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A B S T R A C T   

The evaluation of collection efficiencies of aerosol samplers becomes challenging with high pressure drops. The 
evaluation approaches applied at various conditions deserve further development, especially when a high 
pressure drop is induced by the sampler. In this work, an elution-based method using NaCl aerosol was proposed 
to estimate the size-resolved collection efficiency which was not affected by the pressure drop. More specifically, 
a Condensation Particle Counter (CPC) was used to count the upstream particle number, and the collected NaCl 
particles were eluted and determined by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) for estimating 
the collected particle number. The relationship between number-based concentration and mass-based concen-
tration of NaCl particles was established. A stainless steel impactor for Differential Mobility Analyzer (DMA), 
polydimethylsiloxane (PDMS)-based microchannel, and a homemade impactor containing 151 nozzles with a 
diameter of 0.1 mm were employed to investigate the feasibility of the elution method. DMA-selected particles 
with a nominal size are considered to be the monodisperse aerosol, which was commonly used for estimating the 
collection efficiencies of samplers, but size redistribution of downstream monodisperse aerosol with the particle 
size smaller than 100 nm and larger than the cutoff size (D50) was revealed through the elution method, which 
affected the collection efficiency measured by either conventional CPC- or elution-based method. It was found 
that the elution method was dependent on the D50 value of the sampler, and the applicable size range was from 
100 nm to D50 (D50 < 500 nm) or from 100 nm to 500 nm (D50 greater than 500 nm). This study provided 
insights into the size-dependent particle transport through aerosol samplers, and the development of an elution- 
based method to estimate pressure drop-independent collection efficiencies.   

1. Introduction 

Aerosol samplers such as impactors, impingers, and cyclones are 
widely used to collect or classify airborne particles [1]. To evaluate the 
aerosol samplers, its size-resolved collection efficiency is normally 
investigated. The online aerosol instruments such as the scanning 
mobility particle sizer (SMPS) or aerodynamic particle sizer (APS) are 
often employed to measure the upstream (Nup) and downstream (Ndown) 
particle number concentrations of the samplers to determine the 
collection efficiency (ηP) [2]: 

ηP =
Nup − Ndown

Nup
(1) 

However, obtaining an accurate particle size and number concen-
tration becomes challenging when the inlet pressure of the online in-
struments is outside the operating range due to the high pressure drop 
induced by samplers [3]. For example, Condensation Particle Counter 
(CPC) 3775 could operate normally only at an inlet pressure of 0.75 to 
1.05 atm [4]. Under a low pressure condition (e.g. 0.5 atm), the counting 
efficiency of a CPC can be largely reduced due to the particle diffusion 
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loss for small particles and lower particle growth rates by the butanol 
condensation [5–7]. 

To alleviate the problem of the collection efficiency measurement 
affected by a high pressure drop, some instrumental modifications with 
additional devices for online particle counting have been made. For 
example, a pressure reducer was built to balance the pressure drop be-
tween upstream and downstream, so that the aerodynamic particle size 
spectrometer was able to work at a pressure drop as high as 0.5 atm [5]. 
A modification in the sampling line with a foil bag was made to allow the 
operation of SMPS at a low pressure [8]. A sample extractor with the 
piston arrangement is applied to reach the pressure equilibration 
required by APS and SMPS [9]. A Differential Mobility Particle Sizer 
(DMPS) system for low-pressure and low-temperature application was 
developed, which was able to work in the pressure range of 100 – 1000 
hPa [10]. A modified CPC 7610 with a pressure equalizing tube was 
employed to measure particle concentration at pressures as low as 160 
hPa [11]. More recently, a commercial low-pressure ejector has been 
investigated in a pressure range of 20 – 180 mbar and size range of 15 – 
80 nm [12,13]. TSI model 3068 electrometer or Keithley model 6514 
electrometer are alternative ways to estimate the downstream particle 
number by measuring electric currents under low pressure conditions 
[14,15], however, the charging status of the particles needs to be well 
controlled. 

Besides the online instrumental counting, elution-based methods 
such as fluorometric techniques were used to estimate the collection 
efficiency [16]. Fluorescein labelled aerosol were collected and eluted 
into a solution, and then the fluorescein intensity was analyzed by a 
fluorometer. For example, oleic acid particles containing the uranine 
dye tracer were used to determine the collection efficiency of the 

Electrical Low-Pressure Impactor [17]. Fluorescence polystyrene mi-
crospheres were also employed to estimate the collection efficiency by 
elution and counting [18,19], but the elution efficiency could vary from 
50 % to 100 % [20], which might result in an inaccurate estimation of 
the collection efficiency. Highly hydrophilic ammonium fluorescein 
particles were also used for estimating the collection efficiency and 
particle loss of a designed particle-into-liquid sampler [21]. The main 
disadvantage of the fluorometric method is that fluorescence is not 
specific and fades quickly [22]. The application of the fluorometric 
method is mainly limited by the fixed sizes of fluorescein insoluble 
particles, while estimation of collection efficiency in terms of particle 
number remains uncertain using mass concentrations of soluble fluo-
rescein particles generated from a liquid solution. 

Besides fluorometric techniques and modifications of online instru-
mental counting, it is beneficial to develop an alternative method that 
estimates the collection efficiency of samplers in a simple and reliable 
manner in a tunable size range, and is not affected by the pressure drop. 
Many common aerosol samplers are made out of metal, and poly-
dimethylsiloxane (PDMS) is becoming more widely used in the fabri-
cation of miniaturized aerosol sampling units [23]. In this study, an 
elution-based method using NaCl particles was developed and exam-
ined using metal- and PDMS-based aerosol samplers, and a homemade 
impactor. Upstream CPC particle number and ICPMS-measured Na 
concentration of collected particles were analyzed to address the 
downstream CPC operation issue at high pressure drops and to calculate 
the collection efficiency. On one hand, with this method, ICP-MS was 
introduced for estimating the collection efficiency of samplers under 
high pressure drop to avoid the incompetence or modification of the 
online instruments such as CPC, SMPS and APS. On the other hand, this 

Fig. 1. Setup schematic of (a) collection efficiency evaluation and (b) size distribution determination using SMPS for monodisperse particles. Dash lines for DMA 
mean the optional connections. Sampler A, B and C represent the metal-based impactor for DMA, PDMS-based microchannel and homemade impactor, respectively. 
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study also extended the application of the elution-based methods to 
investigate the size-resolved particle transport through samplers. 

2. Materials and methods 

2.1. Generation of the NaCl aerosol 

Particle candidates such as NaCl [24], KCl, dust [25,26], SiO2 [27], 
Polystyrene Latex Beads (PSL) [28], Di-Ethyl-Hexyl-Sebacat (DEHS) and 
silver nanoparticles [29] are widely used as the challenge particles in 
evaluating the collection efficiencies of samplers. Herein, NaCl solution 
was used to generate NaCl particles from a homemade atomizer at 2.8 
bar with a flow rate of 3.8 L/min. Two Differential Mobility Analyzers 
(DMA 3080 and 3082, TSI) were used in parallel (Fig. 1) to generate a 
sufficient number of monodisperse NaCl particles smaller than 100 nm 
(aerosol flow: sheath flow = 1: 10), while one DMA (3082) was used for 
generating the particles larger than 100 nm. The aerosol flow was kept 
the same for the two DMAs used for particles smaller than 100 nm. The 
size selection of the DMA was confirmed using 310 nm polystyrene latex 
(PSL) particles (Fig. S1). An additional neutralizer after the DMA was 
installed to neutralize the monodisperse particles and to minimize the 
filtration efficiency induced by electrostatic forces (i.e. particle losses) 
[29]. In this work, monodisperse particles were defined as the DMA- 
selected particles with a nominal size. The aerosol inflow to the DMA 
was 0.6 and 0.3 L/min for classifying particles smaller and larger than 
400 nm, respectively (Fig. 1). The aerosol flow was kept same (0.6 L/ 
min) for the two DMA used for particles smaller than 100 nm. The 
collection time was adjusted to ensure sufficiently high particle con-
centration, which was prepared as ppb-level elution sample and 
measured by ICP-MS. In this study, 30, 50, 80, 100, 200, 300, 400, 500, 
600, 700, 800 nm particles were collected for 16 h, 8 h, 2 h, 80 min, 40 
min, 20 min, 20 min, 20 min, 20 min, 20 min, 20 min, respectively. A 
conventional impactor with a nozzle diameter of 0.0710 cm for DMA 
3080 [30] and a designed PDMS microchannel [31] were used in this 
study to develop and validate the estimation method. To reduce the 
particle bouncing, Tween 20 viscous liquid (Sigma-Aldrich) was used to 
coat the surface of the impactor [32,33], which is miscible in water. All 
tubing was rinsed with Milli-Q water in an ultrasonic bath to avoid any 
contamination from tubing. Particle numbers of specific sizes counted 
by the upstream and downstream CPCs were corrected by dummy 
measurements, i.e., the particle sampler was replaced by a short empty 
tube and all the other parts of the setup stayed the same. Then the ratio 
of particle number concentration counted by upstream and downstream 
CPCs was obtained to correct the CPC-counted upstream particle 

number concentration. The result showed that the typical ratio of par-
ticle numbers was lower than 1 for the particles in the size range of 50 – 
300 nm (Fig. S2). In detail, the lowest ratio was around 0.8 for about 
100 nm particles. 

According to the relationship between NaCl solution concentrations 
and generated particle numbers shown in Fig. 2, 0.05 wt% was used to 
generate particles smaller than 50 nm, while 1 wt% was used to generate 
particles larger than 50 nm, to maximize the generated particle number. 
The results indicated that the water residuals in the aerosol accounted 
for<0.5 % of the total particle volume using 0.05 and 1 wt% NaCl so-
lutions. Therefore, it was reasonable to assume that the fraction of im-
purities in NaCl particles was negligible. The collected NaCl particles 
smaller than 100 nm and larger than 100 nm were eluted by MiliQ water 
as 5 and 10 mL samples in centrifuge tubes, respectively, and 1 % HNO3 
(Supelco, Suprapur) was added prior to ICPMS measurements. The 
dissolution of the NaCl particles collected from samplers was affected by 
particle sizes and mass concentrations. For example, small particles and 
low mass concentrations could lead to relatively insufficient elution 
process. The effects of these factors were further discussed in section 3.4. 
The conversion of particle number to the corresponding mass concen-
tration in water is based on the following equation: 

CP = NP∙0.4∙VP∙ρP

Vsample
(2)  

where NP is the total NaCl particle number, CP is the NaCl mass con-
centration in water (µg/L),Vsample is the volume of the liquid sample 
(mL), 0.4 is the mass fraction of sodium in NaCl, VP is the volume of a 
single NaCl particle (assuming a spherical particle with a nominal 
mobility diameter), ρP is the density of NaCl particle (assuming 2.16 g/ 
cm3 [34]). It is noted that the results derived from equation (2) are also 
affected by various factors, such as particle shape and particle diameters 
used in the equation. For example, the relationship between aero-
dynamic and geometric diameters is based on the ratio of the square root 
of slip correction of these two diameters [35], and dynamic shape factor 
and particle density are involved to convert mobility diameter into 
aerodynamic diameter [36]. In this work, CPC-counted collection effi-
ciency (ηCPC) refers to equation (1). And the calculated collection effi-
ciency (ηcal) is based on the following equation: 

ηcal =
CICP

Cup
(3)  

where CICP is the Na concentration derived from ICP-MS measurements, 
and Cup is the mass concentration of Na in upstream particles calculated 

Fig. 2. Relationship between NaCl solution concentration (0.0025, 0.005, 0.01, 0.05, 0.1, 0.5 and 1 wt%) and generated particle number concentration in the size 
range of (a) 13 – 800 nm and (b) 13 – 80 nm in terms of electrical mobility diameter at 2.8 bar. 

Y.-B. Zhao et al.                                                                                                                                                                                                                                



Separation and Purification Technology 287 (2022) 120590

4

by equation (2). 

2.2. Design and fabrication of the microchannel collector and the 
homemade impactor 

A microchannel with a cross section area (1.6 mm × 1.6 mm) was 
used to investigate the feasibility of the elution-based method (Fig. S3). 
The detailed description of the microchannel was reported in the pre-
vious study [31]. The ratio of the radius of curvature to the micro-
channel diameter was 2 [20]. The microchannel mold was designed 
using Auto CAD and printed using a 3D printer. PDMS monomer (Syl-
gard 184, Dow Corning, Midland, USA) was mixed with curing agent in 
the volume ratio of 10:1, and then degassed in a vacuum desiccator. The 
PDMS gels were subsequently cast onto the mold and peeled off after 
being heated at 70 ◦C for four hours, and these PDMS peelings were 
bound after plasma treatment. The schematic of the microchannel is 
shown in Fig. S3. 

The homemade impactor consisted of stainless steel tubing and 
cover, Polytetrafluoroethylene (PTFE) mounting plate with an 
aluminum foil as the impaction plate, and glass wall (Fig. S4). It was 
noted that some parts such as the inner wall were not metal-based ma-
terials, which could cause particle loss. The homemade impactor con-
taining 151 nozzles with a diameter of 0.1 mm at 6.4 L/min resulted in a 

cutoff size of 74 nm in terms of NaCl particles. 

2.3. Theory 

The cutoff diameter of the impactor is defined as the following [30]: 

D50 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

9πStkμW3

4ρPCcQ

√

(4)  

where D50 is the cutoff diameter, Stk is the cut-off Stokes number, which 
is 0.23, μ is the gas viscosity (g/(cm⋅s)),W is the nozzle diameter (cm), ρP 
is the particle density (g/cm3) , Q is the volumetric flow rate (cm3/s), Cc 
is the Cunningham Slip Correction according to the following equation 
[37]: 

Cc = 1 +
p0λ0

pDP

[

2.34 + 1.05exp
(

− 0.39
pDP

p0λ0

)]

(5)  

where p0 is the pressure at the reference state (pa), λ0 is mean free path 
at the reference state (nm), p is the pressure (pa), and DP is the particle 
diameter (nm). 

2.4. Mass size distribution of monodisperse NaCl aerosol 

The NanoMOUDI 122NR is a well-designed sampler, which has the 
stage cut-sizes of 10000, 5600, 3200, 1800, 1000, 560, 320, 180, 100, 
56, 32, 18, and 10 nm at a sampling flow rate of 30 L/min [38]. It was 
used to determine the mass size distribution of monodisperse NaCl 
particles and examine if the elution-based method is applicable for 
multiple-stage impactors. In the experiment, particles were collected on 
aluminum foils at a flow rate of 26.0 – 26.5 L/min. DMA configuration 
and flow concept were the same as described above to generate mono-
disperse NaCl particles. Monodisperse particles with the mobility 
diameter of 50, 100, 300, 500, 600, and 700 nm were generated for 11 h, 
3 h, 1 h, 1 h, 1 h, and 1 h, respectively. Particle samples were eluted 
using Mili-Q water from aluminum foils on impaction stages. 

3. Results and discussion 

3.1. Collection efficiency of the impactor and the microchannel collector 

The theoretical cutoff diameters were 315 and 375 nm at 2 and 1.5 L/ 
min of the impactor calculated by equation (4), respectively (Fig. 3a). 
Considering the shape factor of 1.08 [39–41], the corrected electrical 
mobility diameters were 327 and 390 nm for the theoretical cutoff 
diameter, respectively. However, the experimental cutoff diameters at 2 

Fig. 3. Experimental and calculated collection efficiency of NaCl particles in the impactor for DMA (a) without and (b) with Tween 20 coating at 1.5 and 2 L/min. 
Vertical dash lines indicate the cutoff diameter at the applied flow rates. 

Fig. 4. Experimental and calculated collection efficiency of NaCl particles in 
the microchannel at 1 and 1.5 L/min. 

Y.-B. Zhao et al.                                                                                                                                                                                                                                



Separation and Purification Technology 287 (2022) 120590

5

and 1.5 L/min were larger than 600 nm (Fig. 3a), which indicated the 
significant solid particle bouncing on metal surface [42]. The collection 
efficiency for 1000 nm NaCl at 1.5 L/min and 2 L/min was 50.9 ± 5.7 % 
and 33.5 ± 15.2 %, respectively. The collection efficiency was lower 
with a higher velocity due to the increasing fraction of bounce [43]. 
Previous studies showed that particle bouncing was likely to occur on 
designed impactors when the particle was larger than 200 nm [44,45]. 
In contrast, the collection efficiency of Tween 20 coated impactor at 2 L/ 
min was improved and the experimental cutoff diameter was about 400 
nm (Fig. 3b). It demonstrated that Tween 20 was capable of reducing the 
particle bouncing and facilitating the estimation of actual collection 
efficiency with the elution-based method (Fig. 3b). The calculated 
collection efficiency based on the elution-based method indicated the 
underestimation of the performance of particle collection (Fig. 3a). In 
comparison with the impactor without the Tween 20 coating layer, the 
calculated collection efficiency with the Tween 20 coating layer agreed 
better with the CPC-counted collection efficiency (Fig. 3b). 

The microchannel was a W-shape particle collector, and employed to 
collect particles under inertial force. The cutoff diameters of the 
microchannel at 1 and 1.5 L/min were about 800 and 500 nm, respec-
tively (Fig. 4). Similarly, without Tween 20 coating layer, the calculated 
collection efficiency of the microchannel diverged from the CPC- 
counted collection efficiency, especially in the size range of 500 – 800 
nm. As shown in Fig. S5, particle loss and particle bouncing due to lower 
particle number and larger particles size were the main factors to affect 
the collection efficiency in the size range of 500 – 800 nm. 

3.2. Comparison of CPC-counted and calculated collection efficiencies 
and downstream particle concentrations 

Fig. 5 showed the ratio of collected and downstream particle con-
centration. Here, the ratio of the collected concentration was defined 
(Cup − Cdown)/CICP, and the ratio of the downstream particle concentra-
tion was (Cup − CICP)/Cdown. The ratio of the collected particle concen-
tration without Tween 20 coating indicated possible particle mass loss in 
the size range of 30 – 100 and 500 – 800 nm (Fig. 5a), because the 
collected particle mass concentration obtained by ICP-MS measure-
ments was lower. Compared to the ratio on the PDMS-based micro-
channel, the ratio of the collected particle concentration on the metal- 
based impactor was higher by 3.27 times in the size range of 50 – 
100 nm, and it was 22.2 times higher in terms of 30 nm particles 
(Fig. 5a). It demonstrated that smaller particles diffused with a high 
diffusivity [46] and stuck to interior wall or impaction surface of the 
impactor during particle transport, which caused particle loss and 
changes of size distribution of monodisperse particles. In particular, the 
lower ratios of the collected particle concentration for the microchannel 
than those for the impactor suggested the particle loss on the interior 
wall especially for the particles smaller than 100 nm (Fig. S5a). There-
fore, the actual collection efficiency of small particles in the size range of 
30 – 100 nm was likely to be lower than the CPC-counted collection 
efficiency shown in Fig. 5a and 5b. A previous study also elaborated that 
spontaneous particle loss occurs during the particle collection [19]. 

Besides that, elution efficiency played an important role for the ratio 
being over 1, which was discussed in more details in section 3.4. The 
actual geometric diameter is larger than the nominal geometric diameter 

Fig. 5. (a) Ratio of size-resolved CPC-counted to the calculated collected particle concentration, and (b) ratio of calculated to CPC-counted downstream particle 
concentration. Total is the average of the microchannel and the impactor without Tween 20 coating. 

Fig. 6. Size distribution of the monodisperse (a) 30 – 800 nm and (b) 400 – 800 nm NaCl particles, (c) mass size distribution of monodisperse NaCl in terms of 
aerodynamic diameter. 
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we used in the conversion equation according to the size distribution 
determined by SMPS (Fig. 6a and b), which could lead to a ratio of lower 
than 1. Nonetheless, the downstream particle concentration ratio in the 
size range of 30 – 500 nm was close to 1. More specifically, the down-
stream particle concentration ratio without Tween 20 coating was 0.94 
± 0.10 with the particle smaller than 500 nm. It implied that particle loss 
and changes of size distribution of monodisperse particles had a minor 
effect on the estimation of collection efficiency using the elution-based 
method, provided the theoretical collection efficiency was lower than 
50 %. The theoretical collection efficiency of 50 % was determined 
based on the equation of cutoff size. 

The discrepancy between CPC-counted concentration and calculated 
concentration was becoming evident with particles larger than 500 nm 
(Fig. 5a and b). It was likely due to the change of size distributions of 
upstream and downstream monodisperse large particle, which affected 
the actual average geometric diameter. According to the size distribu-
tion of monodisperse particles shown in Fig. 6a and b, the defined par-
ticle diameter was not the only size in monodisperse particles. In detail, 
the lower limit of the particle diameter of the monodisperse NaCl par-
ticles (when the particle concentration approached 0) was 82.9 ± 7.2 % 
and 30.2 ± 1.4 % of the defined monodisperse diameter in the range of 
30 – 300 nm and 500 – 800 nm respectively, indicating a broader size 
range of monodisperse particles of 500 – 800 nm. It was more conve-
nient to change the average geometric diameter by altering the size 
distribution of downstream monodisperse particles in the size range of 
500 – 800 nm through particle bouncing. The mass distribution deter-
mined by Nano MOUDI also confirmed the wide range of monodisperse 
NaCl particles selected by DMA (Fig. 6c). For example, 50 nm and 500 

nm monodisperse NaCl particles distribute in the aerodynamic diameter 
range of 32 – 180 nm and 320 – 1000 nm, respectively. It also indicated 
that the elution-based method was applicable for single-stage samplers 
rather than multiple-stage samplers, since it would be unpredictable to 
convert mass concentration into particle number, considering possible 
size redistribution of monodisperse NaCl particles. 

Despite the variation of concentration ratios as a function of particle 
size, the limited difference between the average downstream concen-
tration ratio on the impactor and microchannel implied that different 
materials had a limited effect on the estimation of downstream con-
centration (Fig. 5b). However, the elution efficiency from the PDMS 
surface was not consistent in the size range of 700 – 800 nm (Fig. S5b). 
According to the size distribution of monodisperse NaCl aerosol up-
stream and downstream impactor and microchannel (Fig. 7), particle 
bouncing on the impactor was clearly observed with the particle size 
larger than 500 nm as the fraction of large particles was larger compared 
to the upstream size distribution. It implies that other elution methods 
such as fluorometric method with highly hydrophilic fluorescein parti-
cles, are also not applicable for aerosol samplers with particle bouncing 
in large particle size ranges. It was also confirmed by a previous study 
that the collection efficiency of Berner impactor was much lower espe-
cially with the particle size larger than cutoff size, evaluated by using 
ammonium fluorescein particles due to the particle bounce from the 
substrate [47]. In contrast, no significant change of size distribution in 
the downstream microchannel was observed. 

Air flow leaves an oil-free area on the impaction plate facing the 
orifice, and the pores of the metal plate act as oil reservoirs [44]. The 
Tween 20 coating layer could stabilize the ratio of collected particle 

Fig. 7. Size distribution of upstream and downstream impactor for DMA and microchannel in terms of aerodynamic diameter at 1.5 L/min with monodisperse (a) 
500, (b) 600, (c) 700, and (d) 800 nm NaCl selected by DMA. 
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concentration and downstream concentration to 0.97 ± 0.34 and 1.00 ±
0.22 in the size range of 80 – 800 nm. Moreover, it prevented the particle 
bouncing and might also change the geometric structure of the impac-
tion plate to form a curved rather than flat metal surface used and 
therefore can collect more particles, which is similar to an additional 
punched impaction plate used to increase the collection efficiency [48]. 
Nonetheless, the ratio of concentration of collected particles on impac-
tion plate and downstream concentration was lower than 1 in the size 
range of 30 – 50 nm and 200 – 400 nm, as a result of higher ICP-MS 
result (CICP). The main reason was that Na concentration in the pure 
Tween 20 solution measured by ICP-MS was 366 ± 11 ppm, which was 
high enough to increase the Na concentration in the elution samples. 
The volume of Tween 20 used for a coating layer was on a microliter 
level (e.g. 5 µL), so a slight variation of the added volume could lead to a 
different concentration of Na, making it difficult to subtract concen-
trations of Na in the Tween 20 from ICP-MS validated concentrations. 
Tween 20 coating layer also led to a slight reaerosolization and higher 
downstream particle counting by generating 28.8 ± 4.3 particles per 
cm3 (Fig. S6). Therefore, coating solutions such as Tween 20 containing 
Na were not recommended to be applied for the elution-based method. 

3.3. Size redistribution of the downstream monodisperse aerosol 

In average, the ratios of the CPC-counted collected particle number 
to the calculated particle number derived from ICPMS verified concen-
tration were above 10 and 2 in the size range of 30 – 100 and 500 – 800 
nm, respectively (Fig. 5a). Particle diffusion of small particles and par-
ticle bouncing of large particles led to the size redistribution, which 
increased the actual average geometric diameter of monodisperse NaCl 
aerosols by depositing smaller particles on the impaction plate. APS- 
measured aerodynamic diameters of upstream and downstream 
impactor indicated an increasing geometric diameter of monodisperse 
600, 700 and 800 nm particles by 12.8 % at 1.5 L/min (Table S1). It was 
noted that the sizing accuracy of APS was affected by unit-to-unit vari-
ability (up to 10 % deviation) and the number of resolved bins [49], 
which could cause the difference between the measured aerodynamic 
diameter and that derived from the mobility diameter theoretically. APS 
results suggested that smaller particles in the monodisperse aerosol were 
captured by sampler, whereas larger particles left away likely due to 
particle bouncing, which confirmed the size redistribution of down-
stream aerosol in the range of 600 – 800 nm (Fig. 7). Here, the size 
redistribution was defined as the change in the normalized particle 
number as a function of particle sizes. In contrast, the ratio was close to 1 
in the size range of 100 – 500 nm (Fig. 8a), which indicated a relatively 

consistent upstream and downstream size distribution when the theo-
retical collection efficiency was lower than 50 %. Good correlation be-
tween calculated and CPC-counted collection efficiency in the size range 
of 100 – 500 nm indicated the applicable range of the elution-based 
method (Fig. 8b). The non-zero intercept implied a minor effect of 
particle loss on the inner wall of samplers or sample loss during elution 
process, resulting in a higher CPC-counted collection efficiency 
compared to calculated collection efficiency. 

3.4. The effect of cutoff size and elution efficiency on the elution-based 
method 

As the result showed, the applicable size range possibly depended on 
the cutoff size of the single-stage sampler. More specifically, the cutoff 
size of the impactor and the microchannel were about 400 and 800 nm, 
respectively (Figs. 3 and 4), while the applicable size range was smaller 
than 500 nm. Therefore, a homemade impactor with a cutoff size of 74 
nm was employed to investigate the effect of cutoff size on the method. 
Fig. 9 suggested that the collection efficiency of 100 nm NaCl particles 
was successfully estimated according to CPC-counted collection effi-
ciencies, whereas collection efficiencies of other particle sizes were 
underestimated compared to CPC-counted collection efficiencies. It was 

Fig. 8. Global relationship between the calculated and CPC-counted (a) downstream particle concentration, and (b) collection efficiency of the impactor and the 
microchannel in the size range of 100 – 500 nm. 

Fig. 9. Experimental and calculated collection efficiency of NaCl particles in 
the homemade impactor at 6.4 L/min. 
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observed that the ratio of CPC-counted collected particle concentration 
to ICPMS concentration was 2 – 20 in the size range smaller than 100 nm 
(Fig. 10a), which indicated size redistribution remains similar with low 
or high collection efficiency. In contrast, the ratio of collected particle 
concentration was constant and close to 1 with 100 nm particles, which 
was close to the theoretical cutoff size of 74 nm. Similarly, the ratio of 
calculated to CPC-counted downstream particle concentration was close 
to 1 with 100 nm NaCl particles (Fig. 10b). The ratio of collected particle 
concentration and downstream particle concentration varied greatly in 
the size range of 600 – 800 nm (Fig. S7). It indicated that the elution 
method was associated with the cutoff size of samplers, which was found 
to be the upper limit of the size range of 100 – 500 nm. 

To understand the role of elution efficiency in the elution-based 
method, the ratio of the collected particle concentration for the 
impactor, microchannel and homemade impactor were compared 
(Fig. 5a and 10a). The elution efficiency was mainly affected by the 
surface of the impaction plate, so we assumed a fixed elution efficiency 
as a function of particle size regardless of collection efficiencies. A 
similar ratio (~10) for the particle smaller 100 nm was observed, indi-
cating a more significant role of elution efficiency over the size redis-
tribution of downstream monodisperse particles, whereas the ratio was 
increasing from 2 to 10 with increasing collection efficiencies for the 
particles larger than 100 nm, which implied the size redistribution of 
downstream monodisperse particles dominated the changes of the ratio. 

4. Conclusions 

In this study, an elution-based method was proposed to estimate 
particle collection efficiency of samples regardless of pressure drops. 
Based on the correlation between CPC-counted and calculated collection 
efficiencies, CPC was used to measure the upstream particle number, 
and eluted samples from samplers were employed to estimate the 
collected particle concentration in the size range of 100 nm – D50 (D50 <

500 nm) or 100 – 500 nm (D50 greater than 500 nm). Nonetheless, the 
elution-based method might be applicable in a wider size range if a more 
monodisperse NaCl particles could be generated in future studies, 
especially for particles larger than 500 nm. 

Size redistribution of monodisperse NaCl particles due to the diffu-
sion of particles smaller than 100 nm and bouncing of particles larger 
than D50 or 500 nm were found to affect the estimation of collection 
efficiency. Specifically, elution efficiency played a more important role 
than size redistribution in the range of 30 – 100 nm and affected the 
estimated collection efficiencies, while size redistribution was more 
significant with a higher collection efficiency in the size range of 500 – 
800 nm. In addition, size redistribution occurred with a collection 

efficiency of higher than 50 % in the size range of 100 – 500 nm. Thus, 
this method was also capable of investigating the transport and size 
redistribution of monodisperse particles through aerosol samplers. A 
more accurate conversion from particle number into mass concentration 
as a function of particle size can also be investigated to avoid the effects 
of the conversion and facilitate the particle transport studies using the 
elution-based method. 
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