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Abstract. Ultrafine particles (UFPs) have aerodynamic diameters of 100 nm or less. As UFPs potentially impact
human and environmental health, their chemical composition is of interest. However, their small mass presents
challenges for sampling and chemical characterization methods. Therefore, we conducted a comprehensive char-
acterization and comparison of four cascade impactors suitable for separating and collecting UFPs — namely, the
120R Micro-Orifice Uniform Deposit Impactor (120R MOUDI-II), ultraMOUDI, electrical low-pressure im-
pactor (ELPI), and personal nanoparticle sampler (PENS) — under controlled laboratory conditions and in a field
application.

In the laboratory, we evaluated pressure drops, cutoff diameters, the steepness of the cutoff curve, losses,
particle bounce, and transmitted particle mass. We observed that the performance of the impactors varied be-
tween 59 and 116 nm in cutoff diameter (electromobility diameter), depending on the impactor’s design and the
type of test aerosol mixture — salt particles (NaCl), simulated secondary organic aerosol (SimSOA), or soot.
All impactors separated UFPs, with the best agreement in cutoff diameters for SimSOA, which showed maxi-
mum deviations of about 4 nm. The cutoff curve was steeper for soot compared to SImSOA and NaCl. Pressure
drops were measured at 260 =+ 1 hPa (PENS), 420 4 2 hPa (ultraMOUDI), 600 & 3 hPa (120R MOUDI-II), and
690 £ 3 hPa (ELPI). Losses were assessed as maximum transmissions in the ultrafine fraction at 30 nm, yielding
83 & 8 % for the PENS, 77 £ 8 % for the ultraMOUDI, 75 =+ 8 % for the 120R MOUDI-II, and 69 =+ 7 % for the
ELPI. We compared two additional impactor-specific factors crucial for mass-based analyses of organic marker
compounds: the evaporation of semi-volatile compounds due to a high-pressure drop across the impactor and
material addition from larger particles bouncing off upper stages. “Bounce-off” was influenced by the particle
number concentration in the sampled air and could be partially mitigated by applying a coating to the upper
impaction plates.

In the field application, we deployed the four cascade impactors side by side under environmental condi-
tions to sample urban air. We analyzed six markers representing typical UFP sources and various molecular
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properties using HPLC-MS/FLD (high-performance liquid chromatography with mass spectrometry and flu-
orescence detection). These markers comprised benzo[a]pyrene (BaP), benzo[b]fluoranthene (BbF), levoglu-
cosan (Levo), pinic acid (PA), terpenylic acid (TA), and N-(1,3-dimethylbutyl)-N’-phenyl-p-phenylenediamine
(6PPD). The impactors showed the best agreement for BaP and BbF. BaP had an average mass concentration
of 175 £25pgm™3 across all impactors and sampling days. However, concentrations were about 29 % higher
when sampled with the PENS and 30 % lower when sampled with the 120R MOUDI-II, indicating a maximum
disagreement of nearly 60 %.

The mass concentrations of the semi-volatile markers (PA, TA, and Levo) decreased on average from the
PENS to the ultraMOUDI, then to the 120R MOUDI-II, and finally to the ELPI. We attributed this tendency to
the following two effects. (1) Evaporation losses of these markers were likely driven by the pressure drop within
the impactor, which increased from the PENS to the ELPI. (2) Despite the applied coating, bounce-off might
have affected the smallest impactors (i.e., the PENS and ultraMOUDI) the most as they have fewer stages for

retaining larger particles and fragments.

1 Introduction

The characterization of ultrafine particles (UFPs) in the at-
mosphere is key to understanding the causes and impacts
of air pollution. UFPs are defined as particulate matter with
aerodynamic diameters of 100 nm or less. They have gained
considerable attention due to their potential impacts on hu-
man health and the environment (Kumar et al., 2014, 2021;
Schwarz et al., 2023. Furthermore, airborne UFPs are natu-
rally linked to weather and climate as they might alter the
Earth’s radiative budget directly or indirectly when grow-
ing and activating to form cloud droplets (Junkermann et al.,
2022). The size and chemical composition of UFPs are thus
crucial properties for assessing their sources and atmospheric
fate, as well as potential adverse effects.

Information about the size and chemical composition of
airborne particulate matter can be collected via impactors.
Impactors allow for the separation of particles in an air sam-
ple based on their aerodynamic diameter (d,). The physical
separation of particles within an impactor is based on the
particles’ inertia, which causes smaller particles to continue
moving when the airflow bends sharply — for example, when
forced through nozzles, orifices, or slits (Baron and Willeke,
2011). Upon separation, the particles can be collected on im-
paction plates or downstream of the impactor by using filter
substrates, such as aluminum foil, PTFE, or quartz fiber fil-
ters. Particles caught on the substrate can be extracted and
undergo chemical analysis to determine their composition
(Bein and Wexler, 2014; Canepari et al., 2010; Daher et al.,
2011). To describe the separation and collection efficiency,
dps0 — the diameter at which particles are collected with 50 %
efficiency — is used. Indeed, the dp50 value, or cutoff diam-
eter, for a given impactor design will depend on the nozzle
diameter and the flow rate.

A stack of impactors, consisting of impactor-plate—nozzle-
plate pairs, forms a cascade impactor. Within the cascade
impactor, the nozzles or slits become increasingly smaller,
causing the air to move faster through these orifices. Large
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particles impact earlier, while smaller particles travel further
through the impactor and are collected at later stages. Cas-
cade impactors were first employed in the 1860s to study the
relationship between airborne particles and diseases (Marple,
2004). Later models enabled size classification in the sub-
micrometer range (May, 1945; Berner et al., 1979; Brink,
1958; Mitchell and Pilcher, 1959). Examples include the
Berner and Anderson impactors (Hata et al., 2012; Hillamo
and Kauppinen, 1991); the electrical low-pressure impactor
(ELPI), which can be used for real-time size distribution
measurements (Keskinen et al., 1992; Marjamiki et al., 2000;
Held et al., 2008); the Micro-Orifice Uniform Deposit Im-
pactor (MOUDI), which is capable of capturing particles as
small as 0.056 um (Marple et al., 1991); miniaturized im-
pactors, such as the personal nanoparticle sampler (PENS)
(Tsai et al., 2012); and the novel development of small sam-
plers for ultrafine particles (Thongyen et al., 2015; Kumsan-
las et al., 2019; Gong et al., 2023).

Several recent studies have focused on airborne UFP
chemical analyses using cascade impactor sampling. For ex-
ample, the MOUDI has been used at Frankfurt Airport to an-
alyze size-resolved UFP emissions from aircraft, identifying
organic compounds such as esters from jet engine oils (Unge-
heuer et al., 2021). In Rio de Janeiro, the MOUDI was used
to collect ultrafine and coarser particles from vehicular emis-
sions in an urban area, and the trace element composition was
analyzed across various particle sizes, detecting cadmium,
nickel, lead, chromium, and iron, particularly in the UFP
ranges (de Souza et al., 2021). The ELPI can be used for the
simultaneous real-time sampling of particle size distributions
and offline chemical analysis, as demonstrated, for example,
by Kim et al. (2013), who classified and characterized air-
borne particulate matter from a rubber manufacturing plant.
In the surroundings of a former electronic waste recycling fa-
cility, the ELPI was used to detect real-time airborne particles
in the size range of 0.03—10 um (Guo et al., 2023). Moreover,
a size-resolved chemical characterization of airborne parti-
cles from indoor sources, such as candles, mosquito coils,
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and cooking activities, highlighted heavy metals and poly-
cyclic aromatic hydrocarbons (PAHs) in the ultrafine frac-
tion (Caracci et al., 2024). Similarly, other working environ-
ments were characterized in terms of personal exposure via
the application of a portable PENS (e.g., Pomata et al., 2023;
Young et al., 2013). The PENS has also been employed in air
quality studies, such as those conducted in rural and urban
China during winter, for the chemical analysis of biomass-
burning tracers (e.g., levoglucosan) (Zhu et al., 2017). While
not exhaustive, these examples underscore the growing num-
ber of applications of, as well as the increasing interest in,
diverse types of target analytes. This raises the question of
comparability between cascade impactor applications for the
chemical analysis of atmospheric ultrafine particles.

The challenge, particularly when it comes to the separation
and collection of UFPs from the atmosphere using cascade
impactors, is unequivocally associated with the remarkably
small mass of UFPs. This small mass, as opposed to fine par-
ticulate matter (PM3 5), presents a substantial hurdle in con-
ducting gravimetric or chemical analyses. Specifically, UFP
collection with cascade impactors is sensitive to the follow-
ing aspects:

1. The cutoff diameter for UFPs from the last impactor
stage (dpso = 100 nm, referring to aerodynamic diame-
ter) depends on the impactor’s design and operational
characteristics, such as the diameter, nozzle size, flow
rate, distances between plates, and shape. Moreover,
real atmospheric particles, with various shapes and den-
sities, will vary in impaction behavior and thus poten-
tially influence the separation.

2. The loss of UFPs on walls or in earlier stages could re-
sult in the retention of particulate material.

3. During collection, either larger particles bounce or
break into fragments and experience re-entrainment,
adding mass to the filter substrate dedicated to UFPs,
or target UFPs bounce off the collection substrate and
are lost from the analysis.

4. Semi-volatile particle-bound components may evapo-
rate from already collected particulate surfaces during
ongoing sampling due to reduced pressure within the
impactor and continuous ventilation. This can result in
alterations in the chemical composition due to interac-
tions with the gaseous phase.

Therefore, in this study, we explored cutoff diameters, po-
tential losses, artifacts due to “bounce-off”, and evaporation
with respect to four different cascade impactors capable of
separating and sampling UFPs. Our overall aim was to iden-
tify and quantify organic marker compounds in the collected
UFPs. The four cascade impactors differed in terms of de-
sign, flow rate, the number of stages, and other factors. We
expected that these differences would significantly impact
the abovementioned aspects and, therefore, lead to different
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results for the analyzed mass concentrations of the selected
organic marker compounds within the collected UFPs.

2 Methods

2.1 Impactors for UFP sampling

Today, several cascade impactors exist that are either com-
mercially available or newly developed (Crazzolara and
Held, 2024; Ngagine et al., 2022; Jarvinen et al., 2014; Ro-
may and Garcia-Ruiz, 2023; Marple et al., 2014; Tsai et al.,
2012). For our comparison, we selected four commercially
available models for sampling atmospheric UFPs that have
different designs, flow rates, and stage numbers. Addition-
ally, we aimed to sample all particles < 100 nm on one sub-
strate without further separation. Moreover, we envisioned
the use of an automated filter changer in future applications,
which is possible with all selected models. Some of these se-
lected impactors required minor adjustments to make them
suitable for achieving the final cutoff diameter of 100 nm.
Aside from these adjustments, which are outlined in the fol-
lowing, the cascade impactors were operated as described by
the manufacturers.

For each impactor and measurement, the aerosol flow was
regulated between the impactor and its pump. The flow rate
was determined at the impactor’s inlet with a Gilibrator-2
bubble flow meter and rechecked following each collection
interval.

Rotating 10-stage 120R MOUDI-II. The MOUDI utilizes
numerous micro-orifice nozzles to reduce jet velocity, pres-
sure drop, particle bounce, and re-entrainment while en-
hancing collection efficiency and enabling a uniform depo-
sition on the impaction plate (Marple et al., 1991). Each pair
of nozzle and impaction plates is called a stage. The uni-
form deposition prevents particle buildup and allows for a
greater collection mass without overloading. It is further sup-
ported by rotating the impaction plates relative to the nozzles
while distributing the sampled particles over the sampling
substrates. Earlier MOUDI models (Models 110 and 115)
achieve relative rotation between the impaction and nozzle
plates by rotating alternate impactor stages using external
gears and hooks that mesh with an external drive shaft pow-
ered by an electric gear motor. In contrast, the newest model
(120R MOUDI-II, MSP Corp., Shoreview, MN, USA) has
impaction plates that are directly mounted onto miniature
stepper motors, which are housed within a chamber situated
in the center of each stage. Therefore, the 120R MOUDI-II
model offers an undisturbed flow path from the impaction
plate to the following stage’s nozzle plate. This design is ex-
pected to show relatively low particle losses compared to pre-
vious models (Marple et al., 2014).

In this study, we modified the 120R MOUDI-II by remov-
ing the 0.56 nm stage (including the nozzle and impaction
plates) located below the 100 nm cutoff diameter stage. This
modification allowed us to collect all particles < 100 nm
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in the original “after-filter” holder mounted at the impactor
outlet. As recommended, we operated the 120R MOUDI-II
model at a flow rate of 30 L min~!. It separated airborne par-
ticulate matter into nine fractions with nominal cutoff diam-
eter (dps0) values of 0.10, 0.18, 0.32, 0.56, 1.0, 1.8, 3.2, 5.6,
and 10 um. We equipped all upper stages with pieces of alu-
minum foil with a 47 mm diameter, which were greased at
a later stage of the experiments. We placed a 47 mm quartz
fiber filter (QFF; Whatman QM-H) in the after-filter holder
for the collection of UFPs.

Non-rotating three-stage MOUDI (ultraMOUDI). In con-
trast to the 10-stage 120R MOUDI-II model, this compact
MOUDI model has three non-rotating stages (MOUDI 100-
2.5-1-0.1, MSP Corp., Shoreview, MN, USA). The internal
construction of these stages is similar to that of Models 110
and 115 and shares the same inlet and outlet design. We
asked the manufacturer for three stages with cutoff diameters
of 0.1, 1, and 2.5 um. Here, we employed the ultraMOUDI
with pieces of aluminum foil (47 mm diameter) on the im-
paction plates. The after-filter holder was equipped with a
47 mm quartz fiber filter (Whatman QM-H). The flow rate
through the impactor was 30 Lmin~!. Due to its reduced
size and weight, this impactor could be integrated into an
automated sampler for independent long-term observations
of UFPs.

ELPI. The ELPI (Dekati Ltd., Tampere, Finland; Keskinen
et al., 1992) separates and counts particles simultaneously in
the respective stages while sampling. In this way, the ELPI
determines particle size distributions ranging from 30 nm to
10 um. Sampled particles are first charged to a predetermined
level. These charged particles are then classified by aerody-
namic diameter within the cascade impactor. Lastly, a mul-
tichannel electrometer simultaneously measures the charges
carried by the collected particles to each stage, providing
a measurement for the particle number concentration. The
particle classification is achieved using a multi-jet impactor,
where stage 1 has the smallest cutoff diameter and stage
13 has the largest (diameters: 0.03, 0.06, 0.09, 0.17, 0.26,
0.40, 0.65, 1.0, 1.6, 2.5, 4.4, 6.8, and 10 pm). The jet orifices
are symmetrically drilled in rings around the center of each
stage. Stage 1 of the impactor serves as a critical orifice, reg-
ulating the flow rate to 30 L min~! and creating a low pres-
sure, which is thought to ensure the impaction of even the
smallest particles (Marjamaéki et al., 2000).

For this study, we extracted the cascade impactor compo-
nent from the ELPI and treated it as a standalone impactor,
excluding the charger and electrometer. For the collection
of UFPs, we removed the stages with cutoff diameters of
0.03 and 0.06 um to achieve a final cutoff size of 0.09 um for
stage 3. To maintain the flow characteristics, secure the im-
paction plates in the built-in tensioner, and ensure appropri-
ate spacing between the nozzle and collection plates, place-
holders were inserted. The flow was adjusted with a valve.
On the upper stages, aluminum foil filters (25 mm, Dekati
Ltd.) were installed. For the collection of UFPs, a 37 mm
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QFF was installed in the after-filter holder provided by the
manufacturer.

PENS. The PENS (Haze Control System Inc., Taiwan) was
recently designed by Tsai et al. (2012) as a three-part sys-
tem for the collection of airborne particles. The first part
is a respirable cyclone that separates particles larger than
4 um in aerodynamic diameter. The second part is a micro-
orifice impactor, where particles sized from 0.1 to 4 um im-
pact on an impaction plate. The final part consists of a fil-
ter holder containing a 37 mm quartz fiber filter, which col-
lects UFPs. Compared to the previously described devices,
the PENS is compact, with dimensions of 107 mm in length
and 44 mm in width, as well as a total weight of 240 g. This
makes the PENS portable and useful for personal exposure
studies (Young et al., 2013). The manufacturer modified the
PENS used in this study to separate the particles into frac-
tions of 2.5 and 0.1 um and to operate at a sampling flow
rate of 4L min~!. The impaction plate itself is not suitable
for installing a filter. For the collection of UFPs within the
after-filter, we utilized a 37 mm quartz fiber filter (Whatman
QM-H).

2.2 Overview of laboratory tests for evaluating the
performance of the four impactors for UFP
separation and collection

To test the four cascade impactors under controlled condi-
tions, we conducted a series of laboratory tests. Our objective
was to determine the pressure drop, transmission, UFP cutoff
diameter, and potential artifacts of each impactor. Therefore,
we generated three types of test aerosols and used reference
instrumentation to quantify UFPs. In this way, we detected
the particle number size distribution before and after the test
aerosol passed through the impactors.

2.2.1 Detection of particle number size distributions

We monitored the particle number size distributions for
the four cascade impactors with two complementary instru-
ments. For accurate and sensitive observations, a mobility
particle size spectrometer (MPSS) was deployed. However,
the analysis of cutoff performance for impactors with a pres-
sure drop of several hundred hectopascals (hPa) posed a chal-
lenge to the MPSS flow regulation. Thus, for fast and repet-
itive measurements recorded under low pressure, a real-time
differential mobility spectrometer (DMS) was used. How-
ever, this instrument has comparatively low sensitivity.

MPSS

The MPSS (manufactured by TROPOS, Leibniz Institute
for Tropospheric Research) classifies and quantifies airborne
particles based on the principle of the mobility of charged
particles in an electric field (Wiedensohler et al., 2012, 2018).
Sampled particles are neutralized to achieve a Fuchs equi-
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librium charge distribution and then classified by a differ-
ential mobility analyzer (DMA) based on electrical mobil-
ity and detected with a condensation particle counter (CPC).
The particle number size distribution is obtained by scanning
the voltage applied to the DMA, typically covering a range
of 10 to 800 nm. The MPSS is capable of detecting down to
10 particles per cm® per scan (Wiedensohler et al., 2012).
The MPSS data were processed following the protocol by
Wiedensohler et al. (2012), including corrections for parti-
cle losses and CPC counting efficiency. The MPSS measure-
ments had an uncertainty of £ 10 %.

DMS500

The DMS500 (Cambustion) uses a corona diffusion charger
and a classification column with electrometers to detect parti-
cle concentrations across a size range of 5 nm to 2.5 um, with
a time resolution on the order of milliseconds (Symonds et
al., 2007). The air sample is diluted twice before classifica-
tion, leading to a comparatively low sensitivity of 170 cm™3
for 80nm particles. The DMS500 was calibrated using
polystyrene latex spheres (3320A/3495A, Thermo Scientific,
National Institute of Standards and Technology (NIST)), and
data were processed using DMS software (DMS 6.09 com-
plemented by DMS Excel Utilities 7.49). The overall un-
certainty in the instrument was =23 %, calculated based
on the relative standard deviation for the test particle mix-
tures (Cambustion Ltd., 2019; Symonds et al., 2004; see
Sect. 2.2.2).

2.2.2 Test particle generation

To determine the cutoff characteristics of the individual im-
pactors under controlled conditions, we used a laboratory test
bed consisting of a defined particle source, the test impactor,
and a reference instrument (such as the MPSS or DMS500),
which determined the particle number size distributions. If
needed, the impactors were modified to have a cutoff di-
ameter of 100 nm at the last stage (see Sect. 2.1.). Further-
more, we removed the after-filter holder in order to directly
assess the transmitted particles with the online reference in-
struments. Instead, following the impactor, a “Y” piece made
of stainless steel (inner diameter: 15 mm) was installed, di-
recting the airflow to the detector and a pump. The pump
was adjusted to achieve the correct overall sampling flow for
the impactor. The test impactor was then connected to one
of three different particle sources. The setup is presented in
Fig. 1.

NaCl particles

First, we generated salt particles from sodium chloride
(NaCl). The particles were generated using a commercially
available nebulizer, i.e., PARI LC SPRINT (Type 023). The
nebulizer was filled with a saturated solution of NaCl in Mil-
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Particle
Source
(NaCl, SimSOA, Soot)

MPSS

DMS E@——

Figure 1. Schematic experimental setup used to evaluate the
cutoff characteristics of various impactors: the 120R MOUDI-II,
ELPI, PENS, and ultraMOUDI. Three different types of particles
were generated: (1) NaCl (produced by spraying a saline solu-
tion), (2) simulated secondary organic aerosol (SimSOA) (gener-
ated through a chamber experiment involving particle formation
from «-pinene and ozone, including seed particles), and (3) soot
(produced by a diesel engine) (Sect. 2.2.2).

lipore water. We connected synthetic compressed air from
the house line to the nebulizer and regulated it with a nee-
dle valve to 4 L min~!. This aerosol flow was directed into a
30.5 L quartz glass flow tube for dilution, mixing, aging, and
drying. Since the majority of the impactors have a flow rate
of 30 L min~!, an additional 40 L min~—! of synthetic air was
fed into the flow tube for dilution. At the flow tube outlet, the
test impactor was connected in line with the reference instru-
ment and the pump. This setup allowed us to run tests for a
time period of about 6-8 h with a stable and relatively broad
test particle number size distribution (Fig. 2).

With estimates of the density (o, =2.16¢ cm ™) and
shape (x = 1) of the NaCl particles, we converted the electri-
cal mobility diameter (d,) given by the reference instruments
to an aerodynamic diameter (d,) (Baron and Willeke, 2011).
The aerodynamic diameter is the basis for the size-based sep-
aration of particles in the impactors and thus the critical value
for evaluation and comparison.

Soot particles

Secondly, we tested the four impactors with diesel exhaust
particles containing soot, following the experimental setup
previously described by Miihlbauer et al. (2016). For our
investigation, we employed a contemporary four-cylinder
diesel engine supplied by Daimler AG (OM651, Mercedes-
Benz, Germany). This engine is equipped with a common-
rail system and features direct-acting piezoelectric injectors
from Delphi Automotive PLC (United Kingdom). This pro-
duction engine, equipped with a particle filter, complies with
the European exhaust emission standard Euro 5. The engine
was run at a speed of 1200rpm (revolutions per minute),
with an injection pressure of 7 x 107 Pa, using a throttle po-
sition maintained at 15 %, and at an exhaust gas recircula-
tion (EGR) rate of 45 %. The engine emissions were directly
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Figure 2. Particle number size distributions of three particle types
for physical impactor testing, averaged over the duration of the ex-
periments and displayed with standard deviations for each particle
type. The data for SimSOA (green) and NaCl (blue) correspond to
the left axis, while the soot data (black) correspond to the right axis.
The particle size distribution is expressed as the number of particles
(dN) per logarithmic diameter interval (dlogDp). SEM (scanning
electron microscopy) images of the test particles are displayed in
plots A (SimSOA), B (NaCl), and C (soot).

channeled from the exhaust pipe to the impactor to achieve
a stable particle number size distribution around the 100 nm
diameter range (Fig. 2).

Simulated secondary organic aerosol (SimSOA)

Thirdly, we tested the impactors’ performances with atmo-
spherically simulated secondary organic aerosol (SimSOA).
In order to conduct our tests with a stable mixture for several
hours, we used a chamber from the Bayreuth ATmospheric
simulation CHambers (BATCH) infrastructure (Ofner et al.,
2011). Before each measurement, a 700 L. cylindrical glass
chamber was flushed with outdoor air to introduce real envi-
ronmental particles and trace gases. Subsequently, 0.05 mL
of a-pinene was injected into the airflow, while a nebulizer
delivered seed particles (saturated ammonium sulfate solu-
tion) into the chamber at a flow rate of 3 L min~! for 3 min.
After an additional 5 min, the pump supplying outdoor air
was switched off, and a UV solar simulator (HMI 4000 W,
Osram (filtered with a water-cooled glass plate); Ofner et al.,
2011; Zhao et al., 2008) was turned on for 15 min to stimulate
ozone production and the subsequent formation of SImSOA.
Prior to commencing the impactor measurements, the refer-
ence instruments were directly connected to the chamber to
ensure suitable particle concentrations and number size dis-
tributions (Fig. 2).
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2.2.3 Determining physical parameters as evaluation
criteria

To comprehensively characterize the four cascade impactors
for UFP sampling, we focused on determining the pres-
sure drop and cutoff properties, evaluating potential particle
losses, and identifying any measurement artifacts that may
arise. For each impactor, we followed the same protocol: de-
termine the particle number size distribution of the test parti-
cles (step 1), insert the (modified) impactor and monitor the
transmitted particles as described (step 2), and conduct an
empty measurement (step 3). For the empty measurements,
all nozzle stages and impaction plates were removed, mean-
ing that no size classification occurred, and the inlet and out-
let of the impactor were connected as in step 2. Step 3 al-
lowed for baseline measurements without the influence of
impaction stages while maintaining a setup comparable to
that of the transmission measurements in step 2.

Pressure drop assessment. The pressure drop across each
impactor was measured using a differential pressure gauge.
This measurement encompassed the total pressure loss
through the impactor, including the quartz fiber after-filter
that was integrated into the system. For this measurement,
T-junctions were installed at both the inlet and outlet of the
impactor. Branches from these junctions were connected to
the differential pressure gauge (26 PCCFA6D (differential
pressure sensor, relative, + 15 psi), Honeywell) to record the
pressure drop across the entire impactor and the quartz fiber
filter on which the UFPs were collected. The pressure drop
was determined at the same flow rate as that used for each
impactor under operating conditions.

Cutoff diameter determination. To derive the transmission
of particles through the impactor as a function of the parti-
cles’ diameter, the ratio of the number concentration between
the impactor (step 2) and the empty measurement (step 3)
was calculated for each size bin. The resulting transmission
curve was subsequently normalized for each impactor to the
maximum transmission. From this, the dp50 values were de-
duced from a linear regression in the range of 30 < dp, <
110nm for NaCl and SimSOA particles and from a linear
regression in the range of 60 < dp, < 110 nm for soot. Addi-
tionally, we determined the steepness of the cutoff curve, as
well as the dpg and dp10 values, which describe the diame-
ters at which 90 % and 10 % of particles are deposited and
not transmitted, respectively.

Evaluation of losses. We analyzed the transmission curves
for the ultrafine section of the particle size distribution to
evaluate the losses of each impactor. Due to the larger uncer-
tainties in the reference instruments for very small diameters,
i.e., dm < 20nm, we decided to evaluate the particle number
concentration at 30 nm to determine the losses in the ultra-
fine fraction. At this size, all impactors showed a peak in the
transmission curve, which we used as a reference for deter-
mining the losses, calculated as 1 minus the derived trans-
mission.
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Observation of other artifacts. We also evaluated the trans-
mission curves for other possible artifacts, such as the trans-
mission of larger particles, which could potentially occur as
a result of particle bounce.

2.3 Overview of the field application of the four cascade
impactors for the chemical analysis of organic
markers in UFPs

To assess the performance of the impactors under real en-
vironmental conditions, we operated all impactors simul-
taneously at the same location for the same duration in a
side-by-side comparison. We took three samples of ambient
aerosol on 24, 25, and 30 January 2023 in Bayreuth, Ger-
many, with each sample collected over a 24 h period. The
impactors and their respective pumps were positioned in-
doors in the laboratories of the Bayreuth Center of Ecol-
ogy and Environmental Research (BayCEER; 49.9305° N,
11.5881°E). The location is characterized by nearby man-
ufacturing industries, road traffic, and proximity to a high-
way but is also adjacent to residential areas of the city
of Bayreuth, which has around 75000 inhabitants (Bay-
erisches Landesamt fiir Statistik, 2022). Ambient air was
drawn into each impactor through antistatic inlet lines, each
1.2 mlong (9.525 mm, TSI). The lines, impactors, and pumps
were maintained at a constant temperature of about 21 °C.
Each inlet line was equipped with honeycomb ceramic bod-
ies measuring 25.4 x 50 mm (620 000 cells m~2, Rauschert,
Germany), coated with sodium thiosulfate (ReagentPlus®
(99 %), Merck), positioned right in front of the impactor’s
inlet. The coated ceramic body was contained inside a
stainless-steel housing and served as an ozone denuder, pre-
venting potential oxidation reactions on the already collected
particles during sampling. The ozone scrubbers had been pre-
viously evaluated for their capacity to scrub ozone from the
sampling air and for potential losses (< 6 % for particles with
diameters smaller than dy, =200nm and < 11 % for parti-
cles with diameters larger than dy, = 200 nm). Thus, up to
an ozone concentration of 250 ppb over 72 h, ozone levels
were reduced to below 5 ppb behind the ozone denuder. The
flow rate was adjusted before each measurement for each im-
pactor.

All upper stages of the impactors were coated with a thin
layer of vacuum grease (Apiezon L Grease, M&I Materials
Ltd., Manchester, England) to ensure the adherence of de-
posited particles and minimize bounce. To achieve this, we
first dissolved the vacuum grease in n-hexane (ReagentPlus®
(> 99 %), Merck) and applied approximately 0.05 mL of this
solution onto aluminum foil using a syringe. We allowed the
solvent to evaporate for a minimum of 12 h before mounting
the treated foils onto all existing stages of the 120R MOUDI-
II, ultraMOUDI, and ELPI. For the PENS, which does not
have an impaction plate suitable for filter installation, the
grease was applied directly to the plate following the evapo-
ration process. After each 24 h sampling period, all impactor
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and nozzle plates were cleaned using an ethanol-water mix-
ture, dried with synthetic compressed air, and recoated be-
fore the next measurement. For the collection of UFPs, we
inserted pre-baked quartz fiber filters (Whatman QM-H (47
or 37 mm)) into the after-filter holder of each impactor, which
had been pre-baked at 300 °C for 24 h. These were stored at
—20 °C immediately after collection.

To compare the results of the chemical analysis of
the sampled UFPs between the four impactors, we se-
lected six organic marker components to represent a mix-
ture of anthropogenic sources (benzo[a]pyrene (BaP) and
benzo[b]fluoranthene (BbF)) (Hussain et al., 2018) and bio-
genic sources (pinic acid (PA) and terpenylic acid (TA))
(Vestenius et al., 2014)). Furthermore, we analyzed lev-
oglucosan (Levo) as a marker for biomass burning (Si-
moneit et al., 1999) and N-(1,3-dimethylbutyl)-N’-phenyl-
p-phenylenediamine (6PPD) as a marker for tire wear ma-
terial (Klockner et al., 2021). The marker components were
selected to provide a diverse range of molar masses, volatili-
ties, and mass abundances.

2.3.1 Extraction of samples

We extracted the selected marker components from the filters
using a soft, solvent-based, and optimized protocol. (1) The
filter loaded with particles was divided into two equal parts.
One part was extracted, while the other was used as a backup.
(2) The filter half used for extraction was spiked with 50 uL
of each internal standard, namely 3-methylcholanthrene (3-
MC; 0.4 uM) and nicotinic acid (NA; 10 uM), and cut into
small fragments. (3) These filter fragments were then trans-
ferred into a glass container with a screw cap, and 2mL
of extraction solvent (e.g., analytical-grade dichloromethane
(DCM; 99.8 %, Fisher Chemical) and methanol (MeOH;
>99.9 %, Carl Roth)) was introduced. (4) The samples un-
derwent extraction through agitation in a closed flask for a
duration of 15 min using a vortex shaker (2000 rpm). (5) The
filter residues were kept in a glass container. The extracts
were filtered using specially designed glass frits with a di-
ameter of 1cm and a pore size of 20 um to eliminate any
potential filter residue.

Steps 3 to 5 were repeated three times, each time us-
ing a different extraction solvent. The solvents were used
sequentially in the following order: pure MeOH, 50:50
MeOH : DCM, and pure DCM. Subsequently, the solvent
from the combined extracts was evaporated under a gentle
flow of nitrogen (N3; 99.99 %) while cooled with ice to pre-
vent the loss of semi-volatile compounds. A droplet, approxi-
mately 0.5 uL in volume, was kept as residue and dissolved in
1 mL of a 60 : 40 solution of acetonitrile (ACN; 99.95 %, Carl
Roth) and water (H,O; obtained from a Seralpur PRO 90 CN
system with an electronics-grade Supor DCF filter (0.2 um)).
This was transferred into a separate vial for subsequent anal-
ysis. Throughout the entire sample preparation process, the
samples were stored in an ice-cooled environment.
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2.3.2 High-performance liquid chromatography (HPLC)
analysis for chemical marker profiling

The analysis of the sample extracts was performed using two
high-performance liquid chromatography (HPLC) systems.
For the detection of PA, TA, Levo, and 6PPD, an Agilent
1100 Series chromatograph equipped with an electrospray
ionization mass spectrometer (ESI-MS; Agilent 6130 Single
Quadrupole) was utilized. To determine the concentration of
the polycyclic aromatic hydrocarbons (PAHs), BaP and BbF,
an Agilent 1260 Infinity system coupled with a fluorescence
detector (FLD; Agilent 1100 Series) was employed. For the
mobile phase, HPLC-grade acetonitrile, water, and formic
acid (HCOOH; p.a. > 98 %, Carl Roth) were used as a buffer.
We applied three different methods, which are summarized in
Table S1 in the Supplement.

To assess the efficacy of the sample preparation, includ-
ing the extraction method, recovery experiments were con-
ducted in triplicate. Half of the preheated quartz fiber filter
(47 mm, Whatman QM-H) was spiked with 10 uL of a 10 uM
standard solution encompassing all markers. Subsequently,
the spiked filter was extracted as outlined previously. Each
recovery (Rec) was ascertained utilizing external standard
(ESTD) calibration and calculated by dividing the measured
concentration of each marker by the expected (spiked) con-
centration.

Cmeasured

Rec = 100 (D

Cexpected

The obtained recoveries were as follows: 78 &7 % (BaP),
74+7% (BbF), 79+7 % (Levo), 84 £8 % (PA), 85+8%
(TA), and 75 =7 % (6PPD). As these recovery rates describe
the average systematic loss of the marker compounds during
extraction, we corrected our data using the following equa-
tion:

100 )
Csamplecorrecled = csamplemeasured X RCC ( )

The recovery-corrected results were then validated against
the NIST Standard Reference Material (SRM) 2786
(<4 um), which was applied to a filter, extracted, and ana-
lyzed according to the methods described herein for valida-
tion. The results showed agreement within the uncertainty of
the measurement, even in the presence of a particulate ma-
trix. The limit of detection (LOD) was determined based on
the standard deviation (o) of the response from a modified
calibration solution, targeting a signal-to-noise ratio of ap-
proximately 3 for each analyte, as well as the response factor
(RF) from the ESTD calibration.

3.0
LOD = — 3)
RF

The LOD was calculated across four replicates. Fur-
thermore, the LOD for airborne concentrations (LODAj;;
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pgm™3) was calculated by dividing the LOD by the sam-
pling volume. For the MOUDI and ELPI devices, sampling
for 24h at 30Lmin~' resulted in a sampling volume of
432m73. For the PENS, which has a sampling flow of
4L min~!, the sampling volume was 5.76m>. The LOD
values ranged from around 1-2 and 40-186 pgm?> for tar-
get markers measured using high-performance liquid chro-
matography with fluorescence detection (HPLC-FLD) and
mass spectrometry (HPLC-MS), respectively. The LOD in-
creased by a factor of 7.5 when sampling a smaller volume,
as was the case with the PENS, compared to all other im-
pactors (Table S2 in the Supplement). Additionally, we es-
timated impactor-specific overall measurement uncertainties
using Gaussian error propagation, with uncertainties rang-
ing from 13.8 % to 17.8 % (Sect. 1.1 in the Supplement).
This uncertainty estimate includes the instrumental variabil-
ity for repeated analysis (2 %), reference material uncertainty
(0.5 %), preparation of stock solutions (5 %), dilution errors
(5 %), and inaccuracies in volume determination (1 %). Ad-
ditionally, it accounts for impactor-specific factors, includ-
ing flow adjustment errors (3 %—10 %) and handling errors
(10 %—15 %).

3 Results and discussion

3.1 Physical characterization |: pressure drops, cutoff
diameters, and the steepness of the cutoff curve

The pressure drop across an impactor, including the quartz
fiber filter, can significantly influence collection efficiency
and the chemical composition of the captured particles. The
greater the pressure drop across the impactor and quartz
fiber filter, the higher the rate of potential evaporation of
semi-volatile compounds. For the four tested impactors,
the pressure drops corresponded to 260 4 1 hPa (PENS),
420 £ 2 hPa (ultraMOUDI), 600 4 3 hPa (120R MOUDI-II),
and 690 £ 3 hPa (ELPI).

Figure 3 shows the normalized transmission curves ob-
tained from testing the four impactors with the three test
particle mixtures. Cutoff diameters were calculated as d,s50
values for the electromobility diameter. They increased con-
sistently for all impactors — from NaCl particles to Sim-
SOA to soot particles (59-68 < 70-74 < 102-116 nm). The
best agreement between the individual impactors’ cutoff di-
ameters was found for SimSOA. For SimSOA, the ultra-
MOUDI and 120R MOUDI-II had the smallest cutoff diame-
ters, with electromobility diameters of 71 7 and 70 & 7 nm,
respectively. Contrastingly, for soot, the largest deviations
among the impactors’ cutoff diameters were observed, show-
ing that the devices deviated by about 14 nm at most. Here,
the two MOUDI models had the highest cutoff diameters,
while the PENS had the smallest one (102 =+ 10nm). For
NaCl and SimSOA particles, we compared the aerodynamic
cutoff diameters, which were 86 £9 and 84 + 8 nm (ultra-
MOUDI), 89 £ 9 and 85 £ 9 nm (120R MOUDI-II), 99 & 10
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and 89 +9 nm (PENS), and 100 & 10 and 85 &+ 9 nm, respec-
tively. For these calculations, a shape factor of 1.0 and a den-
sity of 2.165 g cm™> were used for NaCl, while a shape factor
of 1.2 and a density of 1.21 gcm™> were applied for Sim-
SOA.

Generally, the transmission curves were steeper for soot
than for SimSOA and steeper for SimSOA than for NaCl
particles. This trend is strongest for the ELPI and PENS,
which have the greatest steepness for soot, with transmis-
sion curve slopes of —1.1nm™!, and the least sharp cutoff
curves for NaCl, corresponding to —0.52 and —0.56 1 nm~!,
respectively. The sharpness of the cutoff curves for the 120R
MOUDI-II and ultraMOUDI seems to be less sensitive to
the type of test particle as the steepness of the transmission
curves varied by about 9 % at most between the different test
particles. The four impactors showed the best agreement re-
garding the steepness of the transmission curve for SImSOA,
with a relative difference between the maximum and mini-
mum slopes of about 26 %.

The dp19 and dpgg values represent the diameters at which
10% and 90 % of the test particles, respectively, were de-
posited on the impaction plates of the impactor. An im-
pactor with closely spaced dj10 and dpgp values would have a
steeper transmission curve, indicating more precise segrega-
tion of particles by size. For all impactors, the lowest dp10
values were observed for NaCl particles (dp10ave = 34 nm,
averaged across all impactors). The dj9 values did not vary
systematically between the test particles and impactors, rang-
ing from 125 + 13 nm (for NaCl particles collected with the
ultraMOUDI) to 183 4+ 18 nm (for SimSOA collected with
the 120R MOUDI-II). As this general trend might be driven
by the relatively sticky nature of NaCl particles and SimSOA,
leading to a relatively smeared cutoff curve, it is interesting
to observe the sharpest cutoff curve for the soot particles,
which exhibits the most complex shape among the curves of
the three tested particle types. This can also be seen from
the difference between the djo9 and dp10 values, which was
smallest for soot particles across all four impactors.

SimSOA is likely the most representative type of test par-
ticle for environments ranging from urban to suburban to
rural, provided they are not coastal, curbside, or subject to
nearby combustion sources. For the tests with SImSOA, the
four impactors performed comparably in terms of cutoff di-
ameter, transmission curve steepness, and dp10 and dp9 val-
ues (Table 1). We observed a tendency for a sharper sepa-
ration of UFPs with the PENS and ELPI compared to the
two MOUDI models. However, larger deviations between
the four impactors were observed for soot particles, both in
terms of cutoff diameter and steepness. The estimated aero-
dynamic cutoff diameters for SimSOA and NaCl overlap for
all the impactors within their uncertainties and in the range of
84-100 nm. Typically, the UFP range includes the nucleation
mode and marks the “shoulder” of the accumulation mode.
From the perspective of a mass-based analysis, the particle
composition of these two modes would be reflected in the
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results. However, as the mass of particles around 100 nm is
small, the observed variations in cutoff diameters likely do
not diminish their comparability.

3.2 Physical characterization II: losses and particle
bounce

To determine potential losses within the impactors, we com-
pared the transmission curves for SImSOA generated in the
atmospheric simulation chamber (Fig. 4). The maximum
transmission in the ultrafine fraction at 30 nm was 84 8 %
for the PENS, 77 £ 8 % for the ultraMOUDI, 75+ 8 % for
the 120R MOUDI-II, and 69 + 7 % for the ELPI. These re-
sults indicate that the ELPI had the highest losses of Sim-
SOA UFPs during sampling compared to the other tested
impactors. However, considering the overlap of the uncer-
tainties, these differences are not significant. Losses can be
either wall losses or interstage losses, which retain particles
on surfaces other than the impaction plate. In addition, losses
can also occur through the evaporation of (semi-)volatile par-
ticles, especially under a high-pressure drop during “flow-
through” (Marple and Willeke, 1976; Won Kim, 2010).

Ideally, the transmission should ultimately reach zero for
particles with larger diameters as these particles should be
retained in the upper stages of the impactor. However, the el-
evation above zero for diameters between 200 and 1000 nm
suggests the occurrence of particle bounce (Fig. 4). The ELPI
detected very few particles at the larger diameters, with min-
imal transmission observed for these particle sizes. Thus,
within the uncertainty, no particles with an electromobil-
ity diameter larger than 177 nm passed through the last im-
paction stage. A similar observation was made for the 120R
MOUDI-II, where very few particles were detected at larger
diameters, with minimal transmission being approached at
an electromobility diameter of 562 nm. For larger particles,
the transmission remained at zero. This is in line with the
comparably flat slope of the transmission curve of the 120R
MOUDI-II, indicating a broad separation of particle sizes
rather than a sharp cutoff curve (Table 1). However, both the
PENS and ultraMOUDI devices exhibited notable bounce
effects. For the PENS, the transmission dropped to a lo-
cal minimum at 133 nm (electromobility diameter) and re-
mained at approximately 38 % for larger particles. For the
ultraMOUDI, the local minimum of transmission occurred at
an electromobility diameter of 273 nm, amounting to 13 %,
but then increased again to about 19 % for larger particle di-
ameters.

Overall, the impactor design seems to critically impact
potential losses and particle bounce. The ELPI and 120R
MOUDI-II have a higher number of stages and impactor-
plate—nozzle-plate pairs before ultimately separating UFPs
(stages 13 and 9, respectively) compared to the ultraMOUDI
and PENS (stages 3 and 2, respectively). The increased num-
ber of stages appears to reduce the bounce effect (Fig. 4).
This is likely because particles have more opportunities to
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Table 1. Summary of the performance test results for the four impactors and the three test aerosol mixtures. The particle diameter (dp)
values are provided in terms of electromobility diameter (nanometers). The steepness describes the slope of the transmission curve at particle
diameters of around 100 nm. Values of d50, (the aerodynamic particle diameter at 50 % collection efficiency) are calculated as aerodynamic

cutoff diameters, derived from the salt particle tests.

Impactor Aerodynamic cutoff ~ Aerosol type dp value (nm) Steepness dps50a
(nm) (manufacturer) 10 50 90 (nmfl) (nm)

NaCl 34+4 61+6 182+18 —0.55 890+9

120R MOUDI-II 100 SimSOA 41+4 717 183+£18 —0.55 85+9
Soot 78+8 116£12 175+18 —0.86 -

NaCl 30+3 67+7 177+£18 —0.52 99+ 10

PENS 100 SimSOA 42+4 74+7 148+£15 —0.64 80+9
Soot 69+7 102£10 153%15 -1.1 -

NaCl 39+4 68+7 162+16 —0.56 100£10

ELPI 90 SimSOA 39+4 71+7 148+£15 —0.65 85+9
Soot 72+7 106£10 162+16 —-1.1 -

NaCl 3243 59+6 125+13 —0.67 86+9

ultraMOUDI 100 SimSOA 35+4 70+7 162+16 —0.58 84438
Soot 767 112+11 166+ 17 —-0.95 -

impact as they traverse through multiple stages, with each
stage being less loaded with particles, reducing the proba-
bility of bounce. As both the ELPI and MOUDI devices are
modular cascade impactors, they allow us to include different
numbers of stages with different cutoff diameters, which, in
turn, might result in different sampling characteristics — not
only for the ultrafine particles but also for the upper stages.
However, including a higher number of upper stages could
come at the cost of comparably increased losses in the UFP
range.

Here, the losses in the UFP range were similar for the
ELPI, 120R MOUDI-II, and ultraMOUDI. This contrasts
with the PENS, which had the smallest loss amongst all the
tested models (about 6 %), likely due to its design, which fea-
tures a cyclone pre-separator and only one nozzle plate. We
can compare our results to those of a few other studies that
experimentally determined the loss rate of the MOUDI. Liu
et al. (2013) showed a total loss for a MOUDI device (Model
110) in the range of 2.9 %-26.1 %, which increased with de-
creasing dpso values and was attributed mostly to convective
diffusion. Similarly, Durand et al. (2014) observed losses due
to convective diffusion in cascade impactors featuring stages
designed for ultrafine particles with diameters below 100 nm.
Ungeheuer et al. (2022) measured losses of 28 % and 40 %
in the Nano-MOUDI (Model 110) for particles with aero-
dynamic diameters of 32-56 nm and 18-32 nm, respectively.
It is thought that diffusion deposition becomes increasingly
significant for smaller particles, which can lead to substantial
particle losses. As high uncertainties are associated with both
the MPSS and the DMS when measuring particles with di-
ameters below 20 nm, we could not test this behavior within
our setup. However, a mass-based analysis of UFPs might be
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less affected by such losses than the measurement of number
concentration.

It has been reported that particle bounce becomes partic-
ularly significant for lower cutoff stages due to the gradual
reduction in pressure at each stage, which subsequently leads
to a decrease in relative humidity (RH). The reduction in
RH, in turn, can intensify the particle bounce effect (Chen
et al., 2011). Pressure dropped most drastically throughout
the ELPI, which may have been problematic for collecting
semi-volatile organic marker compounds (Yao et al., 2022).
Knowing that the diameter of the cutoff and the effective
sharpness of the separation between fine and ultrafine Sim-
SOA particles were comparable for all tested impactors, the
impact of losses and particle bounce on mass-based chemical
analyses might be significant and is therefore further inves-
tigated below. Considering the mass of UFPs compared to
the mass of potential artifacts, we aimed to understand the
relative impact of particle bounce. Even a few larger parti-
cles or fragments bouncing onto the UFP collection substrate
could heavily skew the results, leading to an overestimation
of the UFP mass concentration and a misrepresentation of its
chemical composition. This is particularly problematic be-
cause UFPs can have different chemical properties and health
impacts compared to larger particles (Abdillah and Wang,
2023; Miiller et al., 2012). Particle bounce-off can be in-
fluenced by the impaction surface; the presence, type, and
depth of a coating; particle types; particle loading; sampling
conditions; and the impaction substrate. Particularly during
long-term sampling with heavy particle loads, deposited par-
ticles have been found in excessive layers (Kulkarni et al.,
2011; Marple et al., 1991; Pak et al., 1992; Turner and Her-
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Figure 3. Normalized transmission curves for three test particle
types (NaCl, SimSOA, and soot), as captured by different im-
pactors: the 120R MOUDI-II (orange circles), PENS (purple tri-
angles), ELPI (green squares), and ultraMOUDI (blue diamond-
shaped markers). Each plot displays the transmission versus the
electromobility diameter (nanometers) on a logarithmic scale. Lines
are included to guide the eye.

ing, 1987; Chang et al., 1999; Newton et al.;Lai et al., 2008;
Rao and Whitby, 1978).

To test whether an increased particle load leads to more
severe particle bounce, we varied the particle number con-
centration in the chamber for SimSOA from a maximum of
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Figure 4. Transmission curves for the four tested impactors collect-
ing SimSOA generated within the atmospheric simulation chamber.
Note that all tests were performed without applying any coating.
The four impactors are labeled follows: 120R MOUDI-II (orange
circles), PENS (purple triangles), ELPI (green squares), and ultra-
MOUDI (blue diamond-shaped markers).

about 200000 cm™3 to a more realistic maximum of about
5700 cm™3 (see Fig. 5). As a wide range of number concen-
trations were covered, we measured the particle number size
distributions with both the DMS500 (level 1 in Fig. 5a) and
the MPSS (levels 2, 3, and 4 in Fig. 5a). Additionally, Fig. 5b
presents an exemplary number size distribution (level 4) for
ambient particles, which were collected during a period of
environmental sampling when the impactors were deployed
side by side (see Sect. 2.3). For each of these levels, Fig. 5b
shows the transmission through the PENS impactor as an
example. Indeed, reducing the particle number concentra-
tion resulted in a decreased bounce effect, although it still
remained noticeable. Compared to the highest particle load
(level 1), transmission was reduced in level 2 for particles
sized 150-200 nm, while particles > 500 nm still exhibited
transmission rates of up to 34 %. Level 3a had the lowest par-
ticle load, which decreased transmission to about 5 %-9 %,
remaining relatively consistent across the diameter range of
170-800 nm.

Furthermore, greasing the upper stages is a method that
has previously been suggested and applied to reduce particle
bounce (Baron and Willeke, 2011; Ungeheuer et al., 2021).
To test this method, we greased the upper stages of the PENS
(level 3b in Fig. 5b). Applying a coating on the impactor fur-
ther reduced the bounce effect, lowering transmission rates
to 0 %—6 % within the same particle size range. The duration
of these measurements was notably brief (20 min), in con-
trast to the typical collection times employed with impactors
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(e.g., 24h). Thus, we also greased the upper stages of the
120R MOUDI-II and monitored the transmission over 3 con-
secutive days while sampling ambient air. While greasing im-
proved the sharpness of the cutoff curve, the transmitted frac-
tion of particles around a size of about 200 nm increased over
the 3 d from about 0 % to 15 %. These tests highlight the vari-
ations in the observed bounce effects over short and extended
collection periods, which may be highly dependent on parti-
cle load and nature. However, greasing the upper impaction
stages generally improved UFP sampling as it reduced the
fraction of larger particles being transmitted.

3.3 Physical characterization Ill: transmitted particle
mass

Typically, UFP collection using impactors is followed by
analyses of chemical composition, which have a mass-based
focus. Breakthroughs of coarser particles into the UFP range
can significantly distort mass-based analytical results as par-
ticle mass increases in cubic proportion to the diameter. As
an example, Fig. 6 illustrates the transmission of particles
through the PENS based on their respective masses. The den-
sity of the a-pinene particles was measured by Zelenyuk et
al. (2008) tobe 1.20¢g cm~3. We used this value to calculate
the mass of the particles transmitting through the impactor
according to the measured number size distributions, assum-
ing spherical shapes for the SimSOA particles. We separated
the data into two size classes (based on the electromobility
diameter of the particles): (1) the entire recorded range (10—
800 nm) and (2) the UFP range (10-74 nm), which is below
the previously determined djps0 value (Sect. 3.1).

The set of measurements includes particle mass as mea-
sured directly from the chamber, the empty PENS, the un-
coated PENS, and the coated PENS (Fig. 6). The total mass
of all particles in the chamber, ranging from 10 to 800 nm,
calculated directly from the measured particle number size
distribution, was 220.2 ug m~>. Due to losses in the lines and
the empty PENS, the mass was reduced to 205.87 ugm—3.
Upon separation, 21.4ugm™> of the mass was transmitted
through the PENS when no coating was applied. Through the
coated PENS, a particle mass of 3.3 ugm™> was transmitted.
This highlights the coated impactor’s capability to retain over
98.5 % of the test particle mass, whereas the uncoated im-
pactor captured only approximately 90.3 %. The differences
are artifacts due to the bounce and fragmentation of larger
particles sampled as UFPs. Figure 6 also shows that the trans-
mitted ultrafine fraction, as detected by the MPSS, remained
comparable between the coated and uncoated tests. For these
tests, we chose a reduced particle number concentration com-
pared to the aforementioned cutoff characterization experi-
ments and SimSOA particles in the context of environmental
measurements. Due to the nature of SimSOA, the particles
are likely not representative of a worst-case scenario for par-
ticle bounce.
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Figure 5. Panel (a) illustrates particle number size distributions in
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ondary organic aerosol (SOA) (4). Panel (b) presents the transmis-
sion curves of the PENS for the respective particle size distributions.
Data labeled with “3a” and “3b” display uncoated measurements
and coated measurements using high-vacuum grease, respectively.
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Figure 6. Comparative bar chart displaying the masses of transmit-
ting particles in ug m~3 for coated and uncoated PENS tests, com-
pared with the original aerosol mixture (SimSOA) and the empty
PENS. The two segments represent the entire observed electromo-
bility diameter range (10, . .., 800 nm) and the ultrafine fraction (10,
..., 74nm), respectively. The chart uses a logarithmic scale for the
y axis.

3.4 Field application: chemical analysis of organic
markers

We evaluated the performance of the four cascade impactors
under environmental conditions using six selected markers
(see Methods):

— Polycyclic aromatic hydrocarbons (PAHs). PAHs have
a potential impact on human and environmental health
(Hussain et al., 2018; Kim et al., 2013; Wang et al.,
2006). Benzo[a]pyrene (BaP; M =252.31¢g mol~!) and
benzo[b]fluoranthene (BbF; M = 252.31 gmol_l) are
high-molecular-weight PAHs with five aromatic rings
and low volatility. They are predominantly found in fine
particulate matter originating from incomplete combus-
tion.

— Levoglucosan (Levo). Levo (M = 162.14gmol~!) is a
well-studied tracer for cellulose combustion (Bhattarai
et al., 2019; Simoneit et al., 1999). Its presence is in-
dicative of sources such as residential wood burning,
agricultural fire practices, and wildfire emissions. Lev-
oglucosan is semi-volatile and can partition between gas
and particle phases (Xie et al., 2014).

— Pinic acid (PA) and terpenylic acid (TA). PA (M =
186.21 gmol~!) and TA (M = 198.24 gmol~!) are rep-
resentative of secondary organic aerosols (SOAs) of
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biogenic origin, produced through the oxidation of ter-
penes (e.g., a-pinene and B-pinene), which are emit-
ted by vegetation (Claeys et al., 2013; Grieshop et al.,
2007).

— 6PPD.N-(1,3-dimethylbutyl)-N’-phenyl-p-
phenylenediamine (6PPD; M =268.40gmol™!) is
an additive in tire wear materials and has recently been
proposed as a tracer for non-exhaust traffic-related
particles (Chen et al., 2023; Hu et al., 2022).

We analyzed UFPs sampled in an urban, semi-industrial
environment. The observed average mass concentrations are
presented in Fig. 7a. Furthermore, we evaluated the relative
deviation of each impactor compared to the average of all im-
pactor results (Fig. 7b). Overall, the best agreement between
all impactors was found for the two PAHs. For BaP, the aver-
age mass concentration was highest for the PENS, amounting
to 227.2+97 pgm~> (the average + the standard deviation
over 3 consecutive days), which is 29 % above the average
of 175.65 pgm™3 when considering all impactors. The ELPI
and ultraMOUDI agreed within approximately 4 % above
and 3 % below the average, respectively. The 120R MOUDI-
IT had the lowest average concentration (122.6 + 74 pgm™3),
which was 30 % below the overall average. For BbF, the ten-
dencies were the same but less pronounced. We can highlight
two findings here for the analysis of the two PAHs. Firstly,
the maximum disagreement may be as large as 59 % between
the PENS and 120R MOUDI-II. Secondly, the two PAHs,
originating from the same sources and found in > 90 % of the
particle phase, exhibit the same sampling tendencies across
the impactor models. This is likely due to their identical
molecular weights and very comparable boiling points.

As the results from the PENS seemed to be consistently
at the higher end for all marker compounds, we calculated
the averages across all impactors, both including and exclud-
ing the PENS, and then compared them (Fig. 7b). The PENS
exceeded the average of the remaining impactors by a fac-
tor of 1.3 for BaP, 1.2 for BbF, 2.0 for Levo, 1.5 for PA, 1.7
for TA, and 2.3 for 6PPD. Our cutoff characteristic tests in-
dicate three potential reasons for this overestimation. Firstly,
the PENS had the lowest pressure drop of all the impactors
(260 hPa), which might have affected the gas—particle parti-
tioning of semi-volatile compounds in a way that, for exam-
ple, resulted in Levo, TA, and PA having comparably higher
mass concentrations in PENS samples. Secondly, the bounce
effect was more pronounced in the PENS and dependent on
the particle number concentration of the SimSOA. Possibly,
and despite the applied coating, the overestimation in marker
mass concentrations by the PENS could be due to a bounce
effect, which increases with rising ambient mass concentra-
tions. Thirdly, the physical loss in the UFP range was rel-
atively small in the PENS compared to the other impactors
(Fig. 4). The losses, however, were similar across all im-
pactors and likely less impactful from a mass-based view-
point.
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Figure 7. (a) Bar chart showing the average mass concentrations of selected organic marker compounds in UFPs collected with the PENS
(purple), ELPI (green), ultraMOUDI (dark blue), and 120R MOUDI-II (orange) over 3 d, expressed in units of ng m~! ona logarithmic
scale. The error bars indicate standard deviations. (b) Relative deviations (percentages) in the mass concentrations of BaP, BbF, Levo, PA,
TA, and 6PPD in UFPs, calculated using the average of all impactors (incl. PENS; transparent bars) and the average of all impactors minus the
PENS (excl. PENS; opaque bars). For comparison, horizontal gray lines represent the estimated overall errors for each marker and impactor
(Sect. S1.1 in the Supplement). A logarithmic representation of panel (b) can be found in Fig. S1 in the Supplement.

A comparison of the remaining impactors showed
the best agreement in the results for 6PPD. Here, in the
sampled UFPs, the two MOUDI models measured, on
average, 83 +30pgm~> of 6PPD, and the ELPI measured
864+48pgm~> of 6PPD. The differences amongst the
120R MOUDI-II, ELPI, and ultraMOUDI varied for the
different markers as follows (presented in increasing order):
6PPD (—2% to +3 %), PAHs (BaP and BbF; +8% to
—22 %), organic acids (PA and TA; +20% to —35%),
and Levo (451 % to —31 %). Thus, the range of deviation
increased with the average observed mass concentra-
tion: 6PPD (84+30pgm~3), BaP (158 +£25pgm™?),
BbF (199 +23pgm~3), PA (3144+620pgm~3), TA
(2231 + 541 pgm™3), and Levo (40 660 + 17 148 pgm™3).

It should be noted that the differences among the impactors
fall within the same order of magnitude as the overall uncer-
tainty for most markers (BaP, BbF, TA, and PA). Yet, these
differences are systematic and seem to depend not only on
the impactor design but also on the properties of the analyzed
compounds (see Sect. 2.3.2).
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3.5 Influence of physical factors on the results of marker

mass concentration analyses of UFPs

We systematically analyzed the influence of the previously
examined physical factors on the results of marker concentra-
tions in UFPs with respect to the markers’ properties. While
the cutoff diameter, cutoff curve steepness, and losses do not
seem to vary significantly between the four tested impactors,
the pressure drop (mass loss) and the effect of particle bounce
(mass gain) have the potential to drive the observed differ-
ences in the mass-based UFP analysis.

We expected the pressure drop to primarily affect the
semi-volatile markers (PA, TA, and Levo) due to evapora-
tion losses during sampling. Figure 8a illustrates the depen-
dency of the absolute deviation of the average mass concen-
tration on the pressure drop for all samples and impactors.
The absolute deviation of the average mass concentrations
of PA, TA, and Levo decreased with the increasing pres-
sure drop, more so than for the less volatile markers, BaP
and BbF. We categorized these two groups of markers —
semi-volatile and mostly particle-bound — and compared the
change in concentration for the two extremes: the PENS with
the smallest pressure drop (260 = 1 hPa) and the ELPI with
the largest pressure drop (690 = 3 hPa). The lower-volatility
markers (BaP and BbF) decreased in average concentration
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by about 15 %. In contrast, the average mass concentration
of the higher-volatility markers (PA and TA) decreased by
about 52 %. These findings seem to confirm that a larger pres-
sure drop in the impactors leads to evaporation and, thus, a
mass loss of the semi-volatile substances. The evaporative
loss likely also depends on the collection substrate. When
sampled using a QFF, for example, UFPs are exposed indi-
vidually and ventilated efficiently. However, QFFs were used
in all impactors during UFP sampling. Furthermore, we ini-
tially noted differences between the 120R MOUDI-II and
ELPI, despite there being a comparable pressure drop. Sec-
ondly, mass concentrations of 6PPD were comparable across
all impactors except the PENS. These observations indicate
that additional influencing factors, beyond the pressure drop
alone, could potentially affect the analysis more significantly.

Despite the application of a coating, we suspected parti-
cle bounce and thus tested whether the absolute deviation
from the impactor average mass concentration was depen-
dent on the ambient marker mass concentration (Fig. 8b).
While we expected an increasing effect with higher mass
concentrations, the potential dependency became more ap-
parent only at the highest daily average concentrations, par-
ticularly above 1 ngm~3. Below this level, the data primarily
exhibited scatter, suggesting that any systematic influence of
particle bounce may be less pronounced at lower concentra-
tions.

While the nature of the particles may play a role in their ef-
ficiency of being captured by the filter substrate — as evident
when comparing sticky, spherical SOA particles to combus-
tion particles with complex shapes (Boskovic et al., 2005;
Matthew et al., 2008; Huang et al., 2004) — the design of the
impactors likely determines the potential for particle bounce.
The main differences between the PENS and the other im-
pactors are the cyclone and the number of stages used for
separating and impacting larger particles. The larger num-
ber of stages — and, thus, the larger number of coated sur-
faces in the two MOUDI models and the ELPI - is likely
beneficial for reducing the impact of particle bounce. The
rotating stages of the 120R MOUDI-II potentially played a
more significant role in the field study, with longer sampling
times, than in the laboratory tests. Over time, the rotation
resulted in an even loading of the upper stages, which, in ad-
dition to the coating, likely reduced particle bounce. Thus,
we observed almost no dependency of the 120R MOUDI-II
deviations on average mass concentrations with increasing
mass concentration (Fig. 8b). However, as the marker com-
pounds with high observed mass concentrations are, at the
same time, semi-volatile, we cannot completely separate the
two effects of pressure-drop-driven losses and mass gain due
to particle bounce within this study.
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Figure 8. (a) Absolute deviations of the average mass concentra-
tions of BaP, BbF, Levo, pinic acid, terpenylic acid, and 6PPD, as
determined by the four impactors, are presented as functions of the
pressure drop across the impactors. Data points are displaced hor-
izontally around each impactor’s nominal pressure drop value for
illustrative purposes, allowing for comparison while avoiding over-
lap. The markers denote different substances: BaP (filled circles),
BbF (unfilled circles), Levo (diamonds), pinic acid (triangles), ter-
penylic acid (crosses), and 6PPD (squares). (b) Absolute deviations
from the mass concentration averages for the PENS (purple), ELPI
(green), ultraMOUDI (dark blue), and 120R MOUDI-II (orange)
with respect to the selected organic marker compounds in UFPs are
shown. Linear regressions through the origin are included for each
impactor.

4 Conclusions

This study provides a detailed characterization and compari-
son of the performance of four impactors: the 120R MOUDI-
II, ultraMOUDI, ELPI, and PENS. To understand the impact
of the impactors’ designs on their ability to collect UFPs, we
examined them with respect to pressure drops, cutoff diam-
eters, the steepness of the cutoff curve, losses, and particle
bounce. Under controlled conditions using three test particle
mixtures, we showed that not only the impactor design but
also the nature of the particles contribute to differences in the
observed results. This was confirmed when we applied the
four impactors to ambient air to examine the mass concen-
trations of six organic markers in UFPs. In summary, all four
impactors were capable of separating and collecting UFPs as
they all have a cutoff diameter of about 100 nm. More explic-
itly, they can be characterized as follows:

— The PENS is compact and lightweight, making it
portable and suitable for field studies or personal ex-
posure studies that require mobility. With a sampling
flow rate of 4L min—!, a smaller air volume is probed
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compared to other impactors. This affects the detec-
tion limits while keeping the pressure drop within the
device low (about 260 hPa). Thus, the evaporation and
mass loss of semi-volatile compounds are compara-
bly low. The PENS showed an impact from particle
bounce, particularly at higher particle concentrations.
We showed that the application of a coating largely re-
duced the transmission of larger particles in the lab-
oratory tests. However, when markers were present at
high mass concentrations, we observed a significant de-
viation from the results of the other impactors in the
field comparison. This is likely due to the design of
the PENS, which features a cyclone for pre-separation
and only one stage for the impaction of larger particles,
which could be used for applying a coating. However,
for particle-bound BaP and BbF, as well as moderate
marker mass concentrations, the PENS compared well
with the other impactors.

— The ELPI was simplified for this study. When operated
in its original setup, it offers the advantage of paral-
lel online monitoring of the number size distribution.
Here, the ELPI showed a sharp cutoff curve for UFPs
and effectively no transmission of larger particles. This
is likely due to its design, featuring 13 nozzle—impactor
pairs, which can retain larger particles and prevent frag-
ments from cascading through the device. However,
this comes with an overall loss in the ultrafine fraction
(31 £7 %) and a pressure drop of 690 hPa. The reduced
pressure on the filter substrate can lead to the evapo-
rative loss of semi-volatile substances during sampling,
while non-volatile, particle-bound compounds in UFPs
(e.g., metals and plastics) may be unaffected by this ef-
fect.

— The 120R MOUDI-II features a rotating design that dis-
tributes particles evenly across the impaction surface,
reducing particle buildup and re-entrainment. Indeed,
no transmission of particles larger than about 500 nm
was observed in our test, and the bounce effect re-
mained comparably small. However, the cutoff curve
was relatively broad, as can be seen, for example, from
the dpoo value, which was about 180 nm — the highest
among the four tested impactors. Interestingly, in our
tests, the sharpness of the cutoff curve for the 120R
MOUDI-II was not impacted by the particle type. The
120R MOUDI-II features a pressure drop of 600 hPa.
Thus, for semi-volatile substances, evaporative losses
are likely. In future studies, it would be interesting to
determine the long-term efficacy of the rotation in min-
imizing the bounce effect.

— The ultraMOUDI is a non-rotating, simplified variant of
the 120R MOUDI-II. As it features a pressure drop of
420 hPa, evaporation loss of semi-volatile compounds is
less likely compared to the ELPI and 120R MOUDI-II.
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Due to a reduced number of nozzle—impactor pairs, it
showed fewer losses in the ultrafine range compared to
the ELPI and 120R MOUDI-II. When compared based
on the mass concentrations in ambient UFPs, the ul-
traMOUDI agreed well within the measurement un-
certainty for the mostly particle-bound BaP, BbF, and
6PPD markers, and it found slightly higher concentra-
tions for the semi-volatile TA, PA, and Levo markers.
Similar to the PENS, we observed the transmission of
larger particles due to potential particle bounce; how-
ever, we showed that this effect was reduced with the
application of a coating. The ultraMOUDI is smaller
and simpler to handle than the 120R MOUDI-II and,
thus, can be integrated, for instance, into automated,
standalone low-volume samplers.

Our findings indicate that separating and collecting UFPs
for mass-based chemical analysis is challenging. Numerous
factors affect the separation and collection of UFPs, com-
plicating the comparability of studies. The nuanced perfor-
mance differences among the impactors underscore the need
for careful consideration of the intended application and the
potential artifacts that may arise during sampling and analy-
sis. Each impactor offers unique advantages and limitations,
making it essential to match the impactor to the specific re-
search goals and the properties of the particles being studied.
Furthermore, the variability in the performance of the im-
pactors in the analysis of the six selected organic markers
suggests that factors such as chemical composition, particle
morphology, and physical interactions with the impactor sig-
nificantly influence the results as well.
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