Atmos. Meas. Tech., 17, 2183-2194, 2024
https://doi.org/10.5194/amt-17-2183-2024

© Author(s) 2024. This work is distributed under
the Creative Commons Attribution 4.0 License.

Atmospheric
Measurement
Techniques

Development of a cascade impactor optimized for size-fractionated
analysis of aerosol metal content by total reflection X-ray

fluorescence spectroscopy (TXRF)

Claudio Crazzolara'? and Andreas Held!

IEnvironmental Chemistry and Air Research, Technische Universitit Berlin, 10623 Berlin, Deutschland

2Bruker Nano GmbH, 12489 Berlin, Deutschland

Correspondence: Claudio Crazzolara (crazzolara@tu-berlin.de)

Received: 17 August 2023 — Discussion started: 29 August 2023

Revised: 22 January 2024 — Accepted: 30 January 2024 — Published: 17 April 2024

Abstract. A new cascade impactor has been developed with
the arrangement of the classifying nozzles optimized for
analysis of the collected particles by total reflection X-ray
fluorescence (TXRF). TXRF offers detection limits in the
range of a few picograms of absolute mass and therefore
poses great potential for the elemental analysis of heavy met-
als in aerosol particles. To fully exploit this high sensitivity,
particles have to be collected in the effective analysis area
of the TXRF instrument, which is often smaller than typical
deposition patterns of commercial impactors or filter sam-
plers. This is achieved by a novel compact arrangement of
the classifying nozzles within a circular area of a diameter of
less than Smm. A decreasing density of the nozzle spacing
from the inside to the outside of the nozzle cluster allows for
constant cross-flow conditions, minimizing the mutual influ-
ence of the individual nozzles. The design of a multistage
cascade impactor is presented to individually sample PMjg,
PM3 5 and PM size fractions. Considering the high sensitiv-
ity of TXRF analysis, constructive measures have been taken
to prevent attrition of impactor material which might lead
to methodical blank values. Experimental validation con-
firms that neither attrition nor cross-contamination can be
observed. Furthermore, a new spin-coating method has been
developed which makes it possible to apply a thin and defined
adhesive layer of grease to the sample carrier with good re-
peatability. Application of the impactor in a case study at an
urban site at Potsdamer Platz, Berlin, Germany, shows that
sampling at a moderate volume flow rate of 5Lmin™"', the
particle mass collected in 30 min or less is sufficient for re-
liable TXRF analysis of heavy metal concentrations (Fe, Zn,

Cu, Mn, Pb and Ni) in ambient aerosol. This high time reso-
lution enables snapshot sampling, e.g. to quantify variations
in particle source strengths. Overall, the new impactor opti-
mized for TXRF analysis bears great potential to improve the
quantification of particulate trace metals and other elements
in PMj9, PM» 5 and PM with high time resolution.

1 Introduction

Air pollution caused by aerosol particles has detrimental im-
pacts on humans, animals and plants (Fuzzi et al., 2015). Air-
borne particles with an aerodynamic diameter of less than
10 um have been associated with adverse health effects in nu-
merous studies (Chen and Hoek, 2020). Fine particles with
an aerodynamic diameter of less than 2.5 um can penetrate
deep into the body via the respiratory tract and are generally
associated with a greater risk potential than coarse particles
(e.g. Feng et al., 2016). Therefore, the World Health Organi-
zation has recommended and many countries have imposed
legal limits for the mass concentration of health-relevant size
fractions of particulate matter such as PMg and PM; 5 (e.g.
WHO, 2021; European Parliament, 2008). In addition, the
chemical composition of aerosol particles is important with
regard to element-specific hazard potentials (Corriveau et al.,
2011), and target values for the mass content of certain el-
ements have been introduced (European Parliament, 2004).
The European standard method EN 14902:2005 for mea-
suring lead, arsenic, cadmium and nickel in the PM¢ frac-
tion requires particle collection on filters, sample digestion
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and elemental analysis by graphite furnace atomic absorp-
tion spectroscopy, or inductively coupled plasma mass spec-
trometry (CEN, 2005). This offline approach is rather time-
consuming and does not allow for studying transient concen-
tration changes with high time resolution.

Fast and sensitive elemental analysis of size-fractionated
aerosol samples is possible with a combination of im-
pactor sampling and total reflection X-ray fluorescence spec-
troscopy (TXRF). Impactor sampling of aerosol particles is
commercially available and widely used (Marple, 2004). El-
emental analysis of collected aerosol particles has often been
done by inductively coupled plasma mass spectrometry (e.g.
Gietl et al., 2010) or X-ray fluorescence (XRF; e.g. Kuhn
et al., 2005) and TXRF (e.g. Schneider, 1989). In XRF and
TXREF, the sample is excited with X-ray radiation, and the
resulting fluorescence is characteristic of individual chemical
elements in the sample. In TXREF, the sample is prepared on a
flat sample carrier with a polished surface. A polychromatic
X-ray beam is monochromatized and irradiates the sample at
a very shallow angle of approximately 0.1°, which leads to
total reflection of the incident X-ray beam at the surface of
the sample carrier. Fluorescence radiation from the sample
is analysed with a detector located directly above the sam-
ple with a large solid angle of view. The effective analysis
area results from the superposition of the area that is ex-
cited by the X-ray beam and the field of view of the detec-
tor. Since there is almost no interaction between the excit-
ing X-ray beam and the substrate of the sample carrier, the
signal-to-noise ratio is significantly improved compared to
conventional XRF. As a result, the detection limit of TXRF
is superior to that of XRF (Yoneda and Horiuchi, 1971) and
can reach down to a few picograms of absolute mass on the
sample carrier substrate (Streli, 2006). Even detection limits
in the range of femtograms (10~!3 g) can be achieved with
TXREF analysis (Eichert, 2020), and also light elements (with
a low Z number) can be excited effectively by synchrotron
radiation excitation of the sample (Beckhoff et al., 2007;
Streli et al., 2008). Recently, Prost et al. (2017) and Seeger
et al. (2021) demonstrated the huge potential of TXRF anal-
ysis for the elemental analysis of aerosol particles collected
with a commercial impactor, in particular for sampling times
of a few hours only. Despite promising results, commercial
impactors are not fully optimized for TXRF analysis; the area
on the sample carrier in which the classifying nozzles deposit
the particles is usually significantly larger than the area anal-
ysed by TXRF. As a result, only a fraction of the particles
collected by the impactor is actually analysed, while a signif-
icant proportion of the impacted particles remains inaccessi-
ble for the TXRF analysis. Consequently, the overall sensi-
tivity is reduced. To take full advantage of the high detection
sensitivity of TXRF analysis, it is necessary to analyse the
entire sample collected by the impactor.

Here, we present the development of a cascade impactor
optimized for size-fractionated analysis of aerosol metal con-
tent by TXRF. The target application of the newly devel-
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oped impactor is to quantify low concentrations of heavy
metals in atmospheric aerosol samples collected over peri-
ods of 1 h or less. The impactor is designed (1) to collect par-
ticles in individual size fractions to quantify the metal con-
tent in PM o, PM; 5 and PM| separately; (2) to collect parti-
cles in circular areas with a diameter of approximately 5 mm
or less in the centre of the sample carrier for a full TXRF
analysis; and (3) to provide low blank values and minimum
cross-contamination between subsequent sampling periods.
The impactor nozzles of the new cascade impactor are ar-
ranged in such a way that all particles collected on the re-
spective sample carrier contribute to the TXRF analysis, thus
increasing the overall sensitivity. This enables shorter sam-
pling times, which in turn opens up new possibilities for iden-
tifying pollutant sources. The corresponding arrangement of
the impactor nozzles could not be achieved simply by com-
pressing a previous deposition pattern, but rather the number
and lateral arrangement, as well as the diameters of the im-
pactor nozzles, have to be recalculated. As a result of these
considerations, the new cascade impactor is designed for a
reduced gas mass flow compared to commercially available
impactors, which in turn enables the use of smaller pumps
and thus portable and mobile battery-powered operation of
the impactor in the field. We first present the general im-
pactor design, the nozzle arrangement and an improved coat-
ing method for sample carriers. After describing the experi-
mental procedures to validate the impactor performance and
the first application of the impactor in outdoor air, we present
and discuss the experimental results.

2 Impactor development
2.1 General impactor design

For size-fractionated elemental analysis of PM1g, PM; 5 and
PM,, the relevant particle size fractions must be collected in-
dividually. At the same time, particles should be collected on
as few impactor stages as possible to simplify handling and
to increase the absolute particle mass on individual stages.
These considerations imply a configuration of three stages
with 50 % separation diameters of 10.0, 2.5 and 1 pm, re-
spectively, and a fourth stage with a separation diameter well
below 1 um so that almost all particles contributing to PM; in
terms of mass are collected. Previous TXRF analysis results
of impactor samples (e.g. Seeger et al., 2021) suggest that
particles of a diameter of 0.1 um or less make only a minor
contribution to particulate mass assuming a typical outdoor
aerosol size distribution with significant contributions of the
accumulation mode and coarse modes. Therefore, a fourth
stage with a separation diameter of approximately 0.1 um
can be used to collect almost the entire PM; fraction. In the
present study, we apply a fourth stage with a nominal separa-
tion diameter of 0.13 um and a fifth stage with a nominal sep-
aration diameter of 0.095 um for experimental purposes. In
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special circumstances it might be important to collect ultra-
fine particles with, for example, an additional impactor stage
with a separation diameter of e.g. 0.02 or 0.01 um, as outlined
in Sect. 5 of the paper, or alternatively a final filter stage.

An optimized impactor design allows particle collection
directly on the sample carriers for TXRF analysis, provid-
ing compact deposition patterns in circular areas with diam-
eters smaller than 5 mm. This compact deposition pattern is
achieved by choosing a low flow rate of 5 standard litres per
minute (slpm; equivalent to volume flow in standard condi-
tions, that is 1013 hPa and 20 °C), which allows single clas-
sifying nozzles to be used during stages 1 and 2 (separation
diameters of 10 and 2.5um) and multiple nozzles located
in a circular area with a diameter of less than 5 mm during
stages 3—5, without exceeding a critical Reynolds number of
3000.

Each impactor stage has an upper body accommodating
the classifying nozzles and a lower body accommodating the
sample carrier (Fig. 1a). The classifying nozzles are incor-
porated in an exchangeable nozzle module (Fig. 1b), which
defines the number N, diameter d,, length /,, and lateral sep-
aration djy; of the classifying nozzles, as well as the dis-
tance s between the end of the nozzle and the surface of the
sample carrier. These parameters have an influence on the
separation diameter and the separation characteristics of the
impactor stage. The sample carrier is fixed by means of an
elastic mounting ring made from laser-sintered polyamide.
Due to this modular design, the number of impactor stages
can be easily adapted to different applications to allow for
different separation diameters and size-fractionated samples.
When designing the modules, care was taken to guide the
flow through the impactor with as little interference as possi-
ble to minimize particle losses.

To assemble the impactor, the modules are stacked on top
of each other into a support frame to form a cascade. Two
pushrod clamps compress the sealing rings between the mod-
ules. Care was taken to minimize metal-to-metal friction dur-
ing the assembly and disassembly of the impactor, which
might contaminate samples with metal particles with regard
to the high sensitivity of the TXRF analysis. A locking pin
prevents the modules from rotating in the stacked state, and
a sealing ring positioned internally prevents particles from
entering the impactor chamber in case a small amount of
attrition were to occur at the metallic mating surfaces dur-
ing assembly. In addition, the inner surfaces of the impactor
have been polished electrically after machining to minimize
surface roughness and facilitate cleaning.

2.2 Geometry and arrangement of the classifying
nozzles

The geometry and number of the classifying nozzles were
designed according to Marple and Willeke (1976). The aero-
dynamic 50 % separation diameter dye50 of an impactor stage
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can be expressed as a function of the nozzle diameter d:

9.-n-d
A e N (1)
pp.vO.CC

dacso = +/ Sts0 -
where 7 is the dynamic viscosity of the air
(n=1.81x10"2gm s~ at 20°C), C. is the Cun-
ningham slip correction factor (Allen and Raabe, 1982,
1985), pp is the particle density (op=1 X 10%gm™3 by
definition of aerodynamic diameter), vy is the average
flow velocity in the nozzle and Sts5p is the critical Stokes
number. For impactor stages with a single circular nozzle,
the value Sts9 =0.24 can be assumed (Rader and Marple,
1985), and for impactors with multiple circular nozzles, the
value S50 =0.216 was determined experimentally (Hillamo
and Kauppinen, 1991). The average flow velocity in the
nozzle vg is a function of the volumetric flow rate Q, the
nozzle diameter d, and the number of nozzles Ny:
4.0

= 2
vo x N, (2)

It is important to note that while the mass flow rate
through the impactor is constant, e.g. 5 slpm corresponding
to a volumetric flow rate of 5L min~! in standard conditions
(1013 hPa and 20 °C), the actual volumetric flow rate Q in-
creases downstream with each impactor stage as a result of
the pressure drop and the associated expansion of the gas.
The number of nozzles Ny per classification stage was se-
lected so that the Reynolds number Re calculated according
to Eq. (3) does not exceed a value of 3000 in each individual
nozzle.

Re — Pair - V0 - dn ’ 3)

n

where p,ir is the density of air (p,ir = 1204 gm_3 at 20°C).
In Table 1, the nominal nozzle diameter d,, and the number
of nozzles N, for each separation stage are indicated along
with the calculated separation diameter dye50 according to
Eq. (1), the average flow velocity vg according to Eq. (2),
the Reynolds number Re according to Eq. (3), the cylindrical
throat length /;, and the distance between the end of the noz-
zle and the surface of the sample carrier s. At the impactor
stages 1 and 2, the classifying nozzles exhibit a bell-mouth-
shaped inlet that tapers to the nozzle diameter. The classi-
fying nozzles in stages 3—5 have a conical taper at the inlet
with an opening angle of 90° (Fig. 1b). Since a parabolic flow
profile is formed in a pipe in laminar flow conditions only at
some distance from the pipe inlet, long classifying nozzles
favour the development of a parabolic, pipe-like flow pro-
file, resulting in a less steep separation curve. Therefore, the
cylindrical throat length of the classifying nozzles I, was kept
short in order to facilitate the formation of a plug-shaped flow
profile. The ratio of the length [, to the diameter d, of the
cylindrical section of the nozzle is kept between 0.5 (stage 1)
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Figure 1. (a) Schematic of the first two impactor stages, with an upper body (dark grey) accommodating the nozzle module (red and green),
a non-metallic mounting ring (olive) for fixing the sample carrier and a lower body (light grey) accommodating the sample carrier (light
blue). (b) Cross section of a nozzle module with two adjacent nozzles and the sample carrier.

and 1.5 (stages 4 and 5). The distance s between the nozzle
end and the sample carrier should be kept as small as possi-
ble with regard to the steepness of the separation efficiency
curve; however, it must be sufficiently large to allow the air-
flow to escape unhindered radially to the direction of flow
through the classifying nozzle (Marple et al., 1991). Short
distances also enhance the blow-off of impacted particles.
The distances s are between 4.9 mm (stage 1) and 0.6 mm
(stages 4 and 5).

In stages 3 to 5, multiple classifying nozzles were re-
quired to realize small separation diameters with Re < 3000.
If the lateral distance dj between several classifying noz-
zles is too small, the separation characteristics may be af-
fected. This can occur due to an interference of the outflow
of two adjacent classifying nozzles colliding and causing a
secondary impaction, resulting in a “tailing” of the separa-
tion curve towards smaller particle diameters (Garcia-Ruiz
et al., 2019a,b). Hence, it is important to establish an opti-
mum distance between nozzles that allows a compact depo-
sition pattern but at the same time does not strongly influence
the separation characteristics of the impactor stages. Fang
et al. (1991) developed a method for estimating the extent
of cross flow by calculating the cross-flow parameter ks:

Ny - dy
k = ,
cf 4-d.

“

where N, is the number of nozzles in the nozzle cluster; d,, is
the individual nozzle diameter; and d_ is the diameter of the
nozzle cluster, i.e. the circular area where the nozzles are ar-
ranged. Empirical particle collection data show that impactor
stages with multiple nozzles operate satisfactorily if the value
of the cross-flow parameter k¢ is lower than a critical value
of 1.2 (Fang et al., 1991).

To meet this challenge, we have developed a special ar-
rangement of the classifying nozzles in which the distance
between adjacent nozzles increases from the centre of the
nozzle cluster towards its outer edge. This ensures that
all nozzles are operated in the same cross-flow conditions
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and that the radial outflow does not exceed a maximum
cross-flow velocity. In the classifying nozzle arrangement of
stages 3-5 (d. = 3, 3.6 and 4.2 mm) of our impactor, the cor-
responding cross-flow parameters k¢ according to Eq. (4) are
0.44, 0.27 and 0.31, respectively, and thus well below the
critical value of 1.2 determined by Fang et al. (1991). An ex-
emplary illustration of the distribution of the cross-flow ve-
locity of the nozzle cluster of stage 4 can be found in Fig. S1
in the Supplement.

Figure 2 shows scanning electron microscopic (SEM) im-
ages with perspective views of all 19 classifying nozzles on
both sides of the nozzle module of stage 4 and an enlarged
view of a single classifying nozzle. On the high-pressure side
(Fig. 2a and b), the conical sections of the classifying nozzles
can be seen, where the diameter tapers from 500 to 200 um in
the direction of the gas flow, followed by the circular cylin-
drical section to the end of the classifying nozzles on the low-
pressure side (Fig. 2¢ and d).

Measuring the inner diameters of the classifying nozzles
with a light optical measuring microscope (Keyence IM-
7000) resulted in relative deviations of only a few percent
in relation to the respective nominal diameters (Table S1 in
the Supplement). These measurements reflect highly uniform
diameters of the individual classifying nozzles of the multi-
nozzle impactor stages 3 to 5.

2.3 Spin coating of sample carriers

Depending on the application, it is common practice to ap-
ply an adhesive layer to the impaction substrate (Injuk and
Grieken, 1995). This adhesive layer prevents effects such as
bounce-off or blow-off of impacted particles from the im-
paction substrate. Silicon-based polymers like polysiloxane
silicone oils or hydrocarbon-based greases can be used as ad-
hesives. Here, the silicone- and halogen-free ultra-high vac-
uum grease Apiezon L (M&I Materials Limited) is utilized,
which is characterized by low vapour pressure, low creep or
carryover, and high purity. For TXRF analysis, Apiezon L
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Table 1. Design parameters of the five separation stages of the newly developed cascade impactor.

Stage  Nominal nozzle Number of  Separation Average flow Reynolds number Cylindrical throat Distance from
diameter d,  nozzles Ny diameter velocity vg Re (Eq. 3) length I,  surface of sample

in mm daes0 in pm inms™! in mm carrier s in mm

(Eq. D (Eq.2)

1 6.50 1 9.96 2.5 1090 3.26 49
2 2.60 1 247 15.7 2720 1.30 2.6
3 0.75 7 0915 27.2 1360 1.125 0.75
4 0.20 19 0.13 167.7 2230 0.3 0.6
5 0.20 24 0.095 197.3 2625 0.3 0.6

2.00mm| SUB600 25.0kV 20.4mm x150 SE 300um

SU6600 25.0kV 40.4mm x25 SE

2.00mm| SU6600 25.0kV 22.5mm x400 SE 100um

Figure 2. Scanning electron microscopic (SEM) images of the nozzle module of stage 4 with perspective views of (a) all classifying nozzles
and (b) a single classifying nozzle on the high-pressure side and (¢) all classifying nozzles and (d) a single classifying nozzle on the low-

pressure side.

is virtually blank-value-free except for low blank values of
sulfur, iron and bromine.

Up to now the adhesive layer has been applied onto
the impaction substrate by dabbing or brushing (Injuk and
Van Grieken, 1995; Streli, 2006), by spraying (Seeger et
al., 2021), or by impacting out of an aerosol (Hillamo and
Kauppinen, 1991). For TXRF analysis, it is necessary that
the adhesive layer is applied to the sample carriers in a re-
producible manner and without local inhomogeneities of the
layer thickness. In addition, the layer should be as thin as
possible so that it does not induce a background signal in
the fluorescence spectrum. Therefore, a spin-coating process
was developed, which ensures a uniform and flat adhesive
layer on the surface of the sample carrier. Firstly, 10 g of
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Apiezon L grease is dissolved in 100 mL of toluene. The re-
sulting opaque yellow solution is filtered through a syringe
filter with a pore size of 0.2 um to obtain a clear yellow solu-
tion. Then, 15 uL of the filtered, clear yellow solution is taken
up by a pipette and applied to the centre of the sample carrier,
which is rotating at a speed of 6000 rpm. The excess solution
is spun and a thin layer of the solution remains on the sam-
ple carrier. Within a short time of approximately 0.5s, the
toluene volatilizes, and a homogeneous layer of Apiezon L
remains on the surface of the sample carrier. The layer thick-
ness can be varied by the mass fraction of grease in the solu-
tion and by the speed of rotation of the sample carrier during
spin coating.
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3 Methods

3.1 Experimental procedures to validate impactor
performance

3.1.1 Blank values due to particle attrition or adhesive
coating

In the process of assembly and disassembly of the im-
pactor, particle attrition can occur due to metal-to-metal
friction. If these particles settle on the collection substrate,
a blank value may result during TXRF analysis. Klock-
enkdmper et al. (1995) report blank values of 40 % on av-
erage for stainless-steel impactors in relation to the actual
measured value. All metal parts of the impactor developed
in the present study are made from chrome-nickel steel
(type 1.4301 X5CrNil8-10), which contains mainly iron and
additionally 18 % chromium, 10 % nickel, a maximum of
2.0 % manganese and a maximum of 1 % silicon. The seal-
ing rings are made of fluoropolymer, the elastic locking rings
are made of polyamide and the screws of the nozzle modules
are made of stainless steel. Any attrition could release par-
ticles of the abovementioned composition. In addition, non-
metallic tweezers were used to manipulate the sample carri-
ers, and even beyond that, undesirable metallic contamina-
tion of the sample carriers was avoided by careful handling.
To determine the potential of contamination due to attrition,
the following experimental procedure was carried out in a
clean-room environment.

First, the impactor was disassembled into its individual
parts, cleaned and dried. After cleaning, sample carriers
made from SiO, glass were installed. Prior to installation,
these sample carriers were cleaned and then subjected to a
TXRF analysis (TXRF no. 1). Regarding this experiment,
all TXRF analyses were performed for a duration of 1000 s
using MoK« excitation. After the installation of the sam-
ple carriers, the impactor stages were assembled and ten-
sioned with the pushrod clamps. In this state, the impactor
would be ready for particle collection. Instead, the pushrod
clamps were relaxed again, and the impactor was disassem-
bled, preparing the extraction of the sample carriers for anal-
ysis. This assembly—disassembly procedure was repeated
five times to provoke particle attrition and deposition onto
the sample carriers. Afterwards, the sample carriers were re-
moved and analysed (TXRF no. 2). Subsequently, the sample
carriers were spin-coated with an adhesive film and analysed
by TXRF (TXRF no. 3) thereafter to determine the influence
of impurities and possible blank values in the adhesive coat-
ing. The coating is intended to retain any particles that may
have formed. Next, the coated sample carriers were mounted,
and the assembly—disassembly procedure was repeated five
times. The impactor was then operated for 5 min at a volu-
metric flow rate of 5 slpm, with the air sampled taken from a
particle-free environment. This was done to agitate any par-
ticles that may have formed inside the impactor, depositing
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them on the sample carriers by impaction. The impactor was
then disassembled, and the sample carriers were removed and
analysed using TXRF (TXRF no. 4).

3.1.2 Cross-contamination between subsequent
sampling periods

Particles may be deposited on the inner surfaces of the im-
pactor during aerosol sampling. In a subsequent sampling
operation, these particles may be resuspended from the wall
and deposited on the sample carriers, thus affecting the result
of the analysis. The error caused by this potential “memory”
effect may amount to an average of 30 % in relation to the
actual value, as reported by Klockenkdmper et al. (1995).
Thorough cleaning after each particle collection operation
can help to avoid this cross-contamination error but is time-
consuming and a large effort.

To prevent cross-contamination, the flow chamber of our
impactor was designed with large curvature radii to avoid
abrupt changes along the flow path as much as possible. In
addition, the surface roughness was reduced by electrolytic
polishing of internal surfaces. To investigate the effectiveness
of these design measures, the following experiments were
carried out.

First, sample carriers (SiO» glass) were cleaned and coated
with an adhesive film using the spin-coating method de-
scribed in Sect. 2.3. Subsequently, blank spectra of the coated
sample carriers were recorded (TXRF no. 5). For this pur-
pose, the element iron was evaluated, as in many cases it is
the most abundant heavy metal in the fine-particle fraction.
The coated sample carriers were then placed in a cleaned
impactor, and the impactor was operated for 5 min with fil-
tered, particle-free air at a flow rate of 5 slpm. Next, the sam-
ple carriers were analysed again (TXRF no. 6), evaluating
whether particles detach from the wall of the flow cham-
ber during the 5min operation of the impactor. The same
sample carriers were installed in the impactor again, and the
impactor was operated for 30 min with particle-laden atmo-
spheric air and a flow rate of 5 slpm. During this collection
operation, the particle mass concentration of the atmospheric
air was measured in three size fractions (PM;g9, PM; s and
PM) using an optical aerosol spectrometer (Fidas Frog by
Palas GmbH, Karlsruhe, Germany), which was previously
warmed up for 120 min and adjusted using calibration dust
(MonoDust by Palas GmbH, Karlsruhe, Germany). Follow-
ing the 30 min collection run, the particle-laden sample carri-
ers were removed from the impactor and subjected to further
TXRF analysis (TXRF no. 7). To determine whether sub-
sequent sampling with this possibly contaminated impactor
would result in cross-contamination due to resuspension of
particles deposited on the walls of the impactor, spectra were
recorded from additional, clean and coated SiO; glass sam-
ple carriers (TXRF no. 8). These sample carriers were then
placed in the potentially particle-contaminated impactor and
operated for 15 min with filtered, particle-free air at a flow
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rate of 5 slpm. Ultimately the sample carriers were removed
from the impactor and subjected to TXRF analysis (TXRF
no. 9) to determine whether the particle load of the sample
carriers had increased, i.e. whether cross-contamination had
occurred.

3.2 Particle collection in outdoor air

Particles from atmospheric air were collected on SiO; glass
sample carriers during three consecutive sampling periods
using the newly developed impactor and a mobile battery-
operated pump unit. Due to the low volume flow of 5 L min™"
in standard conditions, the impactor can be operated with
a simple diaphragm vacuum pump (N 813.3 by KNF Neu-
berger GmbH, Freiburg, Germany) powered by a recharge-
able Li-ion battery. A mass flow sensor (SFM4300-20-P by
Sensirion AG, Stéfa, Switzerland) is applied to measure the
gas mass flow through the impactor. The sensor is factory-
calibrated, has an operating temperature range of +5 to
+50 °C and provides a temperature-compensated output sig-
nal. Figure 3 shows the impactor and the pump unit during
operation in the field.

The impactor was located next to the road intersection of
Potsdamer Platz (52.50926° N, 13.37699° E), an urban road-
side environment in Berlin, Germany. Particle collection was
carried out on 29 August 2022 in the morning between 08:00
and 09:36 central European summer time (CEST; the time
zone for all instances in the text is CEST) in three consecu-
tive collection periods, lasting for 30 min each. The first pe-
riod lasted from 08:00 to 08:30, the second period from 08:32
to 09:02 and the third period from 09:06 to 09:36. With an air
mass flow rate of 5 slpm, a total volume of 150 L (in standard
conditions, that is 293 K and 1013 hPa) was sampled in each
individual 30 min collection period. Between the collection
periods, the impactor was reloaded with plain, greased sam-
ple carriers, and the loaded sample carriers were packed for
transport to the laboratory and subsequent TXRF analysis.

3.3 TXRF analysis

For the chemical analysis of particles collected on the sample
carriers, a Bruker S4 T-STAR TXRF spectrometer (Bruker
Nano GmbH, Berlin, Germany) was applied. The main
components of the instrument are shown schematically in
Fig. 4. The TXRF spectrometer comprises two air-cooled
X-ray tubes, each with an electrical power of 50 W. In one
tube, molybdenum is used as anode material, and tung-
sten is used in the other tube. By applying three multilayer
monochromators, the excitation energy can be adjusted to
17.5keV (molybdenum-K), 8.5 keV (tungsten—-L) or 35 keV
(tungsten—Brems). The detector is a Peltier-cooled energy-
dispersive silicon drift detector (SDD) with an active area of
60 mm?. Circular discs of a diameter of 30 mm and a thick-
ness of 3mm are used as sample carriers. A circular area
with a diameter of approximately 5 mm in the centre of the
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Figure 3. Impactor with five impactor stages in assembled condi-
tion with omnidirectional air intake (black) placed on the yellow
transport case containing the pump and a rechargeable battery; Fi-
das Frog aerosol spectrometer is on the ground next to the particle
sampling unit.

sample carrier is the effective analysis area, which results
from the superposition of the area excited by the X-ray beam,
namely a rectangular area with a width of 6 mm and a length
of 30 mm, and the field of view of the detector. Both excita-
tion and detection are not homogeneous over the entire sur-
face of the deposited particles. These inhomogeneities of the
TXRF spectrometer are specific to the model of the TXRF
spectrometer applied for analysis, and therefore these inho-
mogeneities are not compensated for by the design of the new
impactor. Spectra of the samples were acquired for 1000 s us-
ing the MoK « excitation at a photon energy of 17.5keV. By
applying calibration samples as external standards, the ra-
tio of fluorescence intensity to mass was calibrated for each
element. For this purpose, the ratio (counts per mass unit)
of fluorescence intensity (TXRF measurement) to mass was
first determined for reference samples of which the mass per
element was known. Subsequently, the samples with the im-
pacted aerosol particles were quantified with the ratio deter-
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X-ray tube

detector

' beam trap

\ﬁf fluorescence

X-ray beam

monochromator

sample carrier

housing

Figure 4. Main components of the TXRF analysis setup. A poly-
chromatic X-ray beam is monochromatized, impinges on the sam-
ple at a very flat angle, is totally reflected and ends in a beam trap;
part of the X-ray radiation is absorbed in the sample and excites
element-characteristic fluorescence, which is detected.

mined in this way. Data analysis was performed using the
commercial software Bruker ESPRIT (version 1.0.1.443).

Handling of the sample carriers was carried out in a
clean-room environment, especially after cleaning and dur-
ing adhesive spin coating or photographic documentation.
The transport of the sample carriers was carried out in a dust-
proof magazine. To prevent contamination during the TXRF
analysis, the spectrometer housing was continuously purged
with air filtered through a HEPA H14 filter (TROX GmbH,
Neukirchen-VIuyn, Germany).

4 Results and discussion
4.1 Impactor blank values

Potential blank values due to material attrition are only to be
expected for elements that the impactor is made of, which is
mainly stainless steel essentially comprising the elements Fe,
Cr and Ni. Elements such as lead, arsenic and cadmium are
only to be found in neglectable traces. The element fluorine,
which is present in the sealing rings (about 65 wt %), is not
considered during analysis due to its low atomic number and
the resulting methodological insensitivity of TXRF. Conse-
quently, the main elements of stainless steel (Fe, Cr and Ni)
are considered in the evaluation of possible blank values due
to particle attrition of the impactor material.

Table 2 shows the fluorescence intensity (counts) and the
corresponding absolute mass of Fe, Cr and Ni as the mean
values of impactor stages 1-5 determined by reviewing the
sample carriers of the blank-value experiments. The mean
values are calculated from five measurements. The maximal
standard deviation was 0.0033 ng for Fe, 0.0016 ng for Cr
and 0.0008 ng for Ni. With the TXRF spectrometer applied,
absolute lower detection limits of 0.005 ng for Fe and Cr, as
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well as 0.002 ng for Ni, were achieved in realistic conditions
utilizing the sample carriers from the blank value experiment.
Over all impactor stages, the absolute masses determined are
in the low picogram range and thus close to the absolute de-
tection limit of the TXRF analysis.

With respect to Cr and Ni, 5pg of Cr and 2pg of Ni
were detected for the cleaned sample carriers (TXRF analy-
sis no. 1), and no significant increase was observed when as-
sembling and disassembling the impactor five times (TXRF
analysis no. 2), when coating the sample carriers with the
adhesive (TXRF analysis no. 3), or when operating the im-
pactor with filtered air (TXRF analysis no. 4). For Fe, the
signal shows a slight tendency to increase from 4 to 10pg
over the course of the experiment, which, despite the clean-
room environment, could be either due to an introduction of
iron from the air or due to particles from impactor material
attrition. In the case of particle attrition from the stainless-
steel parts of the impactor, however, an increase in the nickel
and chromium signal would be expected as well due to stain-
less steel forming a protective layer of chromium dioxide on
its surface. Therefore, it is not clear whether the observed
slight increase is due to particle attrition or due to particles
of external origin. Since the sample carriers were transported
through normal indoor air in dust-proof packaging during the
experiment, it cannot be excluded that the slight increase in
iron is due to contamination during this transport. It is no-
ticeable that the increase in iron (3 pg) was highest in the
sampling of filtered air. Despite the high-efficiency filtered
air, there was possibly a small quantity of aerosol particles
containing iron that passed through the high-efficiency fil-
ter and got collected within the impactor. Overall, the very
small variations in the measured masses of Fe, Cr and Ni in
these experiments show that potential impactor blank values
caused by attrition or the coating of sample carrier are ex-
tremely low and close to the TXRF detection limit.

4.2 Cross-contamination between subsequent sampling
periods

Since iron seems to be a highly abundant heavy metal in at-
mospheric air relative to other heavy metals (Seeger et al.,
2021), iron was chosen to be analysed to assess poten-
tial cross-contamination between subsequent sampling peri-
ods. In Table 3, the counts and the corresponding absolute
masses of iron, which were determined during the cross-
contamination experiments, are given. Photographs with per-
spective views of the four sample carriers can be found in
Fig. S2.

A fluorescence intensity of approximately 400 counts was
typically determined for iron on cleaned and coated sample
carriers (TXRF no. 5). For example, with two cleaned and
coated sample carriers (no. 9812 and no. 9813) installed in
impactor stages 4 and 3, 415 counts and 389 counts, respec-
tively, were determined. Considering the element-specific
fluorescence sensitivity for iron, these counts correspond to
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Table 2. Fe, Cr and Ni mean blank values of impactor stages 1-5 given in counts per 1000 s of the TXRF analysis and corresponding mass
in nanograms, detected on the sample carriers after cleaning (TXRF no. 1), after performing assembly—disassembly five times (TXRF no. 2),
after adhesive spin coating (TXRF no. 3) and after sampling with particle-free air for 5 min (TXRF no 4).

TXRF no. 1 TXRF no. 2 TXRF no. 3 TXRF no. 4

cleaned sample carriers 5 x assembly—disassembly  coated sample carriers ~ sampling filtered air

Fe fluorescence counts 152.8 165.6 243.8 356.5
mass in ng 0.004 0.005 0.007 0.010

Cr fluorescence counts 93.2 84.8 84.,0 130
mass in ng 0.005 0.004 0.004 0.006

Ni  fluorescence counts 71.2 78.0 98.0 91.8
mass in ng 0.002 0.001 0.002 0.002

Table 3. Fe masses observed in cross-contamination experiments; TXRF analyses no. 5 through no. 9.

TXRFno.5 TXRFno.6 TXRF no. 7 TXRFno.8 TXRFno.9
cleaned and 15 min particle-free 30 min ambient cleaned and 15 min particle-free air
coated air (clean impactor)  air coated (potentially contaminated
impactor)

Sample carrier no. 9812, 415 counts 439 counts 38591 counts

stage 4 (0.2 um) 0.014ngFe  0.015ng Fe 1.321 ng Fe

Sample carrier no. 9813, 389 counts 395 counts 173 316 counts

stage 3 (1 um) 0.013ngFe  0.013ng Fe 5.933ng Fe

Sample carrier no. 9814, 387 counts 431 counts

stage 4 (0.2 um) 0.013ngFe  0.015ng Fe

Sample carrier no. 9815, 427 counts 381 counts

stage 3 (1 um) 0.014ng Fe  0.013ng Fe

an absolute mass of 0.014 and 0.013 ng, respectively. After
installing these sample carriers into the impactor sampling
filtered air for a 15 min period at 5slpm, 439 counts and
395 counts were determined (TXRF no. 6). The very small
increase of less than 24 counts and 6 counts, respectively,
when sampling filtered air compared to cleaned sample car-
riers corresponds to a mass increase of less than 0.001 ng
and is considered insignificant. Installing these sample car-
riers into the impactor again and collecting particles for
30min at 5slpm from ambient air, 38 591 counts (stage 4)
and 173 316 counts (stage 3) were determined (TXRF no. 7).
These counts correspond to an absolute mass of 1.321 and
5.933 ng of iron, respectively. Particle mass concentrations
of 13.55 ugm™ for the size fraction PMg, 8.93 ugm=> for
the size fraction PM, 5 and 7.16 pgm’3 for the size frac-
tion PM1 were simultaneously determined by means of an
optical aerosol spectrometer. Accordingly, the impactor was
regarded as “potentially particle-contaminated” and was ap-
plied in this condition for the next experiment. Of two
additional, cleaned and coated sample carriers (nos. 9814
and 9815), 387 counts and 427 counts (TXRF no. 8) were de-
termined for iron. After mounting these sample carriers into
the impactor and sampling filtered air for 15 min at 5 slpm,
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431 counts and 381 counts of iron fluorescence photons were
determined (TXRF no. 9). These very small variations of
fewer than 50 counts resulting from the operation with a “po-
tentially particle contaminated” impactor are considered to
be insignificant and demonstrate that within the framework
of these experiments cross-contamination is not observed for
the impactor.

The masses of iron observed in the cross-contamination
experiments are similar to but slightly larger than the blank
value of 10 pg of iron found in TXRF analysis no. 4. How-
ever, both the absolute fluorescence intensity of approxi-
mately 400 counts and the variation between both experi-
ments are 2 to 3 orders of magnitude smaller compared to
the increase in fluorescence intensity when sampling ambi-
ent air for 30 min (TXRF analysis no. 7).

4.3 Particle collection in outdoor air

To investigate the impactor in a real-world application, par-
ticles were sampled in ambient air with the impactor opti-
mized for TXRF analysis in the morning of 29 August 2022
at Potsdamer Platz, Berlin, Germany. Airborne particles were
collected during three consecutive 30 min sampling periods
from 08:00 to 08:30, 08:32 to 09:02 and 09:06 to 09:36. The
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bar chart in Fig. 5 shows the mass concentrations of the trace
metals Zn, Cu, Mn, Pb and Ni collected during these three
sampling periods in three size fractions, i.e. PM; (the top
of the blue bar, i.e. the sum of masses of impactor stages 4
and 5), PM; 5 (the top of the green bar, i.e. the sum of masses
of impactor stages 3-5; the green bar represents the particle
mass collected during stage 3 corresponding to PM» s—PM)
and PM|q (the top of the red bar, i.e. the sum of masses of
impactor stages 2-5; the red bar represents the particle mass
collected during stage 2 corresponding to PMj9o—PM3 s). In
addition, the pie charts give the corresponding PM;o con-
centrations estimated from Fidas Frog optical aerosol spec-
trometer measurements and the Fe mass fractions in PMjq
(orange). The PM( concentrations varied from 21.7 ug m—3
in the first 30 min sampling period to 27.9 ugm™3 in the sec-
ond 30 min sampling period. The contribution of Fe to PM g
varied from 3.7 % (0.81 ugm™3) in the first period and 1.4 %
(0.38 ugm™3) in the second period to 2.9 % (0.73 ugm™3) in
the third period. Zn and Cu concentrations varied from 12.6
to 31.8ng m~3 in PM;g, and Mn, Pb and Ni concentrations
were below 10ngm™3 in PMjq. Arsenic could not be de-
tected in the samples. The observed 30 min concentrations
of Pb in PM|( (ranging from 1.1 to 1.7ngm™) and Ni in
PMj¢ (ranging from 0.4 to 0.6 ngm_3) are lower but con-
sistent with the annual mean concentrations of Pb in PMq
(4.4ngm~3 in 2021) and Ni in PM;q (0.6ngm~> in 2021)
measured at the Berlin air quality network’s (BLUME) sta-
tion Berlin-Neukdlln (Berliner Luftgiitemessnetz, 2023). De-
tailed results of heavy metal concentrations in PM1g, PMj 5
and PM; can be found in Table S2. It should be kept in
mind that the separation diameter of stage 5 is approximately
0.095 um and that the particles with a smaller aerodynamic
diameter were thus not fully captured in this impactor con-
figuration. Although the mass contribution of these ultrafine
particles can be considered very small (e.g. Seeger et al.,
2021), additional nozzle modules with smaller separation di-
ameters can be added to extend the lower size range of the
impactor if required.

In the present case study, it is interesting to note that con-
siderable concentrations of trace metals can be found in the
PM, 5 fraction and even in the PM; fraction (especially Zn
and Pb). In the second sampling period (Fig. 5b), the con-
centrations of Fe and other trace metals in the coarse mode
from 2.5 to 10 um are much lower than in the first and third
sampling period. This indicates a transient change in the
chemical composition of coarse-mode particles, while varia-
tions in the fine fraction are less pronounced. Such short-term
variations, possibly due to variable source strength patterns,
can only be observed with measurements of sufficiently high
time resolution. It is evident from Fig. 5 that with the op-
timized impactor and the high sensitivity of TXRF analysis,
30 min sampling times are sufficient to reliably quantify trace
metal concentrations including lead and nickel in size frac-
tions of PM g, PM3 5 and PM; in moderate atmospheric con-
centrations.
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5 Conclusions and outlook

The newly developed impactor optimized for TXRF analysis
opens new perspectives in the determination and quantifica-
tion of particulate trace metals and other elements with high
time resolution. Due to the compact arrangement of the im-
pactor nozzles, the entire sample interacts with the TXRF
excitation beam and contributes to the TXRF analysis sig-
nal, thereby supporting the high detection sensitivity of the
TXRF analysis method. We demonstrate that a large num-
ber of different heavy metals can be detected and quantified
in the PM1g, PM» 5 and PM; size fractions after collection
periods of 30 min. Thus, snapshot sampling with collection
periods of significantly less than 1h is possible. Sampling
carriers can be exchanged in less than 5 min including the
disassembly and assembly of the impactor stages, and the
total procedure from sampling with the impactor to the re-
sult of the TXRF elemental analysis takes only a few hours.
This offers new possibilities for the identification of pollu-
tant sources and the evaluation of protective measures. The
flow rate required for sampling is relatively low at 5 slpm,
which means that the associated pump can be operated with
a portable rechargeable energy source. This enables flexi-
ble, mobile sample collection, even in public spaces with
a high volume of people or traffic. Blank values and cross-
contamination potential as previously reported for stainless-
steel impactors were not detected by the new impactor, even
with the low detection limits of TXRF analysis. Furthermore,
the new spin-coating method provides adhesive coating of
the sample carriers with very low surface roughness, which
is advantageous for TXRF analysis.

A characterization of the separation efficiency of individ-
ual impactor stages is currently in preparation. Calibration of
the classification diameters and efficiency curves of individ-
ual impactor stages is possible through an adjusted design of
the impactor nozzle arrangements in the exchangeable nozzle
modules. A reduced nozzle diameter and an increased num-
ber of nozzles, for example by laser drilling, would reduce
the differential pressure across the nozzle stage and facili-
tate the addition of impactor stages with smaller separation
diameters. Care should be taken to adjust the sampling time
according to the expected atmospheric particle burden. Over-
loading of the sample carriers with particles will lead to self-
absorption of fluorescence radiation within the sample ma-
trix. In this case, applying a linear relationship between flu-
orescence intensity and element mass concentration will un-
derestimate the actual concentration. Further improvement of
the quantitative TXRF analysis is possible with approaches
such as grazing incidence X-ray fluorescence (e.g. Honicke
et al., 2020), where variation in the incident angle of the ex-
citation beam yields fluorescence from different parts of the
deposited sample.
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Figure 5. Total PM( (grey), Fe (orange), and trace metal concentrations (Zn, Cu, Mn, Pb, Ni) in three size fractions during three 30 min
sampling periods on 29 August 2022 at Potsdamer Platz, Berlin, Germany.
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