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ARTICLE INFO ABSTRACT

Handling Editor: Chris Hogan The presence of metal salts has become one of the major limitations for measuring metallic
nanoparticles (NPs) in single particle inductively coupled plasma mass spectrometry (spICP-MS).

Keywords: Their presence generates a background signal in spICP-MS that can be overlapped with the signal

Metallic nanoparticles intensity of small particles, leading to inaccurate NP size distributions. To overcome this

Single particle ICP-MS
Differential mobility analyzer
Centrifugal particle mass analyzer
Rotating disk diluter

analytical problem, sample pretreatment methods (e.g. dilution or fractionation) have been
applied to liquid samples before spICP-MS measurements to minimize the ionic interference.
However, the number of studies focused on reducing the presence of metal salts in aerosol
characterization is limited. In this contribution, we investigated three different technologies
coupled to an ICP-MS for online separating metallic NPs signals from ionic interference signals of
metal salts in the aerosol. A rotating disk diluter (RDD) was used for the online dilution of the
aerosol, while a differential mobility analyzer (DMA) and a centrifugal particle mass analyzer
(CPMA) were used for the online fractionation of specific-sized NPs in the aerosol. The results
from the analysis of 100 nm gold NPs (AuNPs) mixed with gold salts (Au>*, mass ratio 1:25)
showed the particle size limit of detection decreased from 78 nm to 61, 50, and 33 nm by using
RDD, CPMA, and DMA respectively. In addition, it was found that the separation performance of
AuNPs was in the order of DMA > RDD > CPMA. The methods used in this study based on spICP-
MS have the potential to characterize directly NPs in complex aerosols containing metal salts.
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1. Introduction

Airborne heavy metals have presented severe threats to the environment and human health (Mahowald et al., 2018). Except for
natural processes like volcanic eruptions (Edmonds, Mason, & Hogg, 2022; Mason et al., 2021) and wildfire (Alves et al., 2011;
Zauscher, Wang, Moore, Gaston, & Prather, 2013), human activities including mining (Csavina et al., 2012), fireworks (Moreno et al.,
2010), combustion (Jahn et al., 2021), and e-cigarette (Zhao et al., 2020) contribute to emissions of heavy metals into the atmosphere
and which also can be inhaled. Up to now, the characterization of airborne heavy metals from the atmospheric environment is still
based on a “cocktail” effect analysis, where the contributions of metal salts, metal clusters, and metallic nanoparticles (NPs) could not
be well separated from each other (Egorova & Ananikov, 2017; Haghani et al., 2020). The traditional aerosol metal characterization is
based on offline filter collection followed by inductively coupled plasma (ICP) based analysis, which could be time-consuming. In
addition, size information can be lost due to the digestion step before ICP analysis or deviated because of the secondary reactions on
sample filters (Moreno et al., 2011; Yang et al., 2023). Therefore, in-situ and online methods for rapid measurement of aerosol metal
have been developed to avoid the loss of the total amount of metals during collection, transportation, and storage. For example, with an
extractive electrospray ionization time-of-flight mass spectrometer (EESI-TOF) the aerosol metal concentration could be obtained
every second (Giannoukos et al., 2020, 2021). X-ray fluorescence spectrometry (XRF) allowed obtaining the elemental concentration
of particulate matter (Furger et al., 2017, 2020). The electrochemical methods also provided metal aerosol concentration
cost-effectively and rapidly (Mettakoonpitak, Volckens, & Henry, 2019; Zhao et al., 2023; Zhao et al., 2022). Nonetheless, the
aforementioned online methods are not able to distinguish or analyze the different metal fractions (metallic NPs or metal salts) in an
integrated manner.

In recent years, single particle inductively coupled plasma mass spectrometry (spICP-MS) has shown its potential for characterizing
metallic NPs in liquid environmental samples (Bolea et al., 2021; Mozhayeva & Engelhard, 2020). This ICP-MS analysis mode is based
on short dwell time measurements for sufficiently diluted samples, where the metallic NP signals appear as individual peaks in the
acquired data. The frequency of the peaks represents the particle number concentration in the samples. The height or area of each peak
(depending on the dwell time used) is directly correlated to the particle mass. The ionic background from the metal salt solution is
presented as a stable signal, where the average intensity corresponds to the metal salt concentration in the solution. In addition, the
presence of this ionic background can overlap with the metallic NPs signal, causing poor differentiation between metal salts and small
metallic particles. To solve this problem, several strategies have been assessed in previous studies: (1) Decrease the dwell time in the
ICP-MS detector (Strenge & Engelhard, 2016); (2) Offline dilution of the sample before the measurement (Schwertfeger, Velicogna,
Jesmer, Scroggins, & Princz, 2016); (3) Offline separation of metallic NPs and metal salts before the measurement by using sample
pretreatment methods such as cloud point extraction (CPE) (Lopez-Mayan, Barciela-Alonso, Dominguez-Gonzalez, Pena-Vazquez, &
Bermejo-Barrera, 2020; Torrent, Laborda, Margui, Hidalgo, & Iglesias, 2019; Wimmer et al., 2021) or magnetic ion adsorption (Luo
et al., 2018); (4) Online separation based on hyphenation technologies like asymmetrical flow field-flow fractionation (AF4) (Hetzer,
Burcza, Graf, Walz, & Greiner, 2017; Meili-Borovinskaya et al., 2021), hollow fiber ultrafiltration (HFUF) (Jiang et al., 2023), hy-
drodynamic chromatography (HDC) (Pergantis, Jones-Lepp, & Heithmar, 2012), or ion-exchange column (IEC) (Hadioui, Peyrot, &
Wilkinson, 2014, 2015); (5) Building up mathematical models for signal deconvolution (Cornelis & Hassellov, 2013; Gundlach-Gra-
ham & Lancaster, 2022). Among the mentioned solutions, the decrease in dwell time relies on the detector hardware in the instrument.
The mathematical model that is applied after the measurement depends on the quality of the data obtained and the accuracy of the
model. Up to now, offline sample pretreatment or online hyphenation technologies are the common ways of reducing the amount of
ionic interference from metal salt solutions in NPs characterization.

Up to now, spICP-MS has still not been widely applied for direct ambient aerosol characterization since most of the ICP-MS run with
Ar as a carrier gas. However, even before the wide use of spICP-MS, some hyphenated technologies have been employed for aerosol
characterization by ICP-MS. Scanning mobility particle sizer (SMPS) was coupled to ICP-MS to get the particle size distribution and the
elemental composition simultaneously (Foppiano, Tarik, Gubler Miiller, & Ludwig, 2018a; 2018b; Hess, Tarik, Losert, Ilari, & Ludwig,
2016; Tarik, Foppiano, Hess, & Ludwig, 2017). In this combination, the differential mobility analyzer (DMA) from the SMPS ran in
scanning mode to select particles of different sizes according to their electrostatic mobility. The condensation particle counter (CPC)
was connected to the ICP-MS in parallel. Therefore, the particle number concentration (CPC) and the elemental composition (ICP-MS)
of different-sized NPs could be obtained simultaneously. In this work, only the average intensity of the target element contained in all
particles of the same size (e.g., metallic nanoparticles, metal salts, metal oxides) was obtained because the ICP-MS analysis was not
carried out in single particle mode. In addition to selecting particles at a given size, the DMA can also work as a gas converter. When
using Ar as the sheath gas, DMA can convert the aerosol into “argonsol” for the NP characterization in ICP-MS (Myojo, Takaya, &
Ono-Ogasawara, 2002). However, it also brings the limitation that the DMA cutoff size working in Ar is smaller than working in air
because of the reduced breakdown voltage in Ar. In addition, gas exchange devices (GED) are also used as gas converters (Ohata,
Sakurai, Nishiguchi, Utani, & Giinther, 2015; Ohata & Nishiguchi, 2017). In a double-layer concentric glass tube, the sample flow
passes through the inner channel and the Ar flow is in the outer channel, producing the gas matrix exchange through a diffusion
process. With the development of spICP-MS analysis, the hyphenation of DMA-GED-spICP-MS has been employed as a two-dimensional
setup for characterizing NPs aggregation states or NPs with different shapes (Tan et al., 2016, 2019). In spICP-MS analysis, the particle
number concentration should be at an adequate level to get accurate results. To solve this problem in the aerosol, usually a rotating
disk diluter (RDD) is used by adjusting the rotating speed to achieve the proper online dilution. For example, the hyphenation of
DMA-RDD-spICP-MS was used for characterizing the aggregation state of AuNPs after sintering (Bierwirth, Olszok, Wollmann, &
Weber, 2022). Up to now, the application of a hyphenated setup with spICP-MS in aerosol is still limited for characterizing pure
metallic nanoparticles in presence of metal salts.
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Recently, we have established a hyphenated system consisting of a rotating disk diluter (RDD) and an ICP-MS, which could run as
an online sampling and dilution platform for metallic NPs characterization directly from the ambient aerosol (Cen, Torrent, Testino, &
Ludwig, 2023a,b). By employing an external calibration strategy based on analyzing different-sized NP standards, the particle size
distribution and the elemental composition could be obtained. However, it was observed that the presence of metal salts in the aerosol
could have an effect on metallic NPs’ characterization. In this case, traditional offline sample pretreatment methods could not be
applied because the aerosol is always characterized online. Moreover, most of the online hyphenation technologies do not work either,
since methodologies like AF4, HFUF, HDC, or IEC are only available for liquid samples. Therefore, online separation technologies for
reducing ionic interference from metal salts need to be developed for the direct characterization of metallic NPs in the aerosol. In this
study, gold (Au) was selected as the standard element because it is monoisotopic and Au nanoparticles (NPs) are stable engineered
nanoparticles that will not get dissolved or oxidized in either liquid suspensions or in aerosol phase. Therefore, the mass ratio between
AuNPs and gold salt (Au®") remains constant during evaluating different separation technologies in the aerosol including aerosol
dilution and fractionation. For online dilution, an RDD was used by applying different dilution ratios (DRs) to decrease the ionic
background level from metal salts. Therefore, the signal of metallic NPs in spICP-MS could be separated. For online fractionation,
Differential Mobility Analyzer (DMA) and Centrifugal Particle Mass Analyzer (CPMA) were investigated to select a specific size range
of metallic NPs that allowed reduction of ionic interference from metal salts in the aerosol for improving metallic NPs characterization
in spICP-MS.

2. Experimental part
2.1. Chemicals

Gold nanoparticles (AuNPs) with different sizes (40, 60, 80, and 100 nm) stabilized in sodium citrate (2 mM) purchased from
Nanocomposix (USA) were used as calibration standards. To generate metal salt particles in the aerosol, an ionic gold ICP standard
(Sigma-Aldrich, USA) with an initial concentration of 1000 mg Au>*/L was employed. Milli-Q water (18.2 MQ cm, arium Pro VF
Sartorius, Germany) was used to dilute both NP suspensions and metal salts solutions. Argon with 99.999% purity (PanGAS, Swiss) was
used for all the ICP-MS measurements.

2.2. Setup description

The whole setup consists of functional sections including aerosol generation, aerosol fractionation or aerosol dilution, and aerosol
characterization. For aerosol generation, a nebulizer originally from the commercial Agilent 7700x ICP-MS (Agilent Technologies,
Japan) was employed as the introduction system. The sample was introduced by a peristaltic pump at 0.37 mL/min (0.1 rpm) and then
a concentric nebulizer (Glass Expansion, Australia) created the wet aerosol using argon as the carrier gas. For liquid sample analysis
(liquid mode), the wet aerosol generated from the nebulizer system is directly sent to the plasma by employing argon as carrier gas.
However, in the proposed setup (aerosol mode), some adaptions were made to achieve online ionic interference reduction for char-
acterizing NPs in aerosol samples (Fig. 1). The wet aerosol was first dried in a silica dryer to remove water vapor during the aerosol
transport and avoid size deviation during the particle fractionation. For aerosol fractionation, a DMA or a CPMA was used for frac-
tionating NPs at different sizes. For aerosol dilution, RDD was used by adjusting the rotating speed (from 10% to 100% with 10 cavities
disk) to reach different dilution ratios (DR, nominally from 0.0067 to 0.067). Compared to liquid sample analysis, during aerosol
transport, there can be pressure drops [37], which decrease the flow rate and further influence the aerosol characterization. To solve
this problem, a vacuum pump was added after the RDD to maintain the sample flow rate at 0.9 L/min. Finally, at the outlet of the RDD,
0.9 L/min of argon controlled by an MFC brought the diluted sample into the ICP-MS for single particle analysis. A mixture of Xe/Ar
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Fig. 1. Schematic representation of the proposed method for separating the signal of metal salts (Au>*) and metallic nanoparticles (AuNPs). Options
including (A) DMA, (B) CPMA could be chosen for aerosol fractionation, or (C) bypass.
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(100 mg/mL Xe) at 4 mL/min was employed as the tuning gas by monitoring the 24Xe sensitivity. The different gas flow rates were
checked every day by using a primary flow calibrator (Gilibrator 2, Gillwaian, USA). The ICP-MS measuring parameters are sum-
marized in Table S1 of the Supporting Information.

2.3. Setup calibration

In spICP-MS, usually, two calibration methods are feasible: 1) by using well-characterized NP standards of known sizes (Olesik &
Gray, 2012), or 2) by using ionic standards with the determined transport efficiency from liquid to aerosol (Pace et al., 2011). In a
previous study of RDD-spICP-MS working in aerosol mode, we used the NP standards approach since the transport efficiency of the
system was unknown (Cen et al., 2023a,b). However, this method left the limitation that the commercial standard NPs are not available
for all the elements. In addition, in a previous study, researchers reported the difference in transport efficiency from liquid to aerosol
between metal salt solution and nanoparticles (i.e. ionic Pt > PtNPs) (Torregrosa, Grindlay, Mora, & Gras, 2023). This could affect the
mass ratio between Au®" and AuNPs when working in aerosol mode. Therefore, in this project, we did the calibration with the
transport efficiency method.

To generate the aerosol with known transport efficiency, a concentric nebulizer was used as an introduction system in this project
(Fig. 1, Aerosol Generation). In addition, a vacuum pump was put after the RDD to overcome the pressure drop during the aerosol
transport. For comparison purposes, the transport efficiency in liquid mode (n;;q) was first evaluated with standalone ICP-MS working
in single particle mode (without hyphenation). Then, the nebulizer and the dryer were combined with RDD-spICP-MS (Fig. 1, Bypass)
to obtain the transport efficiency in aerosol mode (1,¢r) using the same ICP-MS operating parameters (Table S1).

As it is explained in previous literature (Pace et al., 2011), there are three common methods including waste, size, and frequency for
obtaining the 1). In this case, the size and the frequency methods were used to calculate the 1 for AuNPs and Au®*. The adapted formulas
for the developed setup are shown in Table 1. To obtain the 1) of different sized particles by using the frequency method, 40, 60, 80, and
100 nm AuNP suspensions were diluted with Milli-Q water up to 10® #/mL. For each sized NPs, the peak intensity and the frequency
were obtained from the time-resolved plot at each RDD DR. The DR at each position of the RDD was calibrated with NaCl based on a
previous study (Cen et al., 2023a,b). Then, the same measurement was carried out for At using the standard solution, getting the
average intensity for obtaining the n by the size method.

2.4. RDD online dilution for signal separation

To investigate the effect of online aerosol dilution on NP signal separation from the ionic background, RDD was coupled to an ICP-
MS working in single particle mode (Fig. 1, Bypass). AuNP suspensions of 40 and 100 nm were prepared at 10 #/mL. Then, the Au>*
standard was diluted at different mass concentrations with Milli-Q water and mixed with the AuNP suspensions. For both 40 and 100
nm AuNPs, the mixture suspensions were prepared at a mass concentration ratios (Au>/AuNP) of 0 (only AuNPs without Au®"), 1, 5,
10, and 25. For each mixture, the measurement was carried out at three RDD DRs (nominally at 0.02, 0.04, and 0.06). In addition, to
compare the different behavior of ionic interference in aerosol and liquid mode, the same experiments were executed for liquid
samples with the standalone ICP-MS working in single particle mode (without RDD). To fulfill the concentration range of spICP-MS
analysis, both 40 and 100 nm AuNPs were prepared at 2.107 #/mL. The same mixture ratio of Au®"/AuNP 0, 1, 5, 10, and 25)
were used to investigate the ionic interference in liquid mode.

For the data treatment, an iterative algorithm based on p+5c was applied to obtain the threshold. This threshold is used for
separating the NP signal from the ionic signal using a homemade MATLAB script (Cen, Torrent, Testino, & Ludwig, 2023a,b). The
signal above the threshold can be regarded as the AuNPs, while the signal below the threshold belongs to Au®*. After subtracting the
average Au>" intensity for each AuNP, the AuNP intensity is transferred to particle mass based on the determined 1) and then the size is
calculated using bulk density and assuming a spherical shape. The particle size limit of detection (LODgj;.) was obtained by using
Equation (1) assuming a spherical shape of the particles. LODgj,e [nm] is the equivalent particle size of the threshold intensity
determined using the iterative algorithm aforementioned (Laborda, Gimenez-Ingalaturre, Bolea, & Castillo, 2020-a).

Table 1
Equations for obtaining the transport efficiency of liquid and aerosol samples.
Frequency method Size method
Liquid sample Nt — Nicp _ kion
Hid ™ g < Nigq Nid = ky
Aerosol sample _ Nicp _ kion
= DR x qiq % Nig Ter =%,

Nicp is the particle number obtained in spICP-MS per unit time (#/min), qyq is the liquid sample flow
rate (mL/min), Nyq is the particle number concentration in the liquid sample (#/min), DR is the RDD
dilution ratio, kj, is the slope of the NP calibration curve obtained from the particle intensity versus the
NP mass, kjopn is the slope of metal salts calibration curve obtained from the average ionic intensity
versus the mass concentration.
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6(Th —ﬂ))T ®

LODg;,, =
. < pxS
where Th is the threshold obtained from the iterative algorithm based on p+50, u is the average intensity of the ionic signal, p is the
density of the particle, and S is the slope of the calibration curve between peak intensity and particle mass.

2.5. DMA online fractionation for signal separation

To investigate the effect of online fractionation on NP signal separation from the ionic background, a DMA was incorporated into
the coupled setup. The DMA selected the particles present in the aerosol according to their electrical mobility. When the particle
reached the balance between the drag force and the electric force, the particle’s electrical mobility size (dy,) could be obtained from the
DMA based on Equation (2) (Tan et al., 2016).

neC.(d,)
™ S, @
where Z, represents the electrical mobility, dp, is the electrical mobility size, n is the number of charges on each particle, e is the
elemental electrical charge, C. is the Cunningham slip factor, which is influenced by dy,, and p is the gas viscosity.

Usually, DMA is used for air-based aerosol measurements. In this case, the setup was running in argon mode, therefore a correction
factor was applied due to the change of viscosity from air to argon, which would further influence the Z;. Therefore, the mobility size
with DMA working in argon mode was corrected by using certified sized polystyrene latex spheres. In addition, a scanning mobility
particle sizer (SMPS) was coupled after DMA to evaluate the resolution of the DMA (Fig. S1). In this case, a 0.1% NaCl solution was
prepared as the aerosol source. DMA was used to select the particle size from 40 to 100 nm with a step size of 10 nm. SMPS was used to
obtain the particle size distribution after the fractionation of DMA. After the resolution evaluation, DMA was coupled to RDD-spICP-MS
(Fig. 1) for the size fractionation analysis. A mixture of Au®* and AuNPs (40 and 100 nm, respectively) at the mass concentration ratio
of 25 was prepared, which was equivalent to the highest ratio tested in the online dilution experiment. The RDD with a disk of 10
cavities was fixed at DR of 0.06 to achieve the equivalent highest concentration as in the online dilution experiment. A scanning
program was set for obtaining the signal at each size position. The gas flow rates in the DMA were set at 9 L/min for the sheath gas and
at 0.9 L/min for the sample to maintain the ratio of 10:1 during the particle size selection. For the mixture containing 100 nm AuNPs,
the scanning program started from 80 nm up to 120 nm with a step size of 2 nm. For each step, the spICP-MS measurement was carried
out for 2 min. At each step change, the spICP-MS waited 1 min after changing the particle size to stabilize the signal. The same program
was employed for the mixture containing 40 nm AuNPs, but the size range was set from 30 to 60 nm.

2.6. CPMA online fractionation for signal separation

CPMA was also evaluated as an online fractionation technology for NP signal separation from metal salts signal. In this case, the
particle mass was directly selected based on the balance of electrostatic force and centrifuge force between two rotating electrodes
(Johnson, Symonds, & Olfert, 2013; Olfert, Reavell, Rushton, & Collings, 2006). Equation (3) describes the CPMA fractionation.

nev,

—— 3
®?r? In <%>

where m is the mass of the selected particle that could pass through the CMPA, n is the number of charges on each particle, e is the
elemental electrical charge, V., w., and r. are the voltage, angular velocity, and radius at the center between the two electrodes, ry and
11 represent the two electrodes’ radius.

Similar to the DMA, a coupled CPMA-SMPS system was used to evaluate the resolution of the CPMA (Fig. S1). The same 0.1% NaCl
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Fig. 2. The signal frequency of 100 nm AuNPs (a), and Au®t at the equivalent mass concentration (b, 10 pg/L) for different DRs (0.02, 0.04, and
0.06) obtained by RDD-spICP-MS.
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solution was used as the aerosol source. With the known density, the particle sizes were selected from 40 to 100 nm with a step size of
10 nm. After the resolution evaluation, the fractionation experiment was performed with AuNPs mixed with Au>* by coupling CPMA to
RDD-spICP-MS. The 10 cavities RDD disk was used and set at DR of 0.06 as well. For the 100 nm AuNPs mixed with Au*, the scanning
program started from 80 nm up to 120 nm with a step size of 2 nm. For each step, the spICP-MS measurement was carried out for 2 min.
At each step change, the spICP-MS waited 1 min after changing the particle size to stabilize the signal. The same program was
employed for 40 nm AuNPs mixed with Au®*, but the size range was set from 30 to 60 nm.

3. Results and discussion
3.1. Transport efficiency

To obtain the transport efficiency of the chemical species of interest in RDD-spICP-MS setup, AuNPs suspensions, and Au>* so-
lutions were measured in single particle mode at different DRs. As is shown in Fig. 2a, the signal frequency of 100 nm AuNPs was well
separated from the background. When decreasing the nominal DR from 0.06 to 0.02, the particle frequency decreased accordingly but
the intensity distribution remained constant. The same trend was found for other sized (40, 60, and 80 nm) AuNPs as shown in Fig. S2,
which indicated that single particle intensity will not be affected during the online dilution process. Compared to 40 and 60 nm AuNPs,
a bimodal intensity distribution was presented for 80 and 100 nm AuNPs (Fig. 2a and Fig. S2c). This effect was confirmed by the TEM
results from the manufacturer certificate, where the bimodal distribution could be also observed. After the test with AuNPs, the same
experiment was repeated for 10 pg/L Au>", which was at the same mass concentration of 100 nm AuNP (Fig. 2b). When decreasing the
nominal DR from 0.06 to 0.02, unlike AuNP samples, the At intensity decreased as well. This effect was further confirmed with At
samples at other mass concentrations from 0.5 to 50 pg/L (Fig. $3). The different behavior of AuNPs and Au®" peak intensity in spICP-
MS comes from the different effects of the online dilution. For AuNPs, when measured in single particle mode, each particle reaches the
detector individually. Therefore, whatever the dilution is, the peak intensity is always proportional to the single particle mass, and the
dilution only influences the frequency of the NPs reaching the detector. The particle number of Au>* generated from the salt solution
was far more than AuNPs. Hence, for each reading of the detector, the peak intensity was proportional to the amount of Au®*. When
applying the dilution, the peak intensity decreased due to the amount of Au®" is reduced in the aerosol after the RDD.

After the RDD calibration, each RDD rotating speed could be converted into a specific DR. As shown in Fig. 3a, the particle fre-
quency for each sized AuNPs follows a linear relationship with the DR. The slope of the curve is the parameter of Nicp/DR. This
parameter was used for determining the transport efficiency in aerosol mode by the particle frequency method (Fig. 3e). In addition,
the calibration curve based on the peak intensity and the mass obtained from different-sized AuNPs and Au®" (Fig. 3b) could be

1500
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Fig. 3. Results from transport efficiency determination in liquid and aerosol mode via particle size and frequency methods. (a) Relationship be-
tween different sized AuNPs frequency (Nicp) at different DR. (b) Relationship between intensity and AuNPs (k;) or Au®t (kijon) mass. (c) Transport
efficiency in liquid and aerosol mode via particle frequency and size methods. (d-e) Schemes of the setup running in liquid mode and aerosol mode.
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obtained. As shown in Fig. 3b, both AuNPs (dark red) and At (light red) followed the linearity in the aerosol. The slopes referred to as
k, and k;on, were used for determining the transport efficiency in aerosol mode via the particle size method (Fig. 3e).

As a comparison, the same experiment was repeated in liquid mode with different-sized AuNPs at 2.10* #/mL and Au®" at
equivalent mass concentration. As it is shown in Fig. 3b, the sensitivity was higher in liquid mode (blue) than in aerosol mode (red).
With the obtained slope and NP frequency, the transport efficiency with both calculation methods (size and frequency) could be
obtained. As can be seen in Fig. 3c, no statistical differences were found between the transport efficiencies calculated from the fre-
quency and size methods for both working modes (ANOVA test, p > 0.05). This fact indicated that the transport efficiency was the same
for both AuNPs and Au®* since the frequency method only relies on the number of AuNPs counted, meanwhile, the size method
depends on the slope ratio between the calibration curves of AuNPs and Au®*. However, the transport efficiency in aerosol mode was
lower (around 2.5%) compared to liquid mode (6%). This difference may be mainly attributed to the diffusion and sedimentation loss
effect during the aerosol transport. In liquid mode (Fig. 3d), the aerosol generated from the nebulizer is directly carried to the plasma.
However, in aerosol mode (Fig. 3e), the generated aerosol passes through a longer path including the dryer and the online dilution
system, which may cause more loss during the transport.

3.2. RDD online dilution for signal separation

Based on the previous experiment of pure AuNPs and Au®" analysis (Fig. 2 and Fig. S2), we concluded that the online dilution in the
RDD-spICP-MS system does not change the peak intensity of AuNPs, but it decreases the intensity of Au®". In this section, RDD was
evaluated for separating the signals of the different gold forms present in the sample mixtures.

As shown in Fig. 4a and 4b, in aerosol mode, both sensitivity levels for Au>* and AuNPs were lower than the ones in liquid mode,
which was the same effect we saw during the transport efficiency determination (Fig. 3b). In addition, unlike AuNPs, the behavior of
AuT in aerosol mode is different from liquid mode. In aerosol mode, the standard deviation of the average intensity is almost double
compared to liquid mode (Fig. 4d). A scheme in Fig. 4c is represented to explain the different behavior of AuNPs and/or Au®" in liquid
mode and aerosol mode. In the liquid mode, AuNPs were present as individual particles, while Au>" was completely dissolved and
homogenously distributed in the wet droplet. The generated wet droplets then were carried by an argon stream to the plasma, the mass
analyzer, and the detector. The resulting Au>* signal was represented as a stable baseline and each AuNP signal was represented as an
individual peak (liquid mode). However, in aerosol mode, the fine wet droplets generated by the nebulization system passed through a
silica dryer, which removed the water content, and consequently, each droplet formed dry aerosol. The size of AuNPs would remain the
same as it was in the wet droplet. In the case of Au>", the metal salt particle size depends on the Au®* mass in each droplet, which is
related to the initial metal salt concentration in the liquid and the size of the droplet formed. Compared to AuNPs, the sensitivity of
Au®* particles was much lower due to the less presence of Au, where these particles also contain anions, and the lower density of those
particles. In addition, the particles of Au®" after the dryer were of various sizes and the number of small particles was far more than
AuNPs.
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Fig. 4. Time-resolved plots of Au®>* mixed with 100 nm AuNPs at different mass ratios obtained from (a) spICP-MS analysis in liquid mode and from
(b) RDD-spICP-MS analysis in aerosol mode. (c) Scheme of AuNPs and/or Au®" aerosol formation during the aerosol generation and their transport.
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T. Cen et al. Journal of Aerosol Science 177 (2024) 106317

After subtracting the ionic signal based on an iterative algorithm of p+50, the time-resolved plot was transferred into histograms
and finally presented as particle size distributions. As can be seen in Fig. S4, in liquid mode, the particle size distributions of 100 nm
AuNPs remain constant at different Au" concentrations. With the increasing Au®* concentration, the LODg;,. increased as well,
causing the loss of some signals at smaller particle size regions (smaller than the dashed line in Fig. S4). The same effect was observed
for 40 nm AuNP mixture experiments (Fig. S5), where more particles were lost at higher Au>" mix ratios as a consequence of the
overlapping of the NPs and ionic signals.

The same experiments were performed in aerosol mode at different RDD rotation speeds (Fig. 5). The trend of LODyj,e was similar to
the liquid mode, where it increased with the Au®* concentration. As can be observed in Fig. 5, working at DR (nominal 0.06), the
particle number of 100 nm AuNPs decreased when increasing the Au>* concentration with respect to the liquid mode. Compared to the
100 nm AuNP mixture sample, the particle number was less affected by the increase of Au>* mixed with 40 nm AuNPs because of the
relatively lower Au* concentration (Fig. S6). These results indicated that at the same mixture ratio, Aut would cause more inter-
ference for AuNP characterization in aerosol mode than in liquid mode.

Generally, the effect of ionic interference could come from the high background intensity and its large variation. To further un-
derstand each effect and the function of RDD online dilution, the ratio of particle intensity (I,) to average of ionic background intensity
(ppb, Fig. 6a) was calculated for each sample working at a mass ratio of 1:25. The ratio of particle intensity (Ip) to standard deviation of
the background intensity (op, Fig. 6b) was investigated as well. For both 40 and 100 nm AuNPs, the I,/ in liquid mode was at a
similar level to the one in aerosol mode if the nominal DR was at 0.06. However, I,/c, was much smaller for aerosol mode, indicating
more standard deviation of background intensity in aerosol mode. This may come from the different behavior of Au>* in aerosol mode.
As explained in Fig. 4, compared to liquid mode, the Au®" in aerosol mode would form salt particles after the dryer and reach the ICP
detector discontinuously.

In aerosol mode, for both 40 and 100 nm AuNPs mixed with Au®", online dilution via RDD could effectively decrease the inter-
ference from the average and the standard deviation ionic background (from DR at 0.06 to 0.02). The difference between 40 and 100
nm AuNPs, it is that at each DR, I,/p, was much higher for 40 nm AuNPs, while I,/c, was much higher for 100 nm AuNPs. This
indicates that for smaller sized NPs, the ionic interference mainly came from the average intensity of the ionic species. For larger-sized
NPs, the ionic interference rather originated from the standard deviation of the ionic background.

The improvement of NP separation from ionic background by RDD online dilution is also indicated by the particle number con-
centration (PNC, Fig. 6¢ and d) obtained from Equation S1. By decreasing the nominal DR from 0.06 to 0.02, the PNC of 100 nm AuNPs
from the mixture (AuNP/Au") detected by spICP-MS in the aerosol increased from 65% to 77% respect to pure AuNPs (Fig. 6¢). For
40 nm AuNPs, when the nominal DR decreased from 0.06 to 0.02, the PNC of 40 nm AuNPs separated from the mixture (AuNP/Au®h)
increased from 87% to 102% respect to pure AuNPs (Fig. 6d). These results indicated RDD online dilution could help in the separation
of NPs intensity from ionic signal by decreasing the average of ionic background (pp,) and the standard deviation intensity (op).

3.3. Online fractionation for signal separation

To improve the separation of AuNPs signal from ionic background in the presence of high amounts of Au®>*, DMA, and CPMA were

= 3°°'(a)§ = oR@0z 00N (b) : = DR@0.02

(% : a  DR@0.04 ‘% : a  DR@0.04

E 200 o DR@0.06 E' 200 o DR@0.06

B T 100nm AuNP a 7] 100nm AuNP

-g Mass 1.1 mix Au> -g Mass 1:5 mix Au™*

2 2

o 100 o 1004

S S

5 5

& o & o —

0 50 100 150 200 0 50 100 150 200
Particle Size [nm] Particle Size [nm]

= 3007 - oravez 2007 g = DR@002
E ( C) : = DR@0.04 c% ( ) = DR@0.04
E o DR@0.06 E. o DR@0.06

o 200 100nm AulNP ° 200 100nm AuNP
-g Mass 110 mix Au™ -2 Mass 1:25 mix Au*
2 2

o 100 o 100
S S
5 §
& o i1 al u' o ol =

I T 1 T
0 50 100 150 200 0 50 100 150 200
Particle Size [nm] Particle Size [nm]

Fig. 5. Particle size distributions of 100 nm AuNPs mixed with Au®* at different mass concentration ratios: 1:1 (a), 1:5 (b), 1:10 (c), and 1:25 (d) at
different RDD DR (nominally 0.02, 0.04, and 0.06) in aerosol mode. The dash lines represent the LODyjz.



T. Cen et al. Journal of Aerosol Science 177 (2024) 106317

49 (a) == 100nm AuNP 1:25 Au®* 254 (b) = 100nm AuNP 1:25 Au®*
== 40nm AuNP 1:25 Au®* 20 == 40nm AuNP 1:25 Au®*
34
a a 154
= <)
i ir- Y
14 5
0- 0-
9 > Q> v > L D I > O v > O D
NN NI N R P S SR
PR PPN © Q@ PRSP P P OIS
Q' QO Q O Q ARV QO 9
Sample types Sample types
o 2.0+ o 2.0+
S (C) 1 100nm AuNP g (d ) 40nm AuNP
= I . AuNP1:25AL% = »  AuNP 1:25 Au™
5 1.5 DR @0.06 g 1.5 DR @0.06
. . AuNP 1:25 Au* = . AuNP 1:25 Au®
@ DR @0.02 b DR @0.02
.g 1.0 Pure AUNP 'g 1.0 Pure AuNP
b | -
= =
© 0.5 o
o o
& 5
o 0.0+ o 0.
0 50 100 150 200 0 20 40 60 80 100
Particle Size [nm] Particle Size [nm]

Fig. 6. The ratio of particle intensity (I,) to average of ionic background intensity (i) (a) and standard deviation of ionic background intensity (o)
(b) in each sample (AuNPs: Au* (1:25)). (c) Particle size distributions of 100 nm AuNPs and 100 nm AuNPs: Au®* (1:25) at different RDD DR
(nominally 0.02 and 0.06). (d) Particle size distributions of 40 nm AuNPs and 40 nm AuNPs: Au®t (1:25) at different RDD DR (nominally 0.02
and 0.06).

included in the proposed method for size fractionation analysis. With the setup of Fig. S1, the size fractionation resolutions of DMA and
CPMA were verified. The nominal size resolution (Rg) in CPMA is defined in Equation S2.

For DMA, the particle fractionation was based on the force balance between the drag force and electrostatic force of the charged
particle (Tan et al., 2016). Therefore, only particles at specific sizes would be selected in DMA. As shown in Fig. 7a, the resolution for
the DMA particle size selection was better in the smaller size range compared to the larger one. The peak in normalized fraction
decreased from 0.24 for 40 nm particles to 0.19 for 100 nm particles. For each particle size selection, a second small peak could be
found due to the double-charged particles at larger particle sizes selected at the DMA, which had the same electric mobility as the
selected size particles (Hess et al., 2016; Hsieh, Lin, Hsiao, & Hou, 2022). When using CPMA for particle selection, the particle
fractionation was based on the force balance between the centrifuge force between the two columns and the electrostatic force
(Johnson et al., 2013). Therefore, the particle at a specific mass would be selected based on the rotating speed and the voltage applied
in the CPMA (Equation (3)). When selecting R of 5 (Fig. 7b), the peak width got much wider than DMA. When selecting from 40 nm to
100 nm, the peak decreased from 0.050 to 0.018, which was only 9.5%-20.8% compared to those obtained by DMA. When R at 10
(Fig. 7¢), the fractionation resolution was better, where the peak was around two times higher than the resolution of 5, indicating the
double resolution level, but still around 17.0%-41.7% compared to those obtained by DMA. Similar to DMA, another peak at a larger
size could be obtained due to the presence of double-charged particles. The main reason for a wider peak in CPMA compared to DMA
was due to the width of the two electrodes in CPMA, where the particles of mass-to-charge ratios marginally higher and lower than the
setpoint also passed through the classifier (Naseri, Johnson, Smallwood, & Olfert, 2023). In addition, compared to DMA, in both
nominal resolutions, there was another particle peak at small sizes. This effect was more obvious when selecting larger particles (i.e.
selecting 100 nm compared to 40 nm). This is because the CPMA rotated at a lower speed when selecting larger particles. Hence, small
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Fig. 7. Normalized NaCl particle size distribution when using DMA (a) and CPMA at different nominal size resolutions (R,) of 5 (b) and 10 (c) for
size fractionation of 40, 50, 60, 70, 80, 90, and 100 nm particles, respectively.
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uncharged particles could also pass through the classifier (Naseri et al., 2023). Although CPMA could adjust the resolution level
manually to reduce the amount of small uncharged particles and decrease the peak size, the resolution could not be increased because
the number of AuNPs exiting the classifier needed to be adequate for spICP-MS characterization. Therefore, Rg of 5 and 10 were used in
this project.

As can be seen in Fig. S7, when scanning from 80 nm to 120 nm in DMA, the ionic background decreased to 25 counts, indicating
the contribution of Au®* decreased after DMA fractionation (Fig. $10). While for CPMA using the same scanning program, the ionic
signal decreased from 450 to 400 counts at the resolution of 5. When increasing the resolution to 10, the ionic background decreased
from 375 to 368 counts (Fig. S10). Compared to the original ionic signal of 3088 counts (Fig. 4b), CPMA could reduce the ionic
interference but was not as powerful as DMA. These results also refer to Fig. 7, where in CPMA small uncharged particles could still
pass through the classifier when selecting large particles. In addition, in each case, some peaks with double intensity could be observed
due to the double-charged particles or double events in spICP-MS. Therefore, an extra upper-limit threshold of pp-+2c, was applied to
remove the higher peaks based on the method described in a previous study (Tan et al., 2016). Then, the intensity data was transferred
into size as it is shown in Fig. 8.

For both DMA and CPMA, the size and frequency of 100 nm AuNPs mixed with Au®" (ratio 1:25) increased by increasing the
scanned size up to 100 nm. From 100 nm to 120 nm, the size continued increasing but the frequency of particles decreased, indicating
the presence of a few larger-sized AuNPs. The same experiment was carried out for 40 nm AuNPs mixed with Au®* at a mass con-
centration ratio of 1:25 (Figs. S8 and S9). In this case, the scanning size range was set from 30 nm to 60 nm. The ionic background after
DMA fractionation was decreased to 2 counts, which was much lower than the initial ionic intensity at around 140 counts (Fig. S10).
For CPMA, when working at a nominal resolution of 5, the ionic background level decreased from 26 to 13 counts, and when using a
resolution of 10 the ionic background level was always around 10 counts. Similar to the 100 nm AuNP mixture sample, the particle size
and frequency increased from 30 nm to 40 nm. When scanning from 40 nm to 60 nm, still there were some particles but the frequency
decreased.

Although the initial particle number concentration of 40 nm AuNPs in the liquid suspension was the same as in the 100 nm AuNPs
suspension, the number of 40 nm AuNPs detected in spICP-MS was much less. For DMA, the particle number of 40 nm AuNPs detected
in spICP-MS was 37% with respect to the number obtained of 100 nm AuNPs. For CPMA, the number of 40 nm AuNPs was 72% and
53% with respect to the number obtained for 100 nm AuNPs at the R, of 5 and 10 respectively. The difference in the behavior with 100
nm and 40 nm AuNPs for DMA could be explained by the size of the Au®" particles formed during the drying step. As it is shown in
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Fig. S11, the particle size distribution of pure AuNPs, pure Au>" and mixed samples could be obtained directly from SMPS. For pure
AuNPs, the particle size distributions were covered by the solvent background (sodium citrate), since the particle number of AuNP was
much less than the amount of particles generated from sodium citrate. In both pure metal salts (Au>*) and mixed samples (AuNPs/
Au®h), most of the Au®* particles were around 40 nm, and fewer At particles were present around 100 nm in SMPS. For DMA, the
separation is based on the particle size (Equation (2)). Therefore, it is much easier to separate the 100 nm AuNPs from the ionic
interference in DMA compared to 40 nm AuNPs, since most of Au®* is around 40 nm. However, for CPMA, the separation is based on
particle mass (Equation (3)). With the same size, the mass of AuNP is much larger than Au®* due to the higher density of AuNPs.
Therefore, compared to DMA, more 40 nm AuNPs could be separated from the ionic interference by CPMA.

When comparing the size information from fractionation and spICP-MS, two-dimension particle size distribution heat maps could
be obtained for both 40 and 100 nm AuNPs mixed with Au®" (ratio 1:25) samples (Fig. 9). For the 100 nm AuNP mixture sample
fractionated with DMA (Fig. 9a), most AuNPs were scattered around their nominal sizes (along the diagonal from left-bottom to right-
up). This indicates the good selection in DMA and good characterization in spICP-MS for 100 nm AuNPs. For CPMA, when selecting R
of 5 (Fig. 9b), more particles could be selected and then analyzed by spICP-MS. However, the resolution was not as good as the DMA
fractionation (Fig. 9a). By increasing the R from 5 to 10, a better resolution similar to DMA could be achieved (Fig. 9¢), but fewer
particles were found. This effect indicated that for CPMA it was always a choice between ionic reduction or the number of particles
counted when doing fractionation. For the 40 nm AuNP mixture sample (Fig. 9d-f), the separation was worse than the 100 nm AuNP
mixture sample with both tested fractionation techniques, due to the higher diffusion loss and lower charge efficiency of smaller
particles (W. Yang, Zhu, Wang, & Liu, 2019). In addition, as can be observed in Fig. S12, after fractionation of DMA or CPMA, is
possible to obtain particle size distributions similar to the ones determined for pure AuNPs by using RDD-spICP-MS. This indicates that
both separation technologies have the ability to reduce ionic interference for metallic particle characterization.

3.4. Comparison of separation based on online dilution and fractionation methods

To compare the effectiveness of the proposed technologies for separating the NPs signals from the ionic background, a comparison
analysis was performed with the RDD, the DMA, and the CPMA. As can be observed in Fig. 10a and b, both fractionation techniques
(DMA and CPMA) and online dilution (RDD) could decrease the limit of detection. For a 3 times online dilution of 100 nm AuNPs mixed
with 25 times concentrated Au®* by RDD (nominal DR decreased from 0.06 to 0.02), the LODyj, decreased from 78 nm to 61 nm. When
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Fig. 10. LODy,e (a, b) and the ratio between particle number and average ionic background intensity (Np/pp, ¢, d) of 100 nm and 40 nm AuNPs
mixed with Au®" at 1:25 mass ratio. ANOVA tests were done when comparing different separation methods with respect to the control sample
(****P < 0.0001, **P < 0.01, *P < 0.05).

CPMA and DMA were used, they could be reduced to 50 nm and 33 nm respectively. However, for signal separation, we should not only
consider how much ionic interference was removed but also how many particles were lost. To better evaluate the effectiveness of the
AuNPs and Au®* signal separation, a separation factor was defined as the ratio of the number of particles to the average of ionic
background intensity (Np/p). In theory, this separation factor should be constant during the dilution process since N, and i, decrease
proportionally at each RDD DR. However, as shown in Fig. 10c and d, for both 40 and 100 nm AuNPs mixed with Au®" (ratio 1:25), the
separation factor increased slightly with dilution (nominal DR decreased from 0.06 to 0.02). Compared to RDD dilution, the separation
factors of CPMA at different resolutions were lower. This indicates, that the effect of size selection by CPMA is not as good as online
dilution, which may be attributed to the passing of uncharged small Au®* particles during the AuNPs fractionation counted as false
positive events (Naseri et al., 2023). However, when working with DMA fractionation, it showed the separation improved 29.5 times
for the 100 nm AuNP mixture and 2.8 times for the 40 nm AuNP mixture with Au®" at the ratio of 1:25. To sum up, the ability of
separation would be DMA > RDD > CPMA in the aerosol for online spICP-MS characterization of both 40 and 100 nm AuNPs in
presence of ionic gold at a ratio of 1:25 (AuNPs:Au>"). In real environmental aerosol samples, usually, the target particle sizes are
unknown. In this case, online dilution of RDD could still be used as a general method. However, DMA and CPMA, are required to scan a
broader size (or mass for CPMA) range to separate the particles present in the sample with an unknown size.

4. Conclusion

In this study, the effect of the presence of metal salts for nanoparticle characterization in the aerosol by spICP-MS was investigated.
The aerosol contained metallic nanoparticles (AuNPs) and metal salts (Au3+) which were generated from a concentric nebulizer
combined with a silica dryer. To better characterize the AuNPs, different separation technologies were evaluated for ionic background
reduction. With the same nebulizer introduction system, AuNP signals present individual peaks in spICP-MS in both liquid and aerosol
modes. However, different behavior of Au®" in liquid and aerosol modes could be found. In liquid mode, Au®>" would form droplets
with homogenous concentrations and reach the ICP detector continuously as a stable baseline. In contrast, in aerosol mode, the Au>*
would form different sized salt particles after the dryer. These salt particles would reach ICP detector more heterogeneously compared
to wet droplets containing Au>*, causing a much larger variation in the ionic background.
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For separating the nanoparticle signal from the ionic background, three technologies including RDD, DMA, and CPMA were
evaluated. RDD could effectively reduce the ionic background for better AuNPs characterization by diluting online the aerosol
(nominal DR decreased from 0.06 to 0.02). When working with online fractionation by CPMA or DMA, the LODsj,e decreased,
improving AuNPs characterization. To compare these three separation methods quantitatively, a separation factor was defined as the
ratio between the particle number and the average of ionic background intensity (Np/pp,). It was shown that the performance order of
the three techniques to reduce Au®* for AuNPs characterization by spICP-MS in aerosol was DMA > RDD > CPMA. This study showed
the capability for the reduction of ionic interference in the aerosol by coupling RDD, DMA, or CPMA to spICP-MS for characterizing
metallic nanoparticles.
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