerated with soot (mass and number), agglomeration ratio (the
fraction of silver agglomerated with soot), silver mass detected by SP-AMS, detection ratio of SP-AMS (the fraction of silver mass
agglomerated with soot that is detected) and improvement in the silver detection of SP-AMS.
Silver agglomerated with soot
Mass
Number
(µg m–3)
(106 cm–3)
None
Low
54.63
1.192
Med
60.47
1.606
High
66.07
1.997
1
With default SP-AMS calibration.
Soot feed
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Agglomeration ratio
Mass

Number

Silver mass1
(SP-AMS, µg m–3)

0.801
0.887
0.969

0.558
0.752
0.935

0.30
5.84
8.18
10.73
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SP-AMS
detec. ratio1
0.107
0.135
0.162

Detec.
improvement
factor
19.2
26.9
35.4
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11 µg m–3, respectively. In other words, applying the SPAI increased the silver detection by a
factor of up to 35. Due to high density, even small (in terms of electrical mobility diameter) silver
particles are able to penetrate the aerodynamic lens. The increased silver detection in the SPAMS is thus mainly attributed to the enhancement in the evaporation (and consequently in the
RIE) of silver in the SP-AMS.
Looking at the measurement points presented in Table 1, silver mass agglomerated with soot
(estimated from the size distributions as presented in the section “Methods”) is 6–10 times
higher than the silver mass detected by SP-AMS. This is explained partly by the instrument not
being calibrated for silver and partly by silver simply not reaching the detection part of the
instrument, due to agglomeration with suboptimal-sized soot particles.

5 CONCLUSIONS
Our initial results on the SPAI’s capability to detect nanoparticles for chemical analysis are
promising. While we have tested this approach only with silver aerosol, it can theoretically be
applied to any type of nanoparticles. However, it is best suited to species not found in the
generated soot aerosol, e.g., metals.
Further research on the SPAI-enhanced SP-AMS should focus on calibrating it for different
substances, identifying the optimal size distribution for the soot particles and developing the
system for specific applications, e.g., investigating the chemical composition of < 23 nm particles
exhausted by engines, for which we lack sufficient data. Ideally, the generated soot should
achieve high penetration through the aerodynamic lens, exhibit high absorptivity at 1064 nm (the
wavelength of the laser in the SP module), enable a high rate of agglomeration for the target
particles and be free of any impurities that might interfere with the signals originating from the
studied nanoparticles.
Finally, we can analyze a particular fraction of an aerosol by employing additional sample
pretreatment systems. For example, the non-volatile content can be examined with a thermal
denuder, catalytic stripper or aerosol–gas exchange system (Bainschab et al., 2019), or particles
in a size range can be selected by a pre-impactor, DMA, CPMA or differential diffusion analyzer
(Arffman et al., 2017). Furthermore, since nanoparticle mass concentrations tend to be low, an
aerosol concentrator (Saarikoski et al., 2019) could be used to further enhance the detection.
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