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ABSTRACT 
 

The adverse health effects of particulate matter less than 2.5 µm in diameter (PM2.5) have drawn increasing attention 
over the past several decades. To obtain reliable measurements, it is critical to efficiently separate PM2.5 in the airstream 
from the beginning till the end of sampling. However, commonly used separators for PM2.5 monitoring, such as the BGI 
Very Sharp Cut Cyclone (VSCC), are usually subject to aerosol-loading effects. This study investigates the loading effect 
on cyclone separation performance as a function of particle size, cyclone size, particle material, and air humidity. Based on 
the ratios of dimensions to the body diameter of the BGI VSCC, four cyclones with different body diameters (13–
35.6 mm) were fabricated. An ultrasonic atomizer was employed to generate micrometer-sized potassium sodium tartrate 
(PST) particles and sodium chloride (NaCl) particles as solid challenge particles and di-ethyl-hexyl-sebacate (DEHS) 
particles as liquid ones. Aerosol particles were neutralized to the Boltzmann charge equilibrium. An aerodynamic particle 
sizer measured the aerosol distributions and number concentrations upstream and downstream of the cyclones. The 
experimental results show that solid particles such as PST with sizes close to the cyclone cut-point exhibit a significant 
loading effect. However, no significant difference is found due to the aerosol loading effect on four different-sized 
cyclones. The cyclone separation curve appears to shift toward smaller sizes due to aerosol loading. During the loading 
test, the aerosol penetration of 2.5-µm particles abruptly decreased during the first 20 minutes from 50% to a relatively 
stable level at 30%—an average decrease of 20%. Thus, the performance of cyclone PM2.5 samplers with progressive 
aerosol loading might result in an underestimation of PM2.5, particularly for continuous monitoring. 
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INTRODUCTION 
 

Particulate matter has been considered a critical health 
issue for several decades (Dockery et al., 1993; Kim, 2015). 
Recently, more attention has been drawn to related adverse 
health effects as a function of particle size, particularly with 
particulate matter less than or equal to 2.5 µm, i.e., PM2.5, 
or fine particulate matter (Dominici et al., 2006; Ostro et 
al., 2006; Zanobetti et al., 2009; Xing et al., 2016). To 
regulate PM2.5, it is crucial to accurately and constantly 
separate PM2.5 from the sampled air stream to gain reliable 
PM2.5 measurements. Two types of particle separators are 
commonly used for size-selective aerosol sampling, the 
impactor and the cyclone (Okuda et al., 2015). It is generally 
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known that the performance of impactors is affected by 
particle bounce and overloading, especially over a long 
sampling time period. For the two major types of PM2.5 
separators approved by USEPA, the well-type impactor 
ninety-six (WINS) Impactor and the Very Sharp Cut 
Cyclone (VSCC), the VSCC surpasses the WINS Impactor 
in continuous particulate monitoring (CPM) for superior 
performance over long sampling periods under heavy 
loading (Kenny et al., 2004).  

However, similar to the WINS impactor, VSCC separator 
also displays reduced particle penetration as a function of 
aerosol loading (Kenny et al., 2004). It is speculated that 
the performance of cyclone separators is less sensitive to 
loading levels than that of impactors due to the larger 
deposition area of the cyclones (Vanderpool et al., 2001). 
Some studies have confirmed the loading effect on the 
performance of the commonly used 10-mm nylon cyclone 
for workplace respirable sampling (Blachman and Lippmann, 
1974; Tsai et al., 1999). Blachman and Lippmann (1974) 
found the accumulated dust on the cyclone wall opposite 
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the inlet gradually reduced the effective diameter of the 
cyclone when sampling highly concentrated dust and that 
the cyclone efficiency accordingly increased with increasing 
velocity at the point of particle deposit. Tsai et al. (1999) 
conjectured that the presence of previously deposited 
particles was responsible for absorbing a portion of the 
incident particle’s kinetic energy, thus reducing particle 
penetration versus loading. Previous study demonstrated 
the separation performance of a respirable 10-mm nylon 
cyclone can deteriorate with progressive particle loading 
and the loading effect can be strongly dependent on both 
particle type and size (Chen and Huang, 1999). 

Cyclone separation performance is also significantly 
affected by cyclone geometry (Hsu et al., 2014; Kenny et 
al., 2017). The work of Kenny and Gussman demonstrated 
that cyclones can be dimensionally scaled and the cyclone 
cut point can be estimated by the cyclone body diameter 
and flow rate. In addition, certain geometrical parameters, 
such as the cone shape, grit pot diameter, inlet and vortex 
outlet dimensions were also found to influence the cyclone 
cut-point, but not the slope of the penetration curves (Kenny 
and Gussman, 1997). Because of the complexity of gas 
flow pattern in a cyclone, many experimental and theoretical 
studies sought to develop models to describe its performance 
(Moore and McFarland, 1993; Lidén and Gudmundsson, 
1997; Hsiao et al., 2015; Kenny et al., 2017). However, all 
of these models can only predict the performance of 
cyclones without particle loading on the inner wall. Since 
the VSCC™ is claimed to require cleaning at infrequent 
intervals (Kenny et al., 2004), we fabricated a family of 
VSCCs with different cyclone sizes to accommodate different 
flow rate requirements for PM2.5 separation in order to 
thoroughly study the characteristics of aerosol loading 

effect on the cyclone separation performance.  
 

METHODS 
 

Fig. 1 shows a schematic diagram of the experimental 
system set-up. An ultrasonic atomizer (Model 8700-
120MS, Sono-Tek Corporation, Poughkeepsie, NY, USA) 
was used to generate micrometer-sized DEHS (di-ethyl-
hexyl-sebacate, density 0.916 g cm–3, technical grade 90%, 
Sigma-Aldrich, St. Louis, MI, USA, product number 
290831) particles as liquid challenge aerosols, NaCl (sodium 
chloride, density 2.17 g cm–3, purity ≥ 99.5%, Wako Pure 
Chemical Industries, Ltd., Osaka, Japan) and PST (potassium 
sodium tartrate tetrahydrate, density 1.79 g cm–3, 
KOCO(CHOH)2COONa·4H2O, A.C.S. grade, J.T.Baker®, 
Center Valley, PA, USA) particles as solid challenge 
aerosols. A syringe pump (KDS 200/200P, KD Scientific 
Inc., Holliston, MA, USA) delivered the solution to the 
ultrasonic atomizer to generate challenge particles with the 
desired number concentrations and aerosol size distributions 
by adjusting the liquid delivery rate and the solution 
concentration. 

Particles with count median diameters (CMDs) of 3, 7 
and 10 µm were generated to evaluate the loading 
characteristics of the cyclones as a function of particle 
size. An aerosol neutralizer (25-mCi Po-210 radioactive 
source) was used to neutralize the particles to the Boltzmann 
charge equilibrium. The aerosol output was diluted with 
filtered air and then introduced into the test chamber. The 
test chamber was 20 cm in diameter and 150 cm in height. 
The relative humidity (RH) of the incoming compressed air 
was around 10%. The total dilution flow rate was 80 L min–1 
and the corresponding average air velocity in the test

 

 
Fig. 1. Schematic diagram of the experimental system. 
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chamber was about 4.3 cm s–1. The RH inside the test 
chamber was about 20% unless otherwise specified. For 
the humidity experiments, a humidifier was used to adjust 
the air humidity inside the test chamber from 20% to 90% 
to evaluate the humidity effect on the aerosol loading 
characteristics. All the air flow rates were controlled by 
mass flow controllers (Model HFM 201 & HFC 202, 
Teledyne Hastings Instruments, Hampton, VA, USA).  

In this study, different sizes of cyclones were used to 
evaluate the effect of the cyclone size on the loading 
characteristics. Each cyclone operates at a different flow 
rate but has the same size cutoff size of 2.5 µm. To have a 
2.5-µm cut-point, the operating flow rate of the cyclone 
was estimated using the VSCC family model developed by 
Kenny et al. (2004). 
 
ln(D50) = a + b ln(D) – (b – 1) ln(Q) (1) 
 
where D50 is 2.5 µm, D is the inner diameter of the cyclone 
body in cm, Q is the flow rate in L min–1, a = 1.415 and b 
= 1.908. Nevertheless, the actual flow rates for the self-
made PM 2.5 cyclone separators were determined by 

laboratory test. 
Based on the dimensionless ratios of a commercially 

available USEPA VSCC PM 2.5 separator (VSCC™-A 
PM2.5, S/N 200411-69, BGI Inc., Waltham, MA, USA), a 
family of VSCCs with body diameter varying from 13.0 to 
35.6 mm were fabricated with aluminum as shown in Fig. 2. 
The self-made VSCC PM2.5 separators accommodated the 
operating flow rate from 4 to 26.5 L min–1. The specifications 
of the four self-made VSCC PM2.5 separators is summarized 
in Table 1. It should be noted that the VSCC III is a replica of 
BGI VSCC™-A. Unless otherwise specified, all the loading 
experiments were conducted with a self-made PM2.5 separator 
(VSCC III). The test parameters are listed in Table 2. 

An aerodynamic particle sizer (APS, Model 3321, TSI 
Inc., St. Paul, MN, USA) was used to measure the particle 
size distributions and number concentrations upstream and 
downstream of the cyclones in the aerodynamic size 
ranges of 0.5–20 µm. The aerosol penetration through the 
tested cyclone was determined by the ratio of downstream 
to upstream particle number concentrations at a given 
particle size. For all experiments, each measurement was 
conducted with 5 replications. 

 

 
Fig. 2. Schematic diagram and image of the self-made PM2.5 separators. 

 

Table 1. Specifications of self-made VSCC PM2.5 separators. 

  VSCC I VSCC II VSCC III VSCC IV 
Sampling flow rate, Q (L min–1)  4.0 11.5 16.7 26.5 
Body diameter , D (mm)  13.0 23.0 29.5 35.6 
Vortex finder diameter, De (mm) De/D = 0.3 3.9 6.9 8.9 10.7 
Inlet diameter, R (mm) R/D = 0.28 3.6 6.4 8.2 9.9 
Vortex finder length, S (mm) S/D = 0.69 9.0 15.9 20.4 24.6 
Dust outlet, B (mm) B/D = 0.35 4.5 8.0 10.3 12.4 
Body height, Hb (mm) Hb/D = 0.65 8.4 14.9 19.1 23.1 
Cone height, Hc (mm) Hc/D = 1.29 16.7 30.0 38.0 45.7 
Dust cup hehgit, Hcup (mm) Hcup/D = 0.84 11.0 19.4 24.9 30.0 
Dust cup diameter, Dcup (mm) Dcup/D = 0.61 7.9 14.0 18.0 21.7 
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Table 2. List of test parameters. 

Parameter  
Particle material DEHS, NaCl, PST
Count median diameter, CMS (µm) 3, 7, 10 
Body diameter, D (mm) 13–35.6 
Flow rate, Q (L min–1) 4.0–26.5 
Relative Humidity, RH (%) 20–90 

 

To evaluate the performance of the aerosol generation 
system, the filter samples were obtained and the collected 
particle mass was determined by gravimetric analysis. For 
KCl particles with CMD of 0.98 µm and GSD of 1.37, the 
loaded mass concentration (Cload, in mg m–3) can be 
accurately predicted with the feeding rate (Qfeed, mL min–1) 
by the following equation, where the constant 4.757 is the 
coefficient of the linear regression. 
 
Cload = 4.757 Qfeed (2) 
 

The count data measured by an APS can be transformed 
into the mass data by assuming the particle density, and the 
real-time monitoring of the aerosol mass concentration in 
the test chamber for a prolonged duration of 12 hours 
demonstrated excellent performance for aerosol production 
with the coefficient of variance of 7.6%. 
 
RESULTS AND DISCUSSION  
 
Effect of Particle Material on Loading Characteristics  

With approximately the same size distribution (CMD of 
3 µm and GSD of 1.3), DEHS, NaCl and PST particles were 
generated to challenge the tested cyclone for one hour. The 
aerosol penetration curves (initial and after one-hour loading) 
are plotted in Fig. 3. At the beginning of the loading process, 
all challenge particles exhibit almost identical aerosol 
penetration curves. The mass concentrations of DEHS, NaCl 
and PST particles are 2.7, 3.1 and 3.7 mg m–3, respectively. 
After one-hour loading under a flow rate of 16.67 L min–1, 
the corresponding total deposited mass for DEHS, NaCl and 
PST are 2.8, 3.2 and 3.7 mg, respectively. The reductions of 
2.5-µm aerosol penetration for DEHS, NaCl and PST are 
1.9 ± 1.2%, 11.2 ± 0.7% and 19.5 ± 1.5%, respectively.  

The after-loading 50% cut-points are 2.47, 2.33 and 
2.25 µm for DEHS, NaCl and PST, respectively. As expected, 
the aerosol penetration curves (initial and after one-hour 
loading) for liquid DEHS particles are almost identical, 
with no significant change after loading. Particle-surface 
deformation is the dominating mechanism for absorbing 
the particle’s incoming kinetic energy and this explains 
why the loading effect of liquid aerosols is negligible. As 
for the solid particles, the accumulated particle deposits 
decrease particle penetration efficiency and subsequently 
shift the separator’s cut-point toward the smaller sizes. 
This is in good agreement with several previous studies on 
the 10-mm nylon cyclone commonly used for workplace 
respirable sampling (Blachman and Lippmann, 1974; Chen 
and Huang, 1999; Tsai et al., 1999). 

Moreover, the loading effect of the cyclone is more 
significant for PST particles than for NaCl particles. 
Particle deposition occurs when the impaction surface is 
able to completely absorb the kinetic energy of the incident 
particles. When this happens, the particle is retained by the 
surface. In contrast to the behavior of liquid particles, the 
particle-surface interaction of solid particles is more 
complicated. As the loading proceeds, the layers of previously 
deposited particles change the nature of the deposition 
surface and the incident particles impact on previously 
deposited particles rather than the underlying surface. 
Eventually, the buildup of deposited particles becomes an 
obstacle and may perturb the flow pattern. Those particles 
with lower inertia are accidentally collected on the cyclone 
wall and bias the separation efficiency of the cyclone 
toward the smaller aerodynamic sizes. As a result, this may 
lead to underestimation of PM2.5 concentrations, particularly 
in continuous particulate monitoring. The deposition and 
re-entrainment of solid particles onto the wall surface of 
the cyclone is a complex phenomenon. The surface properties 
of the particles and the roughness of the wall surface can 
both affect the separation efficiency of a cyclone and play 
a critical role in the loading characteristics. In addition, the 
particle shape and size as well as elastic properties, impaction 
substrate elastic properties, particle incident kinetic energy, 
amount of surface loading and the relative humidity of the 
incident airstream are also involved. However, these 
factors are beyond the scope of this study. 

 

 
Fig. 3. Separation efficiency curves (initial and after one hour loading) for different kinds of loading particles. 
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With approximately the same size distribution (CMD of 
3 µm and GSD of 1.3), total loaded mass of DEHS, NaCl 
and PST particles are 2.8, 3.2 and 3.7 mg, respectively. The 
aerosol penetration of 2.5-µm particles through the cyclone 
as a function of loading time is shown in Fig. 4. The aerosol 
penetration of PST particles decreases abruptly as the loading 
process begins and eventually achieves an equilibrium, in 
which the aerosol deposition and re-entrainment rates are 
equal, a phenomenon yet to be investigated further. A 
similar decreasing trend with less penetration reduction is 
observed for NaCl particles. No significant change in 
cyclone cut point is found after one-hour loading of DEHS 
particles. Since PST particles exhibit a significant loading 
effect on cyclone separation performance, they are chosen 
as the challenge aerosols for the following experiments. 

 
Effect of Particle Size on the Loading Characteristics  

The initial and after-loading aerosol penetration curves 
of challenge PST particles with three distinct aerodynamic 
sizes (CMDs of 3, 7 and 10 µm) are shown in Fig. 5. The 

concentrations of challenge aerosols are 4.5, 20.0 and 
24.5 mg m–3 for 3-, 7- and 10-µm PST particles, respectively. 
Accordingly, the deposited mass yields are 4.4, 19.1 and 
22.7 mg for 3-, 7- and 10-µm particles. It is found that the 
after-loading separation efficiency curves become less sharp 
and shift to smaller diameters for both 3- and 7-µm particles. 
Reductions of the 2.5-µm aerosol penetration are 19.5 ± 
1.5%, 20.2 ± 1.8% and 8.7 ± 1.7% for 3-, 7- and 10-µm PST 
particles, respectively. Furthermore, the after-loading cut-
points are 2.25, 2.26 and 2.41 µm for 3-, 7- and 10-µm 
particles, respectively. It is noteworthy that larger particles 
have less impact on the separation performance of a 
cyclone, regardless of the higher loaded mass. 

To understand why the larger particles with higher loaded 
mass have less loading effect, the deposition patterns of 3- 
and 10-µm particles on the inner wall of the cyclone are 
pictured, as shown in Fig. 6. The upper and lower images 
show the particle deposition inside the cyclone after being 
challenged individually with 4.5-mg small particles (CMD 
of 3 µm and GSD of 1.3) and 24.5-mg large particles

 

 
Fig. 4. Penetration of 2.5 µm DEHS, NaCl and PST particles as functions of loading time. 

 

 
Fig. 5. Separation efficiency curves (initial and after one hour loading) for different sizes of PST particles through a VSCC 
III sampler. 
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Fig. 6. Deposition patterns of (a) 3 µm and (b) 10 µm PST particles on the inner wall opposite the inlet of the cyclone. 

 

(CMD of 10 µm and GSD of 1.4). When the dust-laden air 
enters tangentially into the cyclone, the spinning air 
movement creates centrifugal force and causes particles to 
move outward onto the side wall of the cyclone. The impact 
points occur right along the tangential direction of the gas 
stream. In this instance, the inlet air velocity of the cyclone 
is fairly high (448 cm s–1). The larger particles with higher 
momentum hit previously deposited particles and push 
them further downstream, as indicated in Fig. 6(b) with an 
arrow mark. As a result of a widening collection area, 
more particles can be accommodated and their impact on 
cyclone separation performance is alleviated. On the 
contrary, the deposition area for smaller particles with 
lesser momentum is more confined because the incident 
kinetic energy subsides shortly after the particle-surface 
collision takes place. This may explain why the loading of 
small particles has a more drastic impact on the cyclone 
separation performance.  
 
Effect of Cyclone Size on the Loading Characteristics 

To evaluate the effect of cyclone size on the separation 
performance, four distinct dimensions of self-made cyclones 
were challenged with 3-µm PST particles at a mass 
concentration of 4.2 mg m–3 for an hour. Fig. 7 shows the 
initial and after-loading separation efficiency curves for 
these four cyclones. The aerosol penetration curves become 
less sharp and a significant deviation from the designated 
USEPA PM2.5 separation curve is found for all tested 
cyclones. To attain a cut-point of 2.5 µm, the corresponding 
inlet air velocities are 558, 513, 448 and 491 cm s–1 for 
VSCC I, SVCC II, VSCCIII and VSCC IV, respectively. 
The total loaded masses are 1.0, 2.7, 4.2 and 6.6 mg and 
the reductions of the 2.5-µm aerosol penetration are 18.5 ± 
1.3%, 19.2 ± 0.7%, 19.5 ± 1.5% and 18.7 ± 1.1% for VSCC 
I, II, III and IV, respectively. No significant difference on 
the loading characteristics is found for different-sized 
cyclones. Moreover, the loading effect on the reduction of 
aerosol penetration is most profound with particle sizes 
close to the cut-point of a clean cyclone. The cut-points 

after one-hour loading shift from 2.5 µm to 2.27, 2.25, 
2.25 and 2.20 µm for VSCC I, II, III and IV, respectively.  

According to USEPA performance requirements for a 
FRM PM2.5 separator, the Dp50 should be 2.5 ± 0.2 µm (40 
CFR part 53). As a worst-case scenario, the cut-point of a 
clean PM2.5 sampler can be as low as 2.3 µm, and 
furthermore, the separation performance can be soon 
deteriorated further due to aerosol loading. Therefore, to 
alleviate the bias due to aerosol loading, the performance 
requirements might need to be more rigorous, such as 2.5 
± 0.05 µm.  

As challenged with 3-µm PST particles at a mass 
concentration of 4.2 mg m–3 for one hour, the aerosol 
penetration of 2.5-µm particles through the four self-made 
cyclones as a function of loading time is shown in Fig. 8. 
Similar decreasing trend is found for the four tested cyclones. 
The aerosol penetration of 2.5-µm particles decreases 
abruptly from 50% to approximately 30% and remains 
relatively constant after loading for 20 minutes. It should 
be noted that the cyclone separation performance begins to 
deteriorate as soon as the aerosol loading is initiated. 
Moreover, a drastic decrease in the aerosol penetration is 
found even when the loaded mass is low. This implies that 
the constant operation of size-selective sampling is nearly 
impossible, because the aerosol penetration curves deviate 
from the targeted sampling convention immediately after 
the sampling is activated. 

After being loaded for 20 minutes, the cut-points of the 
cyclones shift from 2.5 µm to 2.33, 2.30, 2.30 and 2.26 µm 
for VSCC I, II, III and IV, respectively. As a rough 
estimation, particle loading at a mass concentration of 
4.2 mg m–3 under a flow rate of 16.67 L min–1 for 20 
minutes yields a total loaded mass of 1.4 mg which simulates 
a monitoring time period of 5600 minutes (equivalent to 
3 days, 21 hours and 20 minutes) at the annual PM2.5 limit 
value of 15 µg m–3 and that of 2400 minutes (equivalent to 
1 day and 16 hours) at the 24-hour PM2.5 limit value of 
35 µg m–3, respectively. Notice that the aerosol mass 
concentration of 4.2 µg m–3 employed in the present study
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Fig. 7. Separation efficiency curves (initial and after one hour loading) for different-sized cyclones. 

 

 
Fig. 8. Penetration of 2.5 µm PST particles through four different-sized cyclones as a function of loading time. 

 

is far less than 1% of the air volume, so the aerosol is still 
mostly air. That means particles are far apart to have little 
effect on each other. Therefore, as a reasonable estimation, 
a daily cleaning is required when a cyclone is used as a 
separator for continuous PM2.5 monitoring to prevent the 
sampling bias due to aerosol loading. However, it is 
inconvenient to clean the PM2.5 sampler on a daily basis in 

continuous particulate monitoring. Therefore, it is necessary 
to find a PM2.5 particle size separator free of aerosol loading 
effect and easy to maintain for continuous particulate 
matter monitoring, such as the water-film cleaning method 
to keep the impaction surface clean (Le and Tasi, 2017). 
The virtual cyclone, also referred to as anticyclone, which 
employs nonimpact aerosol separation, is proposed to meet 
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the requirements and further study on the optimization of 
the virtual cyclone for PM2.5 sampling is ongoing. 
 
Effect of Air Humidity on the Loading Characteristics 

The hygroscopic behavior of particles on aerosol 
penetration is evaluated by challenging the cyclone with 
3.6 mg m–3 PST particles with CMD of 3 µm and GSD of 
1.27 under 20, 30, 50, 60, 80 and 90% RH. Fig. 9 shows 
initial aerosol penetration curves under varying air humidity 
from 20 to 90% RH and after-loading ones curves under 20 
and 90% RH, respectively. The total loaded masses are 3.5 
and 3.6 mg while the reductions of the 2.5-µm aerosol 
penetration under 20 and 90% RH are 19.5 ± 1.5% and 
31.2 ± 2.2%, respectively. The after-loading cut-points 
shift from 2.5 µm to 2.25 and 2.10 µm for 20 and 90% RH, 

respectively. The separation curves after loading deviate 
from the PM2.5 performance curve promulgated by the 
USEPA. The loading effect is observed for both low and 
high humidity conditions. Moreover, the aerosol penetration 
curves shift toward smaller sizes after particle loading, 
especially under high RH. This is speculated to be because 
water vapor condenses onto the particle surfaces, altering 
the surface properties of the challenge PST particles and 
increasing the adhesive force between incident particles 
and the impaction wall surface. As a result, the loading 
effect is more significant for cyclones operating under high 
humidity conditions. The CMDs of the challenged PST 
particles remain constant at 3.28 µm for RHs under 60% 
and then grow to 3.79 µm for RHs over 80% as shown in 
Fig. 10. The hysteresis behavior of PST particles over the 

 

 
Fig. 9. Separation efficiency curves (initial and after one hour loading) under different relative humidities. 

 

 
Fig. 10. Size distributions of PST particles under different air humidities. 
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deliquescence RH not only enlarges the PST particles but 
also significantly reduces the separation performance of 
cyclones with progressive aerosol loading.  

 
CONCLUSIONS AND RECOMMENDATIONS 
 

Of the two major types of USEPA designated PM2.5 
separators used in continuous particulate monitoring, 
cyclones provide better performance than impactors over 
long sampling periods with heavy loading. However, 
cyclones are still subject to the aerosol loading effect. This 
study provides comprehensive information on the impact 
of aerosol loading on cyclone performance. It is striking to 
find that the performance begins to deteriorate just as 
aerosol loading initiates. The aerosol-loading effect is 
complex, depending not only on the aerosol phase but also 
the particle materials. As expected, liquid aerosols such as 
DEHS particles have no observed loading effect, which is 
in good agreement with previous studies. The PST particles 
exhibit more of an impact on the cyclone performance with 
respect to aerosol loading. 

Surprisingly, regardless of the higher loaded mass, 
larger solid particles have less of an effect than smaller 
ones on the cyclone performance. That is to say, the loading 
of particles with sizes close to the separator’s cut-point has 
a more serious impact on the separation. The cyclone 
performance is further worsened by the high humidity over 
the deliquescence relative humidity of challenged particles. 
For the four different-sized cyclones that were studied, no 
significant difference in the loading characteristics can be 
found. Aerosol loading causes variations in the Dp50 cut-
point and sharpness of the aerosol penetration curves, 
which deviate from the USEPA defined PM2.5 sampling 
convention. As a result, the PM2.5 mass concentration will 
be underestimated. Due to an abrupt decrease in the 2.5-µm 
aerosol penetration during the first 20 minutes of aerosol 
loading, a more limited range of precision in the published 
performance requirements regarding the Dp 50 for an FRM 
PM2.5 sampler is advised. To accommodate successive PM2.5 
monitoring for a prolonged period of time, the use of a 
virtual cyclone without aerosol loading might be a feasible 
solution and is under investigation. 
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