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Significance

Atmospheric soluble metals are 
strongly associated with adverse 
health effects, which require 
time-consuming efforts and great 
expense to complete sampling 
and detection steps due to their 
low concentrations and 
technology limitations. Here, we 
propose a concept of aerosol-
into-liquid capture and detection 
that bridges free-flowing gas and 
static liquid phases to realize 
one-step capture and detection 
via the gas/liquid interface, unlike 
conventional strategies of 
sampling and detection units in 
sequence. The system presents 
effective capture of airborne 
ultrafine particles and detection 
of soluble metals at the 
nanogram level in a direct and 
cost-effective way, which is 
demonstrated by real-world 
samples and might be potentially 
applied in air quality monitoring, 
especially for abrupt air pollution 
events (e.g., wildfires and 
fireworks).
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The soluble fraction of atmospheric transition metals is particularly associated with 
health effects such as reactive oxygen species compared to total metals. However, direct 
measurements of the soluble fraction are restricted to sampling and detection units 
in sequence burdened with a compromise between time resolution and system bulki-
ness. Here, we propose the concept of aerosol-into-liquid capture and detection, which 
allowed one-step particle capture and detection via the Janus-membrane electrode at 
the gas–liquid interface, enabling active enrichment and enhanced mass transport of 
metal ions. The integrated aerodynamic/electrochemical system was capable of capturing 
airborne particles with a cutoff size down to 50 nm and detecting Pb(II) with a limit 
of detection of 95.7 ng. The proposed concept can pave the way for cost-effective and 
miniaturized systems, for the capture and detection of airborne soluble metals in air 
quality monitoring, especially for abrupt air pollution events with high airborne metal 
concentrations (e.g., wildfires and fireworks).

atmospheric soluble metals | aerosol-into-liquid | aerodynamic/electrochemical system |  
gas–liquid interface | air quality

Toxic and nonbiodegradable transition metals in the atmosphere released from extensive 
anthropogenic activities and natural emissions (1–3) are raising a significant threat to 
human health and the environment (4–6), in particular during acute air pollution acci-
dents and emergencies (e.g., building fires and wildfires), which are now considered a 
poorly understood global problem requiring time-consuming efforts of sampling and 
analysis (7). For instance, the 2019 Notre-Dame Cathedral fire released a great amount 
of lead into the atmosphere, which was confirmed by the elevated Pb concentrations in 
honey samples collected after 3 mo (8). Children were subjected to the threat of lead 
poisoning in this acute pollution event (9). Wildfires also result in a significantly elevated 
level of transition metals (e.g., Pb and Cd) due to fire burning and metal remobilization 
(10, 11). These abrupt air pollution events might have long-term health effects by con-
taminating air, water, soil, and indoor environments (12). More importantly, the soluble 
fraction of particle-bound transition metals enhances the persistent toxicity and health 
effects (13–16), which is particularly harmful to humans due to its toxicity and bioacces-
sibility (17, 18), accounting for 0 to 80% of total metals in airborne particulate matter 
(PM) (19, 20). For instance, water-soluble transition metals in the accumulation mode 
have positive correlations with reactive oxygen species and oxidative stress (21, 22). 
Therefore, the detection of the soluble fraction in particle-bound transition metals is of 
great significance for public health, especially in order to give rapid responses to acute 
pollution events.

Monitoring by on-site, mobile, decentralized detection methods is a promising way to 
achieve rapid responses by eliminating sample transport, storage, and benchtop operation. 
In general, the common strategy is coupling different functional units (e.g., particle col-
lection and measurement units) using benchtop or homemade instruments to determine 
the total airborne metals. Inductively coupled plasma mass spectrometry (ICP-MS) has 
been coupled with scanning mobility particle sizer (SMPS) to obtain size-resolved chemical 
information and particle characteristics simultaneously (23). Real-time detection of aerosol 
metals has been carried out using extractive electrospray ionization mass spectrometry 
(24). The combination of filter sampling and X-ray fluorescence analysis achieved the 
multimetal monitoring with a high time resolution, such as Cooper Xact 625i (25) and 
Horiba PX-375 (26). Nonetheless, these detection techniques such as X-ray fluorescence 
spectroscopy (XRF) require professional experiences and safety measures of radiative 
sources and are not able to distinguish the soluble fraction of metals in an oxidation state, 
though the health effects of metals are speciation-driven (27). A limited number of home-
made on-site techniques have been developed based on electrochemical methods (28) or D
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well-established spectrophotometric techniques (27, 29), coupled 
with aerosol collection techniques. The state-of-the-art techniques 
are summarized in SI Appendix, Table S1. Previous studies mainly 
focused on total metal detection using the combination of the 
available aerosol collection with detection techniques, resulting 
in possible bulky coupling and extra uncertainty due to additional 
connections and sample preparation. However, studies in moni-
toring the soluble fraction of airborne soluble metals remain chal-
lenging and are scarce. Developing a more compact system for 
on-site detection of the soluble fraction of particle-bound transi-
tion metals, through integrating aerosol collection with detection 
techniques, still requires more novel coupling strategies and 
efforts.

Due to low power, high sensitivity, and selectivity for in situ 
measurements (30, 31), electrochemical detection is of great inter-
est for sensing transition-metal ions, such as electrolytic deposition 
with subsequent electrochemical detection, nonelectrolytic pre-
concentration, and zero-current measurements (32). Among 
them, voltammetric methods are the most sensitive for transi-
tion-metal ion detection (33). The voltammetric determination 
of transition metals in PM10 was proved with a normalized devi-
ation of less than 15%, compared to ICP-MS (34). For example, 
a Nafion/Bi-modified carbon electrode was used to determine 
Co(II) and Ni(II) in the aerosol collected on filters with limits of 
detection of 1 µg/L and 5 µg/L, respectively (35). Electrochemical 
detection combined with aerosol collection techniques is a con-
ventional and promising method to achieve the miniaturized 
platform of particle collection and detection. The aerosol collec-
tion techniques include passive collection (36) and capturing 
particles into liquid [wet collection surfaces (29, 37–40) and con-
densation growth method (41)]. Nonetheless, to avoid independ-
ent functional units in sequence, there is an emerging trend that 

integrates collection and electrochemical detection in the same 
platform (42). The new coupling strategy is to create a dual-func-
tional interface between particle collection and electrochemical 
sensing, by eliminating additional connections for sample trans-
port, preprocessing, and storage.

In this study, we propose a new collection and sensing concept 
that allows for immediate sensing after particle collection via a 
gas/liquid interface. In this way, the mass transport of metal ions 
was enhanced by dissolving metals as close to the electrode surface 
as possible. Accordingly, a gold-coated polyacrylonitrile (PAN) 
nanofiber served as the aerosol-into-liquid electrode (AILE) with 
collection and sensing functions. It is a Janus membrane electrode 
with a virgin PAN surface on one side and a gold surface on the 
other side. A system integrating electrochemical methods with 
aerosol dynamics was developed to fulfill the aerosol-into-liquid 
concept via this membrane. In the proof-of-concept experiments, 
the integrated aerodynamic/electrochemical (IAE) system was 
examined using lab-generated lead aerosols and PM10-like aero-
sols. The new concept achieved in the designed IAE system could 
afford a unique route toward the on-site monitoring of atmos-
pheric metals and other additional components with a miniatur-
ized size for rapid responses to abrupt pollution events.

Results

Capture and Sensing Strategy of the IAE System. The schematics 
and photo of the IAE system are shown in Fig. 1. The aerodynamic 
and electrochemical function modules were connected through 
the AILE electrode between the inertial impaction plate and the 
electrochemical cell (Fig. 1A). The AILE electrode supported by 
the electrolyte was facing the micrometer-sized nozzles delivering 
airflow at a jet-to-electrode distance of about 1 mm (Fig. 1B). By 

Fig. 1. Integrated aerodynamic/electrochemical (IAE) system for capturing and detecting airborne bioaccessible metals. (A) Schematic of the designed IAE 
system to achieve aerosol-into-liquid capture and detection, (B) detailed schematic of the gas/liquid interface separated by AILE electrode with a jet-to-electrode 
distance of around 1 mm, (C) schematic illustration of the aerosol-into-liquid collection and detection of particle-bound metal ions on the AILE electrode,  
(D) photo of the IAE system with a dimension of 100 mm × 70 mm × 100 mm in x-, y-, and z-axes.D
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joining the gas phase (air-jets containing particles) and the liquid 
phase (electrolyte), the AILE electrode worked as the impaction 
substrate for particles and the pores of the membrane served as 
liquid reservoirs to dissolve metals (Fig. 1C). The sensing strategy 
is to collect particles and dissolve metal ions on one side of the 
AILE electrode and perform electrochemical sensing reactions on 
the other side of the membrane electrode (gold-coated surface). In 
detail, particles are collected based on the inertial impaction and 
soluble metal ions from the particles are dissolved on electrolyte-
soaked hydrophilic PAN nanofiber. Metal ions then diffuse 
vertically to the gold surface by mass transport for redox reaction 
(i.e., metal reduction and subsequent oxidation, see Fig. 1C). The 
metal reduction is used to accumulate metal ions on the electrode 
surface, while the oxidation is employed to obtain metal signals 
by producing an oxidation current. The IAE system was realized 
with a dimension of 100 mm × 70 mm × 100 mm in x-, y-, and 
z-axes, respectively (Fig. 1D).

Characterization of the AILE Electrode. The fabrication of the 
AILE electrode required several steps including electrospinning, 
hot lamination, and gold sputtering (Fig. 2A). Additional electrode 
assembly was also applied to support the soft electrode and the 
electrode area (SI Appendix, Fig. S1). The morphologies of the 
PAN nanofiber and the AILE electrode are shown in Fig. 2 B 
and C. The PAN nanofibers without hot lamination were loose 
while the membrane became compact with a clear layer-by-layer 
structure after hot lamination. The diameter and porosity were 
quantified and the average diameters of pure PAN and gold-
coated PAN were 225.5 ± 51.7 and 235.7 ± 54.1 nm, respectively 
(Fig. 1D). It indicates that hot lamination and gold sputtering 

have a minor effect on the diameter size distribution. The 
porosity values of pure PAN and gold-coated PAN were 61.5% 
and 46.8%, respectively. The effect of the adsorption behavior 
of Pb(II) on the mass transport through the AILE electrode was 
also examined using ICP-MS. Then, 2.8% of the total Pb(II) at 
a relatively low concentration (10 µM) was adsorbed on PAN 
nanofibers (Fig.  1E), and the average adsorption capacity was 
3.45 µg/g, which indicates insignificant adsorption of Pb(II) on 
PAN nanofibers and its minor effect on sensing performance. 
Adsorption and desorption were fast since the concentration of 
lead in the solution was not changed much in each phase (Fig. 2E). 
A relatively stable concentration of lead in the repeated adsorption 
revealed that the AILE electrode was reusable without much effect 
of Pb(II) adsorption.

The water wettability of the PAN nanofiber was analyzed via 
water contact angle, which was about 37o (43). The PAN mem-
brane was hydrophilic and had an affinity for water to form a 
nonporous liquid-saturated membrane, which was desirable for 
separating the liquid phase from the gas phase without disturbance 
from a fast-moving gas flow. A gold rotating disk electrode (RDE) 
was used to investigate the Pb redox reaction in steady states. The 
roughness factor (~1.71) of the gold RDE was obtained by strip-
ping a gold oxide layer in 0.5 M H2SO4 and the conversion factor 
of 390 µC cm−2 was used (44), whereas the roughness factor of the 
PAN nanofiber-based gold electrode was 3.92 (SI Appendix, 
Fig. S2). Considering the porosity of the PAN nanofiber-based 
gold electrode of 46.8%, which resulted in a smaller geometric area, 
the roughness factor of the gold surface could increase up to 7.37. 
It indicated a rougher gold surface of the PAN nanofiber-based 
gold electrode compared to gold RDE (45).

Fig. 2. Fabrication and characterization of the AILE electrode. (A) Schematic illustration of fabricating the AILE electrode, (B) scanning electron microscopy (SEM) 
image of the PAN nanofiber after hot lamination, (C) SEM image of the gold surface of the AILE electrode, (D) diameter size distributions and the Gaussian fitting 
of the PAN nanofiber, and the AILE electrode, (E) adsorption of Pb(II) onto the PAN nanofiber, desorption of Pb(II) from the PAN nanofiber, and adsorption of Pb(II) 
onto the PAN nanofiber as a function of submersion time (adsorption experiment: 40 mg PAN nanofiber in 30 mL 0.1 M acetate buffer solution (ABS) (pH 4.45) 
containing 10 µM Pb(II) for 24 h; desorption experiment: the PAN nanofiber was transferred into 30 mL ABS for 24 h and then into 30 mL Milli-Q water for 24 h).D
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Electrochemical Characterization and Detection of Pb(II) in the 
Liquid Phase. The detection of atmospheric soluble metals is a 
liquid-based method, so the gold RDE and PAN nanofiber-based 
gold electrodes were employed to examine the feasibility of sensing 
Pb(II) in the liquid phase. As shown in Fig. 3A, the oxidation 
and reduction potentials of Pb(II) were 0.4 to 0.6 V and 0.3 to  
0.5 V, respectively. The onsets of the oxygen reduction and 
hydrogen evolution were at 0.4 V and −0.1 V, respectively (Fig. 3A 
and SI Appendix, Fig. S3). Therefore, the deposition potential was 
set at −0.2 V, to avoid competitive hydrogen evolution reactions 
in view of the limited number of active sites on the gold surface, 
despite the fact that hydrogen evolution reaction has limited effects 
on Pb deposition (46). The gold rotating disk electrode (RDE) 
was considered a flat bare gold surface to detect metal ions under 
tunable conditions. In particular, a high rotation rate (i.e., 1,600 
rpm) allowed the continuous deposition of metal ions on the 
electrode with constant mass transport, to simulate the presence 
of metal ions with high concentrations. Fig. 3B indicated that 
there were one underpotential deposition and two overpotential 
depositions of lead on the gold surface. In general, the relationships 
between concentrations and integrated charge were quite linear 
(SI Appendix, Figs. S4–S6), which indicated that gold as a sensing 
material was capable of detecting Pb(II) in the liquid phase.

For the AILE electrode, the oxidation potential range of Pb(II) 
was 0.25 to 0.60 V (SI Appendix, Fig. S5). It should be noted that 
the limit of detection in the liquid phase depends on the deposition 
(reduction) time in certain ranges (47), which means a longer dep-
osition time results in more deposited metals and a lower limit of 
detection. The conversion of stripping charges to Pb concentration 
revealed that 0.204 ± 0.024% Pb(II) was reduced on the gold sur-
face without stirring in the solution after 5 min deposition 
(Fig. 3C). According to the square wave voltammetry (SWV) 

signals, the peaks fell into the range of 0.3 to 0.6 V (Fig. 3D). The 
relationship between electrode area and current peak suggested that 
a smaller electrode area on the mm2 scale was more preferable due 
to slower changes in the current peak value in comparison of the 
electrode area (0.11 µA/mm2) (SI Appendix, Fig. S7), suggesting 
the signal obtained from a smaller area of the electrode could be 
comparable to that obtained from a large electrode. Fig. 3E illus-
trated the detection performance with a relatively low concentra-
tion of metal ions (<1.2 µM) in the presence of oxygen (R2 > 0.99). 
The limit of detection was 79.2 nM, according to the equation 
Limit of Detection (LOD) = 3 δ/S, where δ is the SD of the back-
ground signal, and S is the ratio of the Pb concentration to the 
current signal. The interference study was conducted with different 
ions, and the range of detection ratio was 80 to 130% (Fig. 3F). 
Particularly, Cu(II) might interfere with the Pb signal by the 
replacement of Pb deposition (48). Overall, the AILE electrode 
was sensitive and selective for detecting Pb in the liquid phase.

Collection Efficiency and Particle Loss of the IAE System. 
The cutoff diameter at 3.0, 5.0, 7.1, and 7.9 L/min was about 
300, 150, 80, and 50 nm, respectively (Fig. 4A). The collection 
efficiency increased with a higher flow rate, and it mainly affected 
the collection of particles smaller than 300 nm. The setup for 
determining the collection efficiency of the system was shown in 
SI Appendix, Fig. S8. The collection efficiency was not strongly 
influenced by the nozzle-to-plate distance especially when it was 
smaller than 1.5 mm (Fig. 4B). The vertical deformation of the 
AILE electrode with different nozzle-to-plate distances could play 
a role in the effect of the nozzle-to-plate distance on the collection 
efficiency. Pore number and size also affected the collection 
efficiency, and a higher velocity caused by the lower porosity of 
the nozzle plate resulted in higher collection efficiencies (Fig. 4C). 

Fig. 3. Characterization and sensing performance of the AILE electrode. (A) Cyclic voltammetry in 0.1 M acetate buffer (pH 4.45) without and with Pb(II) at 100 mV/s 
in a three-electrode system under air, (B) RDE experiments using ASV on the stripping current as a function of concentration gradients of Pb(II) at 1,600 rpm 
in 0.1 M acetate buffer in an Argon-saturated environment, (C) relationship between the stripping charge using anodic stripping voltammetry and the current 
peak using square wave stripping voltammetry with an AILE electrode (Ø = 16 mm), (D) responses upon concentration gradients of Pb(II) for the AILE electrode, 
(E) relationship between the current peak (in the range of 0.3 to 0.6 V) and the Pb(II) concentration gradients, (F) selectivity of the AILE electrode toward 1 µM 
Pb(II) in the presence of 50 times higher concentration of other metal ions [Zn(II), Mn(II), Fe(III), Cu(II), Cd(II), and Ca(II)], respectively.D
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Specifically, given the same volumetric flow rate, 0.59% and 0.64% 
porosity led to a smaller cutoff size of around 70 nm and maximum 
collection efficiency up to 100%, while 1.05% and 0.93% porosity 
caused the larger cutoff size of 200 nm and maximum collection 
efficiency of about 80%. It should be noted that the number of 
reaerosolized water droplets from the electrode could affect the 
measured collection efficiency of particles larger than 300 nm 
because the number of challenge particles decreased with larger 
particle sizes. The collected particles on different parts of the system 
were investigated to estimate the effective particle collection rate 
and aerosol-into-liquid transfer rate (Fig. 4 D and E). Particles 
larger than 100 nm were well collected in the electrolyte by 
diffusing through the AILE electrode, and particle loss of smaller 
particles became significant likely due to particle diffusion in the 
airflow hitting the nozzle plate and Polytetrafluoroethylene (PTFE) 
plate (Fig. 4D). The effective particle collection rate was above 
80% and the aerosol-into-liquid transfer was above 90%, which 
demonstrated a minimum particle loss and proved the feasibility 
of the aerosol-into-liquid concept (Fig. 4E). Here, the effective 
particle collection rate was defined as the fraction of collected 
particles on the AILE electrode and subsequently diffusing to the 
electrolyte, while the aerosol-into-liquid transfer was the fraction of 
the collected particles diffusing into the electrolyte. Fig. 4F showed 
that the collection efficiencies curve for particles larger than 200 
nm reached a stabilized plateau, suggesting that the soft membrane 
surface used in this system reduced the solid particle bouncing 
significantly, which occurs with particles larger than 200 nm in 
many studies of designed impactors (49, 50).

The whole system was operated at relatively low pressures (e.g., 
0.85 atm), and particles with a cutoff diameter of 50 to 300 nm 
can be captured (Fig. 4 A–C). The measured cutoff size was in good 
agreement with the theoretical calculation of the inertial impactor 

(~70 nm) (Fig. 4F). The minimal collection efficiency at 3 L/min 
is above 20% rather than zero likely due to some airflow penetra-
tion, which is consistent with the collection performance of porous 
materials reported previously (51, 52). The curvatures on the 
impaction surface induced by round jets also increased the jet-to-
plate distance/nozzle size (S/W) ratio, to affect the cutoff diameter 
(53). Nonetheless, the roughness of the surface increases the slip 
length for flows up to the micron level (54), which is the Navier 
slip condition, to increase the capture probability of particles.

Aerosol-into-Liquid Collection and Detection of Particle-Bound 
Pb(II). The mean mobility diameter of the lab-generated aerosol 
(including Pb(II) and PM10-like aerosol) was 37.41 ± 6.12 nm 
(Fig.  5A), whereas that of the ambient aerosol in Dübendorf, 
Switzerland, during the experiment was 117.98 ± 3.51 nm 
(SI Appendix, Fig. S9). The particle number of PM0.5, PM0.5-1,  
PM1-2.5, and PM2.5-10 of the Pb(II) aerosols accounted for 
97.4%, 2.1%, 0.5%, and 0.1% in terms of particle number, 
respectively (Fig. 5B). The ambient aerosol in Dübendorf during 
the experiment has a larger mean mobility diameter, with PM0.5, 
PM0.5-1, PM1-2.5, and PM2.5-10 number fraction of 90.8%, 7.6%, 
1.4%, and 0.2%, respectively. In contrast, PM10-like aerosol can 
be representative of real-world aerosol with an increased number 
of particles larger than 1 µm [e.g., dust-enriched aerosol and fire-
induced aerosol (55)], which consists of 71.8%, 22.6%, 5.5%, 
0.1% of PM0.5, PM0.5-1, PM1-2.5, and PM2.5-10, respectively 
(Fig. 5B). PM10-like particles were collected from the road tunnel 
“Wisłostrada” in Warsaw, Poland, with total carbon (11.1%) and 
Silicon (22.9%) as the major components (SI Appendix, Table S3), 
which were used to be reaerosolized in the lab. In addition, the 
particle number of the lab-generated PM10-like aerosol was up 
to 6.58 folds and 547.22 folds higher than that in the ambient 

Fig. 4. The integrated aerodynamic/electrochemical (IAE) system and its collection performance. (A) Collection efficiency of the IAE system as a function of different 
flow rates (1 wt% NaCl), (B) collection efficiency of the IAE system as a function of different nozzle-to-plate distance (1 wt% NaCl), (C) collection efficiency of the IAE 
system as a function of different nozzle number and pore size (1 wt% NaCl), (D) percentage of the size-resolved particle collection on PTFE plate, membrane (AILE 
electrode), electrolyte, and nozzle plate, (E) particle losses and aerosol-into-liquid transfer rate of the IAE system using monodisperse NaCl particles selected by 
DMA after 2 h collection at 7.1 L/min, (F) comparison of the collection efficiency using an AILE electrode as the impaction plate with that using an aluminum foil.
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environment according to the Aerodynamic Particle Sizer (APS) 
and SMPS measurements, respectively (SI  Appendix, Fig.  S9), 
which is also a typical characteristic of abrupt air pollution 
accidents. We also exploited the performance of the IAE system 
in the ambient environment. The result showed no Pb signal, 
which means the airborne Pb(II) concentration was below the 
limit of detection of the system (SI  Appendix, Fig.  S10). The 
parallel upstream and downstream filters determined by ICP-MS 
confirmed that no detectable Pb(II) was found during the same 
time duration of particle collection with a sampling flow rate of 4 
L/min (SI Appendix, Fig. S16 and Table S2), which suggested that 
the common filter method followed by ICP-MS was also not able 
to detect the low level of atmospheric soluble metals with a 1-h 
collection time. A previous study also found a very low airborne Pb 
concentration of PM10 in Dübendorf, Switzerland (0.344 ng/m3) 
(56). The metal compositions of the ambient environment mainly 
included Mg, Al, K, Ca, Fe, and Zn (56), which highlighted the 
absence of false positives using the IAE system in the ambient 
environment with the presence of low Pb(II) concentrations.

It was found that the particle-free airflow and pressure drop 
had a limited effect on hydrogen evolution (−1.04 ± 0.02 mA) 
and oxygen reduction (−0.10 ± 0.02 mA) at −0.2 V and 0.2 V, 
respectively (SI Appendix, Fig. S11B), indicating a relatively steady 
state of electrochemical environment under impingement of var-
ious flow rates up to 7.1 L/min. Compared to the cyclic voltam-
metry (CV) in the liquid phase, a higher current of oxygen 
reduction reaction at <0.25 V in the integrated system indicated 
the strong exposure of the membrane electrode to oxygen in the 
air (SI Appendix, Fig. S11D). In particular, the deposition current 
at 0 V was −1.34 ± 0.26 mA at equilibrium with the AILE 

electrode in the IAE system, which was 5.25 folds higher than 
that completely in the liquid phase. The oxygen reduction reaction 
might affect the Pb(II) deposition by occupying the limited elec-
trochemical active sites. Nonetheless, the deposition current 
remained stable at −0.2 V and 0.2 V, where hydrogen evolution 
and oxygen reduction reaction dominated, respectively (Fig. 5C). 
It demonstrated that the airflow rate had a negligible effect on the 
AILE electrode in the IAE system, resulting in a steady electro-
chemical environment for Pb(II) sensing.

The current peaks were mainly in the range of 0.3 to 0.6 V and 
increased with higher airborne Pb(II) concentration (Fig. 5D). It 
showed a linear relationship between peak currents and Pb(II) con-
centrations (Fig. 5 E and F). The limit of detection of the mem-
brane electrode was 90.3 ng with a 1-h collection duration, 
according to the equation LOD = 3δ/S, where δ is the SD of the 
background current signal and S is the ratio of the current signal 
to the captured Pb mass (ng). The electrolyte volume contained in 
the integrated system was around 43 mL after a 1-h operation, so 
the limit of detection was 10.1 nM, which was 7.8 folds lower than 
that of the detection in the liquid phase. The sensing conditions of 
the conventional aqueous detection and aerosol-into-liquid concept 
were listed in SI Appendix, Table S4. It demonstrated the sensing 
concept of air-into-liquid increased the mass transport of Pb(II) by 
constantly introducing Pb(II) through a shorter distance (i.e., the 
thickness of the AILE electrode) than the diffusion layer in the 
conventional aqueous detection. The detection ratio of PM10-like 
aerosols was 90.2 ± 17.1%, indicating a minimum effect from 
insoluble particles based on the aerosol-into-liquid transfer and 
selectivity of the AILE electrode. The detection ratio was the cal-
culated Pb mass obtained from electrochemical signals according 

Fig. 5. Sensing performance using the lab-generated metal aerosol and PM10-like aerosol. (A) SMPS scanning of the particle size distribution of the lab-generated 
Pb(II) particles and PM10-like aerosol, (B) normalized particle size distribution of the lab-generated lead particles and PM10-like aerosol in terms of aerodynamic 
diameter, (C) chronoamperometry current at 0.2 V and −0.2 V vs. RHE for about 1 min at different airflow rates, (D) example of SWV voltammetry of lab-generated 
Pb(II) aerosol, (E) concentration-dependent responses of the SWASV technique corresponding to captured Pb(II) into the aqueous phase from Pb(II) and PM10-like 
aerosols, (F) concentration-dependent responses to airborne Pb(II) and PM10-like aerosol using the SWASV technique. The relationships between current peaks 
and ICP-MS–verified concentrations using Pb aerosols were considered as the calibration curves. ICP-MS–verified concentrations were obtained from parallel 
filters and electrolytes followed by ICP-MS analysis.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 E
T

H
 B

ib
lio

th
ek

 o
n 

M
ar

ch
 1

, 2
02

3 
fr

om
 I

P 
ad

dr
es

s 
19

5.
17

6.
11

3.
15

0.

http://www.pnas.org/lookup/doi/10.1073/pnas.2219388120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2219388120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2219388120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2219388120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2219388120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2219388120#supplementary-materials


PNAS  2023  Vol. 120  No. 10  e2219388120� https://doi.org/10.1073/pnas.2219388120   7 of 11

to the calibration curves (Pb aerosols in Fig. 5E) compared to 
ICP-MS–verified concentrations. Again, the high detection ratio 
of PM10-like aerosols highlighted the system selectivity in the pres-
ence of real-world samples. For example, the concentrations of total 
carbon, calcium, chlorine, and iron in PM10-like aerosols were over 
985.2, 557.9, 88.8, and 337.6 folds higher than that of Pb, respec-
tively (SI Appendix, Table S3). The penetration ratio of the Pb(II) 
aerosol and PM10-like aerosol through the membrane electrode was 
99.4 ± 2.2% and 62.1 ± 22.5%, respectively. The lower penetration 
of PM10-like aerosol is likely due to the particle loss around nozzles 
and penetration loss through insoluble particle loads. The penetra-
tion of soluble metals could be a preprocessing-free process (e.g., 
without sonication), and a previous study indicated that it could 
cause relatively lower recoveries of Pb (87.0%) and Cu (78.2%), 
in comparison with recoveries of Pb (91.6%) and Cu (87.3%) after 
sonication (57). The limit of detection for airborne Pb aerosol and 
PM10-like aerosol in the environment was 95.7 ng and 140.0 ng 
with 1-h collection at 7.1 L/min, respectively. This limit of detec-
tion might be applied in heavily polluted regions [e.g., Hanoi (58), 
Beijing (59), and Xi’an (60) with a soluble Pb concentration of 
around 100 ng/m3] and abrupt air pollution events [e.g., wildfire 
(61) and festival firework (62) with an elevated Pb concentration 
of above 100 ng/m3]. It was noted that a huge potential to improve 
the limit of detection was discussed in the discussion section below. 
The collection efficiency of lab-generated Pb and PM10-like aerosols 
in the integrated system was 84.7 ± 3.3%. Overall, the integrated 
system exhibited the applicability, selectivity, and stability of our 
IAE system for the Pb(II) collection and detection in the aerosol 
with high particle numbers and large particle sizes, which usually 
appears in abrupt air pollution accidents.

Mechanism of Aerosol-into-Liquid Collection and Sensing. The 
flow velocity field within the system showed that the flow rate 
was generally lower than 3 m/s, whereas it increased up to 160 
m/s around the nozzle plate (Fig. 6A). Both experimental and 
simulation results showed that the jet-to-electrode distances 
affected the collection efficiency (Fig. 6B). Simulation analysis 
indicated that the aerosol-into-liquid concept could achieve a 
faster mass transport with a longer collection time, compared 
to the conventional aqueous detection (Fig. 6C). For example, 
the mass transport using the aerosol-into-liquid concept would 
increase up to 15-fold of that using the conventional aqueous 
detection with a collection time of 5 min. For the aerosol-
into-liquid concept, the mass transport of metal ions reaching 
the electrode surface was mainly driven by the concentration 
gradient, while the electrolyte evaporation in the opposite 
direction of metal diffusion, and metal adsorption had a 
minor effect on the mass transport (SI Appendix, Fig. S20C). 
Nonetheless, the sufficient mass transport in the aerosol-into-
liquid concept was not fully utilized in the Pb(II) sensing, 
and the utilization ratio was 4.65 ± 1.02% compared to the 
conventional aqueous detection (SI  Appendix, Fig.  S12), 
which was likely due to the stronger oxygen reduction reaction 
on the electrode surface in the aerosol-into-liquid concept 
(SI  Appendix, Fig.  S11D). Since the detection of Pb(II) was 
an accumulation of reduced Pb on the electrode surface, the 
utilization ratio was defined as the fraction of reduced Pb(II) 
reaching the electrode surface. Fig. 6D indicated that the air 
jet with a velocity of 100 m/s impinging on the electrolyte-
supported membrane led to vertical deformation, which had 
a minor effect on the collection performance according to the 

Fig.  6. Collection and sensing mechanism using the IAE system. (A) Airflow field inside the IAE system at an inflow rate of 7.1 L/min, (B) comparison of 
experimental and simulated collection efficiency with 151 × 0.1 mm (diameter) nozzles at 7.1 L/min in terms of jet-to-plate distance, (C) Diffusion simulation of 
Pb(II) based on the concept of aerosol-into-liquid collection and detection, and the conventional detection method, given a Pb(II) concentration of 205 nM, (D) 
photo of electrolyte-supported electrode membrane deformation with the flow jet at 100 m/s through 151 × 0.1 mm nozzles, (E and F) SEM image of the particle 
collection on the AILE electrode, (G) cross-sectional plasma FIB/SEM image of the AILE electrode with collected particles, (H) cross-sectional elemental mapping 
of the AILE electrode with collected particles.D
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good agreement between experimental and simulation results 
shown in Fig. 6B.

SEM images showed that PM10 particles were well-distributed 
homogenously among nanofibers of the membrane surface (Fig. 6 
E and F), rather than forming deposition build-ups. The diameter 
of the particle distribution area facing each nozzle was around 200 
µm (Fig. 6E). PM10 particles were mostly collected on the nanofiber 
surface (Fig. 6 G and H), which provides a unique way to avoid 
fouling from solid particles on the downward electrode surface 
resulting in the disabled electrode. In contrast, the soluble fraction 
penetrates and reaches the electrode surface for electrochemical 
sensing, as shown in SEM mapping that Na and K were also deter-
mined in the middle of the AILE electrode cross-section 
(SI Appendix, Fig. S13). Therefore, the electrolyte-supported PAN 
membrane electrode demonstrated a stable and efficient structure 
for particle collection and immediate metal detection by separating 
gas and liquid phase via a solid nanofiber membrane. Metals could 
be rapidly released for particles immediately after contacting the 
aqueous solution (63). Capillary forces are dominant in attaching 
particles at the air–water interface (64), and the presence of acetic 
acid in some cases enhances the hydrophilic properties of particles 
(65). These factors could facilitate the metal dissolution and mass 
transport through the electrode. The aerosol-into-liquid collection 
of hydrophilic malachite green particles indicated sufficient aero-
sol-into-liquid dissolution and transfer of soluble particles through 
the membrane electrode, resulting in a relatively homogeneous 
distribution of malachite green on the membrane and the electro-
lyte, respectively (SI Appendix, Fig. S14). It also indicated that 
based on the concept of aerosol-into-liquid collection and detection 
achieved via the AILE electrode, sample preprocessing was not 
necessarily applied using the IAE system for collection and detec-
tion. It was noted that the aerosol-into-liquid dissolution of soluble 
particles could be distinct from that of insoluble particles in aerosol 
(e.g., longer penetration distance due to particle loads, less disso-
lution efficiency from insoluble-containing particles).

Discussion

A concept of aerosol-into-liquid capture and detection was intro-
duced to design the on-site, near-continuous, low-cost, and min-
iaturized system for capturing and determining airborne soluble 
metals. This concept opens up a new way for sampling and meas-
urement, which can rapidly respond to atmospheric processes and 
pollution events. The IAE system designed based on this concept 
was validated using lab-generated and ambient aerosols. The elec-
trochemical detection was achieved under a high airflow rate (e.g., 
100 m/s) and low pressure (e.g., 0.85 atm). Interestingly, the col-
lection and detection performances were superior compared to 
conventional collection techniques (e.g., metal-based impactors) 
and electrochemical detection methods (e.g., electrochemical detec-
tion in solutions with a homogenous concentration), such as lower 
cutoff sizes, minimum particle bouncing, minimum sample pre-
processing, a lower limit of detection, and minimum insoluble 
particle fouling. It was suggested that future designs based on this 
concept should benefit not only from reduced system sizes but also 
from improved collection and detection performance. The electro-
chemical voltammetry methods can achieve the detection of mul-
tiple metals such as Cd, Pb, Cu, Fe, and Ni ions (66), which are 
expected to be realized in our system via modifying either sensing 
materials or sensing techniques. As shown in SI Appendix, Table S1, 
the electrochemical method has been successfully developed to 
detect multiple metals such as Fe, Cu, Ni, Zn, and Pb ions in aerosol 
samples on the same electrode without significant interference from 
unintended metals. These studies show the limit of detection of 

different metals was comparable to that of Pb(II) obtained in this 
work, which indicates that a similar limit of detection could be 
achieved for other airborne metals. Membranes should be carefully 
selected and developed depending on the types of metals to be 
sampled and detected, to avoid significant adsorption or changes 
in the chemical form of soluble metals. In the future, we also antic-
ipate that the system offers a platform for collecting and detecting 
other soluble components in the aerosol. Moreover, the availability 
and development of the AILE electrode by designing pore size, 
thickness, and structure of nanofibers could also enable the collec-
tion and detection of aerosol insoluble components.

For the collection scheme, it is noted that the aerosol-into-liq-
uid concept is different from the particle-into-liquid sampler 
(PILS), which employs particle condensation growth to capture 
particles into liquid (67). In contrast, the collection method of 
this work is similar to a wet-surface impactor, where the liquid 
impaction film tends to collapse with a cutoff collection size of 
smaller than 200 nm due to the increased force of air jets (29). In 
comparison, the electrolyte-supported AILE electrode is capable 
of withstanding the air jets resulting in a cutoff size down to  
50 nm. To avoid the sampling (e.g., PILS) and detection (e.g., UV– 
visible spectrophotometry (UV/VIS) spectrometer) units in 
sequence, the AILE electrode achieves the direct detection of sol-
uble metals on one side after collecting particles on the other side. 
The separation of soluble fractions from total metals is a necessary 
step before determining metal solubility or bioaccessibility and 
exploring their relationship with adverse health effects such as 
reactive oxygen species (21). The conventional separation step 
involves sonication and submicrometer-graded filter filtration 
(68). In contrast, our concept and system are able to skip this step 
via the aerosol-into-liquid process.

To our knowledge, there are several commercial continuous 
metal monitors such as Xact 625i and PX-375, to achieve a low 
limit of detection with a high time resolution (SI Appendix, 
Table S5). However, our concept and IAE system could fit in the 
field where the shortages of these commercial instruments are. For 
instance, the IAE system based on the aerosol-into-liquid concept 
can be adapted into decentralized and rapid monitoring at a high 
spatial resolution because of up to 40X smaller size and 400X 
lower cost as shown in SI Appendix, Table S5. Screen-printed elec-
trodes enable low-cost, miniaturized systems for decentralized and 
on-site determination of airborne metals (69). Our system func-
tions similarly to the combination of a screen-printed electrode 
system and a sampling method of airborne metals, which also 
suggests that our proposed system can be further miniaturized and 
simplified if a screen-printed porous and hydrophilic working 
electrode is available to replace the three electrodes used in the 
present system. More importantly, the IAE system is sensitive to 
metal solubility, which is strongly associated with adverse health 
issues, whereas the available commercial instruments offer infor-
mation on total elements. Overall, the aerosol-into-liquid concept 
will contribute to extensive measurements, understanding, and 
risk assessments of atmospheric soluble metals.

The range of soluble fractions of metals in PM varies greatly 
depending on many factors such as sampling locations and emis-
sion sources. For example, a review summarized the soluble metals 
in PM using water as the leaching agent, and the soluble fraction 
of Pb was in a wide range of 3.8 to 88% (20). There are many 
leaching agents used for the extraction of bioaccessible metals, such 
as water, acetate buffer, artificial lysosomal fluid, and Gamble's 
solution, which exhibit various levels of metal solubility and might 
bring about different definitions of bioaccessible metals (20). The 
electrolyte (0.1 M acetate buffer) we used in the experiment could 
be relevant in assessments of bioaccessibility and investigations of D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.p

na
s.

or
g 

by
 E

T
H

 B
ib

lio
th

ek
 o

n 
M

ar
ch

 1
, 2

02
3 

fr
om

 I
P 

ad
dr

es
s 

19
5.

17
6.

11
3.

15
0.

http://www.pnas.org/lookup/doi/10.1073/pnas.2219388120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2219388120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2219388120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2219388120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2219388120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2219388120#supplementary-materials


PNAS  2023  Vol. 120  No. 10  e2219388120� https://doi.org/10.1073/pnas.2219388120   9 of 11

metal toxicity, however, the results might differ from the metal 
dissolution in vivo. Further, the electrolyte in the proposed system 
can be changed for the dissolution of airborne metals according to 
the needs of target applications (e.g., simulation of airborne metal 
dissolution in body fluids). The extraction of soluble metals in this 
work was performed in 45 mL of 0.1 M acetate buffer (pH 4.45) 
for 1 h at room temperature. Further investigations based on the 
proposed concept and system could also be devoted to the varia-
bility of soluble metals by separating insoluble and soluble metals 
using the Janus-membrane electrode, which might effectively con-
tribute to the understanding of soluble metals.

Despite the excellent performance validated using reaerosolized 
PM10-like particles (real-world samples), the monitoring of soluble 
metals using the system in ambient air is still challenging due to 
the higher limit of detection compared to ambient Pb concentra-
tions in most cases. Nonetheless, based on this concept, the limit 
of detection is expected to achieve potential improvements by 
advancing the used electrochemical voltammetry method. For 
example, as the collection time of 1 h is carried out using the 
system, the limit of detection in a unit of ng/m3 is possibly reduced 
by prolonging the collection time to collect more air volume (e.g., 
by 2X with a 2-h collection time). Only 4.65% Pb mass is utilized 
in the Pb(II) sensing compared to the conventional aqueous detec-
tion likely due to the strong oxygen reduction reaction, the limit 
of detection therefore could be potentially improved (by 20X if Pb 
mass is fully utilized) using oxygen scavenger agents in the electro-
lyte. Moreover, a bare gold electrode is used to prove the aerosol-in-
to-liquid concept in this work, which can be modified by adding 
nanostructures or changing material compositions to further 
improve the limit of detection ideally by order of magnitudes.

Methods

Chemicals and Reagents. Deionized water (>18.2 MΩ cm) was derived from 
the Milli-Q system (Merck Millipore). Polyacrylonitrile (PAN, Mw 534000, powder), 
N, N-dimethylformamide (DMF, ≥ 99.8%), lead (II) nitrate (99.999%), glacial 
acetic acid (99.7%), sulfuric acid (95 to 98%), potassium hydroxide (>85%), and 
cadmium nitrate tetrahydrate (99.997%) were purchased from Sigma-Aldrich. 
Copper (II) nitrate hemi(pentahydrate) (98%) was obtained from Alfa Aesar. In 
addition, 0.1 mM metal ions solutions were prepared for further dilution in  
0.1 M acetate buffer (pH 4.45).

Preparation of the AILE Electrodes. The commonly used materials for sens-
ing transition-metal ions in terms of electrochemical sensors are glassy carbon, 
gold, and boron-doped diamond, besides mercury and bismuth (70). Here, we 
employed a PAN nanofiber membrane and gold as aerodynamic functional 
material and electrochemical sensing surface, respectively. The PAN nanofiber 
membrane with a thickness of ~30 µm was obtained by electrospinning (43). 
In brief, 8 wt.% PAN/DMF solution was prepared and employed for 2 h with an 
extrusion rate of 1 mL/h, and the distance between the tip and collector was 
15 cm. Prior to gold deposition, the PAN nanofiber membrane was laminated at 
75 °C (GBC Fusion 1100 L), to improve lamination and mechanical strength (43). 
Gold (~50 nm) was sputtered on one side of the PAN nanofiber membrane by 
magnetron sputtering (Leica EM ACE 600).

Due to the adsorption of metal ions onto PAN nanofiber (71, 72), 40 mg of 
prepared PAN nanofiber membrane (~135 cm2) was put into 30 mL of a 10 µM 
Pb solution for 24 h and then into the Pb-free 0.1 M acetate buffer and then 
MilliQ water for 24 h after rinsing with MilliQ water, respectively, to examine 
the adsorption and desorption behaviors. The sample solution was shaken on a 
rotary shaker (KS 260 basic, IKA), operating at room temperature and 100 rpm. 
Then, 1 mL of the sample solution was withdrawn at 10 min, 30 min, 1 h, 2 h, 5 h, 
10 h, and 24 h, which was acidified to 1% (w/w) HNO3 and refrigerated until the 
ICP-MS measurement. The PAN nanofiber was then transferred into 30 mL 10 µM 
Pb solution for 24 h again to investigate the repeated adsorption behavior. The 
electrolyte uptake ratio of the PAN nanofiber-based gold electrode was approxi-
mately 50 g/g. The fiber diameter and porosity of the PAN nanofiber membrane 

and PAN nanofiber-based gold electrode were determined with ImageJ 1.50e on 
SEM images. The gold wire (99.9%, MaTecK) was used to connect the potentiostat 
with PAN nanofiber-based gold electrode. The Teflon tape was used to fix the work-
ing area of PAN nanofiber-based gold electrodes (Ø = 1.6 cm) for the detection 
of metal ions in the liquid phase (SI Appendix, Fig. S1). Cyclic voltammetry is in 
the potential range of −0.2 to 1.2 V vs. Reversible hydrogen electrode (RHE) 
for about 20 cycles and chronoamperometry at 1.0 V was performed to activate 
the PAN nanofiber-based gold electrode in 0.1 M acetate buffer (pH 4.45) and 
electrochemicallys remove any impurities before the metal ions detection each 
time, to obtain the active and reproducible electrode surface (73).

Electrochemical Detection Methods in the Liquid Phase. The electrochem-
ical studies were carried out using either SP-240 potentiostat or SP-300 poten-
tiostat (Bio-Logic Science Instruments). Specifically, the detection of metal ions 
in the liquid phase was conducted in a standard three-electrode electrochemical 
cell (saturated with Argon during experiments) with an Ag/AgCl (SI Analytics or 
Microelectrodes, 3 M KCl) reference electrode (SI Appendix, Fig. S15) and Pt wire 
counter electrode. Then, 100 mL of 0.1 M acetate buffer (pH 4.45), prepared 
by mixing glacial acetic acid and potassium hydroxide, was the electrolyte to 
eliminate sample matrix effects. A gold rotating disk electrode (RDE) (Ageo =  
0.20 cm2) was sonicated in 0.15 M nitrate acid and 0.2 M hydrochloric acid for 
10 min, respectively, and then polished with 0.05 µm alumina polishing slurry 
(Pace Technologies). The rotation rate (1,600 rpm) of gold RDE was controlled by 
Pine instruments set up for RDE.

The working principle is accumulating soluble metals on the electrode surface 
(metal reduction) and then obtaining the signal (metal oxidation). Anodic strip-
ping voltammetry (ASV) is the technique that allows metal reduction and then 
metal oxidation. The following parameters were used: conditioning potential 
(Econd) 1 V vs. RHE for 4 min, deposition potential (Edep) −0.2 V for 5 min, and 
equilibration time (teq) for 30 s (only in the case of RDE). The stripping charge 
using ASV was calculated by integrating current over time, and then, background 
charging should be subtracted from it. Square wave anodic stripping voltammetry 
(SWASV) is widely used in the detection without oxygen removal (74). The follow-
ing parameters were used: conditioning potential (Econd) 1 V vs. RHE for 4 min, 
deposition potential (Edep) −0.2 V for 5 min, Square Wave (SW) amplitude (Eamp) 
25 mV, step potential (Estep) 5 mV, pulse width 5 ms. Experiments with each con-
centration were repeated three times, to obtain the deviation and ensure accuracy.

The IAE System for Detecting Aerosol Pb(II). Materials (e.g., metal, glass, 
and PTFE) for the electrochemical sensing system should be carefully selected. 
For example, stainless steel was used for the tubing and nozzle plate to avoid 
particle deposition and losses during the particle collection, whereas PTFE was 
employed in the electrochemical cell due to its hydrophobicity, conductive resist-
ance, and contamination resistance. From the perspective of electrochemistry, a 
small volume of the cell (Ø = 1.6 cm) was employed to reduce mass transport and 
improve the detection limit. PAN nanofiber-based gold electrode (3 × 3 cm) with 
a gold wire was mounted on PTFE plates, to achieve a precise distance between 
the jet and the electrode via a nozzle-to-plate distance adjuster. The actual col-
lection and sensing area (Ø = 1.6 cm) was isolated by a circle of glue (Araldite, 
Switzerland) to achieve waterproof beyond the real sensing area (SI Appendix, 
Fig. S1). The PAN side without gold was used to face flows and capture parti-
cles. It should be noted that the PAN side with a gold surface immerses into 
the electrolyte, to alleviate the intense reaction of oxygen reduction on active 
sites during the metal deposition. The counter and flexible reference electrode 
was long enough to reach the PTFE plate part so that the distance between the 
working and reference or counter electrode was minimized to reduce the ohmic 
drop induced by the electrolyte.

For the aerodynamic part, a microorifice cascade impactor was designed and 
fabricated using stainless steel for particle collection based on inertial impaction. 
The flow rate should be increased gradually to avoid the sudden spilling of the 
electrolyte from the PTFE cell. The Stokes number (Stk) was calculated based on 
the following equation.

Stk =
�pd

2
p
CcU

9�W
,

where �p is the particle density, dp is the 50% cutoff diameter of particles, Cc is 
the slip correction factor, U is the average jet velocity, � is the dynamic viscosity D
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of the air (1.8 * 10−5 kg ms−1), and W  is the diameter of the nozzle. The Stokes 
number ( Stk50 ) should be 0.49 using a round-nozzle impactor (75). The cutoff 
size diameter is calculated with the following equation:

Dp50 =

√

√

√

√

9��D3
j
Stk50

4�pQCc
,

where Dj is the diameter of the nozzle and Q is the flow rate. Meanwhile, Reynolds 
number (Re) should be in the range of 500 to 3,000 to achieve maximum collec-
tion efficiency, which is defined as follows.

Re =
�WV0
�

,

where � is the gas density, W  is the nozzle diameter, V0 is the velocity, and � is 
the viscosity. To achieve a relatively low Reynolds number and pressure drop, we 
chose 151 and 201 nozzles. Considering the low porosity (1%) of the nozzle plate 
to avoid the cross-flow effect, the diameter of the tube is set to 16 mm. Impactor 
operating parameters such as S/W should be in the range from 0.5 to 10 (29, 76). 
Considering S/W for the eighth stage in MOUDI (77), the jet-to-plate distance was 
set to 1 mm. The aerodynamic and electrochemical function modules were con-
nected through two PTFE tubing, to balance air pressure and electrolyte height.

Evaluation of Collection Efficiency and Sensing Performance of the IAE 
System. A homemade atomizer and a diffusion dryer were used to generate and 
dry the aerosol with a flow rate of 3.8 L/min. Size resolved information including 
size distribution and particle number was measured using the scanning mobility 
particle sizer (SMPS), which consists of a differential mobility analyzer (DMA, TSI 
model 3081) and a condensation particle counter (TSI model 3775). The con-
centration of metal ions in the aerosol was determined by ICP-MS. The particle 
number and concentration of aerosol were determined by measuring upstream 
(Cup) and downstream (Cdown). The collection efficiency (η) of the inertial impactor 
was calculated as follows:

� =
Cup − Cdown

Cup
× 100% .

The particle loss and aerosol-into-liquid transfer efficiency of the system were 
evaluated using NaCl monodisperse particles selected by DMA and collected for 2 
h. More specifically, the nozzle plate, PAN membrane, and PTFE plate were eluted 
by 10 mL milli-Q water after particle collection, and 10 mL electrolyte (here, we 
used Millli-Q water to avoid Na contamination) in the system was also preserved 
for NaCl determination by ICP-MS. NaCl concentrations from the PAN membrane 
and electrolyte were used to estimate the aerosol-into-liquid transfer efficiency. 
To simulate and visualize the collection of trace airborne soluble elements in the 
integrated system, 0.2 wt% malachite green solution was used in the particle 
generation system to produce colored particles for 1 h.

To correlate the concentration of metal ions in the aerosol with the electro-
chemical signal, two filter holders with 1 µm 47 mm polycarbonate membrane 
filters (effective diameter 35 mm) (Sterlitech) or 0.45 µm cellulose nitrate filters 

(Sartorius Stedim biotech) were placed in the effluent flow of the electrochemical 
sensing system and in parallel at the same flowrate (i.e., 7.1 L/min), respectively 
(SI  Appendix, Figs.  S16 and S17). The filters were ultrasonically extracted for 
30 min in centrifuge tubes using 1 mL acetate buffer. Subsequently, 9 mL water 
was added and combined ultrasonically for another 30 min. The combined extracts 
were filtered using syringe filters (0.2 µm) to remove the insoluble fractions.

Pb(NO3)2 and PM10-like (trace elements) ERM® Certified Reference Material 
(European Reference Materials, ERM-CZ120) in acetate buffer (pH 4.45) were 
generated from a homemade atomizer as particles and used for establishing 
the calibration curve. Then, 50 mg PM10-like (trace elements) ERM® Certified 
Reference Material, was suspended in 50 mL acetate buffer (pH 4.45) and shaken 
on a vortex shaker (uniTEXER, LLG Labware) at 1,000 rpm for 5 min, followed by 
sonication for 30 min (78). PM10 suspension solution was diluted using acetate 
buffer to obtain different aerosol concentrations. It is noted that the Pb solution 
and PM suspension were prepared with acetate buffer to reduce metal hydration. 
The collection time of the integrated system was 1 h. Ambient aerosol around the 
laboratory (n = 2) was measured for the performance evaluation in the real-world 
environment. The following parameters for the electrochemical technique were 
used: conditioning potential (Econd) 1 V vs. RHE for 4 min, deposition potential 
(Edep) 0 V for 1 h, SW amplitude (Eamp) 25 mV, step potential (Estep) 5 mV, pulse 
width 5 ms, and quiet time (no airflow) 0 min.

Numerical Simulation of the Aerosol Dynamics and Metal Ion Diffusion. 
The aerosol dynamics and particle capture were simulated using COMSOL 
Multiphysics 6.0. Laminar flow and particle tracing for fluid flow modules were 
involved. The geometric dimensions were set the same as the real setup and fur-
ther simplified. In the aerodynamic simulation, the Reynolds number was smaller 
than 1,000, and therefore, the laminar regime could be assumed (79). Matlab 
was used to simulate the Pb(II) diffusion processes in the case of conventional 
aqueous detection and the aerosol-into-liquid concept. The AILE electrode was 
simplified into a film with a thickness of 15 µm due to the complex structure of 
nanofibers on a millimeter scale. A detailed description of the simulations can 
be found in the SI Appendix.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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