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In this study, we investigated the performance of an electrostatic precipitator (ESP) operating at high flow rates
(i.e., 50–100 lpm) as a fine particulatematter (PM2.5) collector for toxicological studies. The ESP optimum config-
uration (i.e.,flow rate of 75 lpm and applied voltage of+12 kV)was determined based onmaximumparticle col-
lection efficiencies and minimum ozone emissions associated with the instrument using different laboratory-
generated aerosols. This configuration resulted in particle collection efficiencies above 80% for almost all particles
in the size range of 0.015–2.5 μmwhile the ozone concentration was 17 ppb. The ESP was then deployed to our
sampling site in central Los Angeles to evaluate its performance using ambient particles under the optimum con-
figuration. Chemical composition and oxidative potential of PM2.5 samples collected on the foils placed inside the
ESP tubewere comparedwith those collected concurrently onfilters and aerosol slurries using the versatile aero-
sol concentration enrichment system (VACES) operating in parallel. Our results demonstrated that the ESP was
more efficient in preserving labile inorganic ions and total organic carbon (TOC) compared to filters. PM samples
collected on ESP substrates also showed higher intrinsic oxidative potential compared to the filters, whichmight
be the result of better preservation of redox active semi-volatile organic compounds on the ESP substrates. How-
ever, the TOC concentrations and intrinsic oxidative potential of PM samples collected on ESP substrates were
somewhat lower than the aerosol slurries collected by the VACES, probably due to deficiency of water-
insoluble compounds in extracted PM samples from ESP substrates. In conclusion, while particle collection for
toxicological purposes by the ESP is somewhat inferior to a direct aerosol-into-liquid collection, the ESP performs
equally well, if not better, than conventional filter samplers and can be utilized as a simple and adequately effi-
cient PM collector for toxicological studies.

© 2020 Elsevier B.V. All rights reserved.
ngeles, CA 90089, USA.
1. Introduction

Particulate matter (PM) has been the focus of several epidemiologi-
cal and toxicological studies due to its harmful health effects including
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respiratory morbidity and mortality, cardiovascular diseases, neurotox-
icity, and adverse birth outcomes (Anderson et al., 2012; Anenberg
et al., 2010; Nelin et al., 2012; Ostro et al., 2015; Riediker et al., 2004;
Sapkota et al., 2010;Wang et al., 2017). In order to investigate thehealth
effects of exposure to ambient PMunder controlled conditions, it is nec-
essary to conduct in vitro and in vivo toxicological studies using aerosols
representing real-world ambient PM. However, unique and compli-
cated physico-chemical characteristics of real-world PM (e.g., size and
chemical composition) cannot be easily replicated by aerosols gener-
ated in the laboratory (Keskinen and Rönkkö, 2010; Pirhadi et al., 2018).

The direct use of PM in its typical ambient concentrations is often
problematic because these concentrations are not sufficiently high to
produce measurable biological impacts in controlled toxicological stud-
ies (Lippmann and Chen, 2009). To address this limitation, aerosol con-
centrators that enrich the concentration of ambient PM by 10–30 fold
have been developed and widely used in exposure experiments
(Demokritou et al., 2003; Haglund et al., 2002; Kim et al., 2001a,
2001b; Romay et al., 2002). One example is the versatile aerosol concen-
tration enrichment system (VACES) (Kim et al., 2001a, 2001b; Zhao
et al., 2005), which employs a saturation-condensation process to
grow particles to super-micrometer water droplets, followed by virtual
impaction to enrich the concentration of ambient PM at different size
ranges by up to 110 fold (Wang et al., 2013a). The concentrated PM
can be collected on filters as well as aqueous solutions or be used di-
rectly in inhalation chambers, as discussed in several previous studies
(Laing et al., 2010; Maciejczyk et al., 2005; Zheng et al., 2015).

Other sampling methods such as high-volume impactors and filter
samplers have also been used as alternatives to aerosol concentrators
in previous toxicological studies, since they are usually less expensive
and easier to handle in comparison to the aerosol concentrators
(Demokritou et al., 2002; Kavouras et al., 2000; Misra et al., 2002). Al-
though these high volume instruments are able to collect substantial
amounts of ambient PM in short periods of time, theymay be associated
with sampling artifacts due to the loss of semi-volatile compounds and
labile species as well as adsorption of semi-volatile gas phase compo-
nents during the PM collection (Chow et al., 2010; Kumar and Gupta,
2015; Mader et al., 2001; Nie et al., 2010; Sanderson and Farant,
2005). It should be noted that accurate quantification of ambient
semi-volatile components is essential in toxicological studies since
these species havemajor contributions to the overall oxidative potential
of ambient PM as demonstrated in earlier studies (Pirhadi et al., 2019a).

More recently, electrostatic precipitators (ESPs), as another ap-
proach for PM collection, have been shown to have generally fewer
sampling artifacts in comparison to impaction and filtration methods
(Han et al., 2009b; Ning et al., 2008; Volckens and Leith, 2002a,
2002b). For example, Volckens and Leith (2002a) reported that by
collecting PM samples with ESP, the adsorption of semi-volatile species
to its substrate was 5–100 times lower than traditional filter-based par-
ticle collection methods. The authors of that study also observed that
loss of particles due to evaporation in collecting particles with the ESP
was about 2.3 times lower in comparison to particle evaporation from
filters. This was attributed to the much smaller surface area of the par-
ticulate matter deposit in ESP collectors compared to the effective area
of typical fiber filters. Furthermore, ESP collectors offer the advantage
of collecting PM samples in long time periods un-attendendly without
requiring the regular presence of operators. The majority of previous
studies have investigated ESPs with low sampling flow rates (e.-
g., ≤ 5 lpm) (Mainelis et al., 2002; Ning et al., 2008; Sillanpää et al.,
2008; Volckens and Leith, 2002b), which makes them less effective to
collect sufficient amounts of PM samples for toxicological studies.

In this study, we have evaluated the performance of a high-flow rate
ESP (i.e., withflow rates in the range of 50–100 lpm) as a particle collec-
tor for toxicological studies. Cautious steps were taken regarding the
ozone emissions associated with the corona discharge of the ESP, as
will be further discussed in the manuscript. In order to evaluate the
chemical composition and oxidative potential of PM samples collected
by the ESP, PM2.5 sampleswere collected in parallel using two other fre-
quently used samplingmethods: i) VACES-diffusion dryer collecting PM
samples on Teflon filters, and ii) VACES-BioSampler collecting PM sam-
ples suspended into aqueous solutions.

2. Methodology

2.1. Design of the ESP

In this study, we utilized a concentric ESP (In-Tox products, LLC, Al-
buquerque, NM, USA), consisting of an aluminum tube as the collecting
electrode and a stainless-steel needle as the discharge electrode located
along the columnaxis. The diameter of the needlewas 0.81mm, and the
collecting electrode had a length of 20 cm and a diameter of 3.81 cm.
Fig. 1 shows the ESP schematic. The corona needle and two electrodes
are also shown in Fig. 1(a). In brief, corona discharge occurs in presence
of the considerably strong electric fields so that the free electrons accel-
erate to such speeds adequate to knock out free electrons from the air
molecules and ionize the air accordingly (Malekian et al., 2018). The
created ion (coronal) wind then charges the particles on its path effec-
tively. A high voltage power supply (Model Bertran Series 915, Spell-
man High Voltage Electronics Corp., Hauppauge, NY, USA) was used to
apply a positive charge to the discharge electrode, while the collecting
electrode was grounded. Fig. S1 shows the current vs voltage experi-
mental curve of the ESP using negative and positive corona voltages.
As shown in the figure, for each applied voltage, the measured current
for negative voltage is higher than that of positive voltage, which is at-
tributed to the higher ion production and electrical mobility at negative
voltages (Niewulis et al., 2013). Higher concentrations of ions in the
negative corona configuration would lead to higher particle collection
efficiencies as a result of higher number of electrical charges acquired
by each particle in this configuration. However, the negative corona
produces also higher amounts of ozone (Hinds, 2012) resulting in pos-
sible chemical alterations of the collected PM samples (as it will be
discussed in Section 2.2).We therefore operated the ESPwith a positive
corona voltage in order to minimize these artifacts produced by high
ozone concentrations.

PM2.5 samples were collected on pre-baked aluminum foils (Reyn-
olds Consumer Products LLC, Lake Forest, IL, USA) which were placed
carefully on the inner surface of the collecting electrode. The ozone
emission levels associated with the ESP corona discharge and the selec-
tion of the optimum operational parameters of the ESP such as flow rate
and applied voltage (i.e., 75 lpm and 12 kV)will be discussed in detail in
the following sections.

2.2. Laboratory experiments

Laboratory experiments were conducted to evaluate and select the
optimum operational configuration of the ESP in terms of flow rate
and applied voltage based on the range of particle collection efficiencies
and associated ozone generation. Fig. 1(b) shows the schematic setup of
the laboratory tests. Laboratory-generated polydisperse sodium chlo-
ride (NaCl) aerosols with a concentration of 300 μg/ml were prepared
by dissolving 15 mg of NaCl powder (3628–01, J. T. Baker, U.S.P. -
F.C.C. grade) in 50 ml of ultrapure (Milli-Q) water. The solution was
then homogenized by sonicating in an ultrasonic bath (3510R-MT,
Branson Ultrasonics Corp., Danbury, CT, USA) for 30 min. Using a
HOPE jet nebulizer (Model 11,310, B&BMedical Technologies, Carlsbad,
CA, USA) connected to HEPA-filtered compressed air, the solution was
atomized into the small droplets. This aerosolized stream was mixed
with clean air filtered by a HEPA capsule (Model No. 12144, Pall Labora-
tory, Port Washington, NY, USA), and passed through a diffusion dryer
(Model 3620, TSI Inc., USA) containing pre-baked silica gel in order to
remove the excess water vapor from the aerosol and decrease the rela-
tive humidity (RH) to around 50%. The electrical charge of the aerosol
was also removed by passing through a cylinder supplied with ten Po-



Fig. 1. Electrostatic Precipitator (ESP): a) pictures of the ESP; b) schematic of the laboratory tests for the ESP operation.
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210 neutralizers prior to entering the ESP. To calculate the ESP collection
efficiency for smaller size ranges (i.e., 0.01 to 0.3 μm), the number-based
size distribution of the particles was obtained before and after the ESP
by means of a scanning mobility particle sizer (SMPS, Model 3936, TSI
Inc., Shoreview,MN,USA) operating in conjunctionwith a condensation
particle counter (CPC,Model 3022A, TSI Inc., Shoreview,MN, USA). Sim-
ilarly, the collection efficiency for larger size ranges (i.e., 0.3–2.5 μm)
was calculated utilizing an optical particle sizer (OPS, Model 3330, TSI
Inc., Shoreview, MN, USA).

Prior to performing the ESP collection efficiency tests, the ozone
emissions associated with the ESP corona discharge at different flow
rates and applied voltages were measured in order to identify an opti-
mum configuration resulting in high collection efficiencies (i.e., over
80–85%) with low ozone generation. Ozone concentrations in the ESP
air flow were measured by connecting a UV Photometric O3 Analyzer
(Thermo Environmental Instrument, Model 49C, Franklin, MA, USA) to
the exiting air stream from the ESP. Initial calibration was performed
using the air stream filtered by a HEPA-filter connected to the
instrument. Subsequently, the ozone concentrations in air stream
were measured under different operational configurations (i.e., flow
rates and applied voltages) of the ESP. Excessive ozone production by
the ESP corona discharge in certain configurations might alter the
chemical composition of PM samples significantly based on theprevious
studies (Huang and Chen, 2003; Kaupp andUmlauf, 1992; Volckens and
Leith, 2002b). The impact of different flow rates (i.e., 50, 75, and
100 lpm) on the collection efficiency of our ESP designwas investigated
under the maximum applied voltage (i.e., 12 kV). Subsequently, at the
optimum flow rate, the effect of different voltages (i.e., 8, 10, and
12 kV) on the collection efficiency of ESP was evaluated. Lastly, at the
optimum configuration of the ESP in terms of maximum collection effi-
ciency with lower ozone generation, additional tests were conducted
utilizing monodisperse polystyrene latex (PSL) particles (Polysciences
Inc., Warrington, PA, USA) at various size ranges (i.e., 0.3, 0.5, 0.75, 1,
and 2 μm) as well as other polydisperse aerosols (i.e., glutaric acid and
ammoniumnitrate) to confirm that theperformance of the ESP is not af-
fected by the chemical composition of the passing aerosols.
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2.3. Field experiments

Following optimization of the ESP operational configuration in the
laboratory, the ESP was deployed at the particle instrumentation unit
(PIU) of University of Southern California for field tests. The PIU is lo-
cated in central Los Angeles at a distance of ~150m from the I-110 free-
way. Earlier studies have demonstrated that this location represents a
typical urban area exposed to ambient PM originating frommostly traf-
fic sources (Soleimanian et al., 2019). Fig. 2(a) and (b) show the sche-
matic of the field test setup for the ESP, and VACES operations,
respectively. Concurrent PM2.5 samples were collected using the ESP
and the two other sampling methods including the VACES-diffusion
dryer-filter andVACES-BioSampler for comparison purposes to evaluate
the chemical composition and oxidative potential of the PM2.5 samples
collected by these three different sampling approaches, as mentioned
earlier in the Introduction section.

As shown in Fig. 2(a), a 90-degree elbowmade of an aluminum tube
with a diameter of 0.5 cm was employed as an approximate PM2.5 im-
pactor/inlet before the ESP to remove coarse PM (i.e., larger than
2.5 μm) from the air sample. The design and important characteristics
of this PM2.5 inlet are described in the Supplementary Information (SI)
in Section S1.

Details regarding the VACES operation and performance have been
elaborated in earlier studies (Kim et al., 2001a, 2001b; Pirhadi et al.,
2019b; Zhao et al., 2005). In brief, the ambient particles were drawn
with a flow rate of 210 lpm into a pre-impactor with a cut-point of
2.5 μm, and subsequently mixed with water vapor as they passed
through a saturation tank at 30 °C. The flow was then split into two
lines, each at a flow rate of 105 lpm. In each line, the flow underwent
a supersaturation process after passing through a condensation section
in which the temperature was decreased to around 21–22 °C, resulting
in the condensation of the excess water vapor on the particles and
growing the particles to around 3–4 μm. The grown particles in each
line then entered a virtual impactor with a cut-point of 1.5 μm and a
minor flow rate of 5 lpm, leading to particle concentration enrichment
by an approximate factor of 20. In the first line, concentrated particles
were drawn into a diffusion dryer (Model 3620, TSI Inc., Shoreview,
MN, USA) in order to remove the extra moisture and revert the original
size of the particles. These particles were then collected on a 37-mm
PTFE (Teflon) filter (Pall Corp., Life Sciences, 2-μm pore, Ann Arbor,
MI, USA). In the second line, the grown particles were directly drawn
into the BioSampler after the virtual impactor, which collects slurry
Fig. 2. Schematic of the field tests: a) ESP operation and design parameters as well as the im
BioSampler.
PM samples by means of impaction and centrifugal forces by injecting
the concentrated liquid droplets into a swirling water volume (Daher
et al., 2011; Kim et al., 2001a, 2001b). Five sets of PM samples were col-
lected during October–November 2019, and each set of samples in-
cluded PM slurries from VACES-BioSampler, filters from VACES-
diffusion dryer, and foil substrates from the ESP. Each sampling cycle
covered approximately 1 week, collecting PM samples for about 7 h a
day.

2.4. Gravimetric and chemical analysis

During the field experiments, five sets of PM samples on aluminum
foils were collected using the ESP. In parallel with these samples, five
sets of PM suspensions, each containing 70ml, aswell as five sets of Tef-
lon filters were collected by the VACES/BioSampler. The mass concen-
tration of PM samples collected by the ESP and filters was calculated
by dividing the collected mass on the foils and filters using pre-and
post-weighting to the volume of sampled air. The filters and foils were
kept for 24 h at a controlled environment with a temperature of
22–24 °C and a relative humidity of 40–50% to ensure their equilibration
after each test. Then, themass offilterswasmeasured by amicrobalance
(MT5, Mettler-Toledo Inc., USA) with a ± 0.001 mg precision, and the
mass of aluminum foils was measured employing a filter balance (LA
130 S-F, Sartorius, Bohemia, NY, USA). The collected PMmass on filters
was used as our reference for mass-based normalization of the mea-
sured chemical components and oxidative potential in the slurry. As ob-
served in Fig. S4, the mass concentrations of ambient PM2.5 samples
collected by the VACES-filter sampler based on the gravimetrical mea-
surements were in very good agreement with the reference ambient
PM2.5 data recorded by the regulatory monitoring stations near our
sampling site.

All of the collected PM2.5 samples were chemically analyzed for dif-
ferent components including inorganic ions, total organic carbon (TOC),
and metals and trace elements by the Wisconsin State Lab of Hygiene
(WSLH). To extract PM from the ESP aluminum foils, sonication with
high-purity Milli-Q solution (with ~1:10 mixture of methanol and
water) was conducted. Since it was not possible to digest the foil and
PM directly in the acid mixture, the extraction volume was minimized
for enhanced sensitivity. The TOC content of the samples was quantified
by means of a Sievers 900 total organic carbon analyzer (Stone et al.,
2008). Moreover, inductively coupled plasma mass spectroscopy (ICP-
MS) and ion chromatography (IC) were utilized, respectively, in order
pactor design and picture; b) VACES operation collecting PM samples on a filter and the
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to quantify the metals and trace elements content of the PM samples
and their inorganic ions (Herner et al., 2006; Karthikeyan and
Balasubramanian, 2006; Lough et al., 2005).

2.5. Toxicological analysis

Several toxicological studies have used the metric of oxidative po-
tential to estimate the association of PM with adverse health effects,
by measuring the ability of PM to generate reactive oxygen species
(ROS) in the cellular structure, which leads to the production of oxida-
tive stress in cells, and consequently, to adverse health outcomes
(Esposito et al., 2014; Paszti-Gere et al., 2012; Tao et al., 2003). A num-
ber of chemical and biological assays have been used tomeasure the ox-
idative potential of airborne particles, among which the macrophage-
based ROS assay has been employed in the present study (Bates et al.,
2019; Verma et al., 2015). To measure the oxidative potential of PM
samples with the ROS assay, fluorogenic DCFH, a cellular membrane-
permeable compound, was applied to rodent alveolar macrophage
cells and used as a fluorescent probe. PM samples were extracted
from the filters to 1 ml of sterilized Milli-Q water, followed by agitation
for 16 h at a dark ambient and sonication for 30 min in the room tem-
perature. The alveolar cell line of the rats (NR8383, American Type Cul-
ture Collection)was exposed to the extracted PMsamples andDCFH-DA
(2,7 dichlorodihydrofluorescein diacetate) with a solution concentra-
tion of 15 μM. Inside the cellular structure, DCFH-DA is converted to
non-fluorescent 2,7 –dichlorodihydrofluorescein (DCFH), and in the
presence of reactive oxygen species it becomes oxidized to the highly
fluorescent 2, 7-dichlorofluorescein (DCF). Production of DCF is moni-
tored by a microplate reader, and reported in units of fluorescence per
PM mass. Several dilutions were utilized for each PM sample to obtain
a robust estimate of the ROSproduction per PMmass of that sample. Zy-
mosanwas employed as a positive control that triggers a strong ROS re-
sponse recognized by the TLR-2 (Toll-like receptors) of macrophage
cells. Accordingly, the intrinsic (per PM mass) oxidative potential
based on the ROS assay was reported in units of μg Zymosan/mg
(Landreman et al., 2008; Shafer et al., 2016) for each sample.

3. Results and discussion

3.1. Laboratory evaluation

3.1.1. ESP ozone generation
Asmentioned in themethodology section, before evaluating the ESP

performance at differentflow rates and applied voltages, the ozone gen-
eration associated with different configurations was assessed. Fig. 3
shows the ozone concentrations produced by the ESP at different flow
rates (i.e., 50, 75, and 100 lpm) and voltages (i.e., 8, 10, and 12 kV). As
Fig. 3. Ozone concentration in the ESP air stream under different sampling flow rates
(i.e., 50, 75, and 100 lpm) and applied positive voltages (i.e., 6–14 kV).
demonstrated in the figure, the concentration of ozone decreases sub-
stantially by increasing the sampling flow rate. This is due to the higher
dilution of the ozone produced by the ESP corona at higher flow rates.
For example, by decreasing the ESP flow rate from 75 lpm to 50 lpm
at different voltages (i.e., 6–14 kV), the average ozone concentration in-
creases approximately 13.7 ppb. Moreover, a higher applied voltage in-
creases the ozone production, which is in agreement with the findings
of previous studies (Huang and Chen, 2003; Ohkubo et al., 1988;
Yehia, 2007). This is due to the higher ionization produced by the higher
corona discharge of the ESP, leading to higher ozone generation (Castle
et al., 1969; Yehia, 2007). For example, at a flow rate of 75 lpm, we ob-
served a 13-ppb increase in the ozone concentration by increasing the
applied voltage from 8 kV to 12 kV.

As mentioned earlier, one of the major issues associated with ozone
generation in the ESP is the potential artifacts produced by the oxidation
of semi-volatile organic compounds under high ozone concentrations
that might result in significant changes in the chemical composition of
the collected PM (Ning et al., 2008; Volckens and Leith, 2002b). In our
ESP, at flow rates in the range of 75–100 lpm, almost all of the ozone
concentrations generated by the corona discharge were lower than
20 ppb operating with different applied voltages (i.e., 6–14 kV). The
ozone generations observed in this study (i.e., 17 ppb under the opti-
mum configuration of 75 lpm and voltage of 12 kV, which will be
discussed inmore detail in the next sections of themanuscript) are con-
siderably lower than those of the previous ESP designs (Kaupp and
Umlauf, 1992; Ning et al., 2008; Volckens and Leith, 2002b). For exam-
ple, the observed ozone generations in studies of Kaupp and Umlauf
(1992), Volckens and Leith (2002b), andNing et al. (2008),were around
200–300 ppb, 125 ppb, and 57 ppb, respectively. Volckens & Leith
(2002) reported that their ESP, with an associated ozone production
of 125 ppb (i.e., around 7 times higher than that of our study), could ac-
curately preserve the chemical composition of important groups of
semi-volatile organic components (SVOCs) such as polycyclic aromatic
hydrocarbons (PAHs) and alkanes, while there were some errors in
characterizing the highly reactive compounds including alkenes. Ning
et al. (2008) also reported that the chemical composition of PAHs,
hopanes, steranes, and alkanes of the samples collected by their ESP
with an ozone production of 57 ppb (i.e., around 3.5 times higher than
that of our study), were in very good agreement (i.e., a ratio of 1.07 on
average) with those collected by a MOUDI (Micro Orifice Uniform De-
posit Impactor) used as a reference sampler. Moreover, the observed
ozone production in our ESP (i.e., 17 ppb) is considerably lower than
the US EPA (Environmental Protection Agency) air quality standard of
70 ppb for ozone concentrations based on the 8-h averaging time
(McCarthy and Shouse, 2018). All of this evidence underpins the notion
that the ozone production of 17 ppb under the optimum ESP configura-
tion would likely result in minimal chemical artifacts without causing
any adverse health impacts. Results of the chemical composition and
oxidative potential for the collected PM sampleswill be discussed in de-
tail in Section 3.2.

3.1.2. Effect of the ESP sampling flow rate on particle collection efficiency
Fig. 4 illustrates the theoretical and experimental collection effi-

ciencies of the ESP at different flow rates (i.e., 50, 75, and 100 lpm)
operating at 12 kV voltage. The equations and related assumptions
to calculate the ESP theoretical collection efficiency are explained
in detail in the SI in Sections S2 and S3. Based on the figure, our ex-
periments are in good overall agreement with the theoretical calcu-
lations of the ESP collection efficiency. The mean absolute errors
(MAEs) between the experimental and theoretical collection effi-
ciencies (i.e., the differences between the measured and the calcu-
lated values) are equal to 5.8%, 8.8%, and 7.8% for 50, 75, and
100 lpm flow rates, respectively. Part of the difference between the
experimental and theoretical collection efficiencies can be explained
by the variations of the experimental test data. Another factor is that
the theoretical ESP efficiencies were determined for an electrical



Fig. 4.Experimental particle collection efficiency of the ESP at different size ranges under differentflowrates (i.e., 50, 75, and 100 lpm) andat a constant voltage (i.e.,+12 kV) using sodium
chloride (NaCl) particles, and comparison with theoretical efficiencies. The error bars show one standard error (SE).

6 M. Pirhadi et al. / Science of the Total Environment 739 (2020) 140060
field strength value, E, estimated at a single radial distance of
0.75 cm, which is the radius corresponding to the geometric mean
of the electrical fields calculated at equally dispersed distances be-
tween the inner (i.e., corona centerline) and outer (i.e., collection
tube wall) ESP electrodes. We used the geometric mean instead of
the arithmetic average because of the exponential decay of the field
strength, E, with radial distance (Eq. (5) of the SI). According to the
figure, in the smaller size ranges (i.e., dp b ~80–100 nm), the ESP col-
lection efficiency is higher for smaller particles whereas for larger
size ranges (i.e., dp N 300 nm), the collection efficiency increases
with particle diameter. A minimum in the ESP collection efficiency
was observed both theoretically as well as experimentally for parti-
cles in the range of 100 nm b dp b 200 nm, because this is the
range of the lowest particle electrical mobility (Hinds, 2012). This
observation is in agreement with the trends reported by previous
studies (Huang and Chen, 2003; Ning et al., 2008; Saiyasitpanich
et al., 2006; Zhu et al., 2012), which reported minimum collection ef-
ficiencies in similar size ranges (~200–350 nm).

The data plotted in Fig. 4 show that at higherflow rates the collection
efficiency decreases sharply, as a result of the reduction in the particle
residence time in the ESP with increasing flow rates. For example, in-
creasing the flow rate from 75 lpm to 100 lpm resulted in an average
20.1% reduction in the ESP collection efficiency for different size ranges.
Similar trends have been observed in earlier studies in the literature
(Dramane et al., 2009; Ning et al., 2008; Xu et al., 2015).

Although the particle collection efficiencies observed at theflow rate
of 50 lpmwere higher than theflow rate of 75 lpm, the associated ozone
production at 50 lpm (i.e., 38 ppb)wasmore than double that at 75 lpm
(i.e., 17 ppb) (see Fig. 3). Taking into account the high collection
Fig. 5. Experimental particle collection efficiency of the ESP at different size ranges under differe
and comparison with the theoretical collection efficiencies. The error bars show one standard
efficiencies at 75 lpm (i.e., around 80–100% for various size ranges)
combined with an acceptably low ozone production, we selected
75 lpm as the optimum operational flow rate of our ESP.
3.1.3. Effect of applied voltage
To investigate the effect of applied voltage on the ESP collection effi-

ciency and select the optimum operational voltage, laboratory tests
were conducted, as mentioned in Section 2.2. Fig. 5 shows the theoret-
ical and experimental ESP collection efficiencies at different voltages
(i.e., 8, 10, and 12 kV) at the optimum flow rate (i.e., 75 lpm). As seen
in the figure, the experimentally determined collection efficiencies of
the ESP are in good agreement with the theoretical collection efficien-
cies. MAEs between the experimental collection efficiencies and the
theoretical ones for voltages of 8, 10, and 12 kV are 8.4%, 8.6%, and
8.8%, respectively. Moreover, the average standard error (SE) of the ex-
perimental collection efficiencies at 8, 10, and 12 kVwas 3.5%, 4.1%, and
3.4%, respectively. Similar to the results discussed in Section 3.1.2., the
collection efficiency in the smaller size ranges (i.e., dp b ~80–100 nm)
increases with decreasing particle diameter, while in the larger size
ranges (i.e., dp N 300 nm), higher collection efficiencies can be observed
with increasing particle diameter. The minimum collection efficiency is
once again observed in the size range of 100–200 nm. Furthermore, the
collection efficiency of the ESP at different size ranges increases with in-
creasing applied voltage, as expected, since the stronger electrical field
at high voltages results in higher particle charging and higher particle
electrostatic velocities (Hinds, 2012; Xu et al., 2015). For example, by in-
creasing the voltage from10 kV to 12kV, the collection efficiency for dif-
ferent size ranges, on average, increases by about 23%. This is also
nt voltages of 8, 10, and 12 kV and at a constant flow rate (i.e., 75 lpm) using NaCl aerosols,
error (SE).
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consistent with the results of previous studies using ESP as particle col-
lectors (Niewulis et al., 2013; Zhu et al., 2012).
3.1.4. Effect of particle chemical composition
After determining the optimum operational configuration of the ESP

(flow rate of 75 lpm and applied voltage of 12 kV), the ESP performance
was further evaluated by aerosolizing particle suspensions of different
chemical composition using the same experimental procedure de-
scribed in Section 2.2. The electrical and hygroscopic properties of aero-
sols might be altered by changing their chemical composition and
mixing state (Bhattu and Tripathi, 2015). The selected laboratory-
generated aerosols in this study (e.g., sodium chloride (NaCl), ammo-
nium nitrate (NH4NO3), glutaric acid (C5H8O4), and polystyrene latex
(PSL)) are generally standard particle materials (Blando et al., 2001;
Fierz-Schmidhauser et al., 2010; Forsyth et al., 1998; Geller et al.,
2005; Gysel et al., 2002; Han et al., 2009a;Matthew et al., 2008). Ammo-
nium nitrate represents one of the most predominant inorganic species
that constitute amajor fraction of the PM2.5mass inmany regions across
theworld (Lee et al., 2007; Li et al., 2013; Putaud et al., 2004).Moreover,
ammonium nitrate is semi-volatile and can be used as a representative
of other semi-volatile species in the ambient air (Chang et al., 2000;
Verma et al., 2011). Glutaric acid was also selected because it is one of
the most common secondary organic compounds created by photo-
oxidation of primary emissions in the atmosphere (Kalberer et al.,
2000; Stone et al., 2010). Sodium chloride, or sea salt, is a naturally oc-
curring aerosol (Weis and Ewing, 1999). PSL particles are used because
of the convenience afforded by their mono-dispersity but also because
they represent hydrophobic aerosols compared to the other test aero-
sols that are largely hygroscopic. Moreover, the selected aerosols
cover a wide range of dielectric constants (from about 2.5 for PSL to
about 8 for ammonium nitrate (Hinds, 2012; Lee et al., 1996)). Fig. 6
shows the theoretically and experimentally determined values of the
ESP collection efficiency for the different types of the test aerosols. Ac-
cording to the data plotted in the figure, the experimental collection ef-
ficiencies corresponding to different types of solutions are in good
agreement with the theoretical predictions (MAEs are equal to 8.8%
8.1%, 8.8%, and 8.1% for NaCl, ammonium nitrate, glutaric acid, and PSL
respectively). The slight differences between the collection efficiencies
of different solutions may be attributed to the different electrical per-
mittivity (ε) values between the tested aerosols (Fig. S3). As observed
in Fig. 6, the average collection efficiencies for all of the investigated
polydisperse and monodisperse aerosols are in the range of about
80–90% for all the size ranges, which corroborated the ESP performance
as an efficient PM collector prior to conducting field experiments using
ambient PM discussed in the following section.
Fig. 6. Experimental collection efficiency of the ESP at different size ranges under the optimum
including sodium chloride (NaCl), ammonium nitrate (NH4NO3), glutaric acid, and polystyrene
The standard error (SE) of the data has been shown only for NaCl and PSL solutions, because t
3.2. Field tests

3.2.1. Chemical composition
Fig. 7 illustrates the mass fraction (i.e., per PM2.5 mass concentra-

tion) of inorganic ions (i.e., nitrate, sulfate, and ammonium) and TOC
for PM samples collected on filters, ESP substrates, and slurries using
the VACES-diffusion dryer-filter, ESP, and VACES-BioSampler, respec-
tively. It should be noted that the measured analytical mass of each
chemical species was divided by the airborne PM mass of samples col-
lected on ESP substrates and filters prior to the water extraction; this
way, any biased representation of enriched concentration of water-
soluble species is avoided. As shown in Fig. 7, with the exception of sul-
fate, themass contents of TOC and inorganic ions in PM slurry are higher
(by 22%, and 28%, respectively) than those collected on the ESP sub-
strate and filter samples, while those of ESP substrate are also higher
(by 10%, and 27%, respectively) than filter samples. The TOC concentra-
tions in the PM slurry was 198.6 ± 22.3 μg/mg PM while those of ESP
substrate and filter samples were 170.1 ± 22.1 μg/mg PM and
154.9 ± 16.8 μg/mg PM, respectively. The lower mass content of most
organic species as well as ammonium nitrate in PM collected on filters
compared to those on ESP substrates is probably due to some evapora-
tion of these labile species from the filters, as a result of their higher ef-
fective surface area available for particle collection compared to that of
the ESP (Ning et al., 2008; Volckens and Leith, 2002b). Additionally, the
higher concentration of TOC in PM slurries compared to those collected
on ESP substrates and filters can be explained by themore efficient cap-
ture of water-insoluble species in the PM slurry (Wang et al., 2013c),
compared to the aqueous extraction of PM samples collected on the
ESP substrates and filters, which captures mainly the water-soluble
compounds. Water-insoluble organic carbon may account for as much
as 30–50% of the ambient organic carbon in our sampling site, based
on reported values in the previous studies (Pirhadi et al., 2019a; Wang
et al., 2013c).

Fig. 8 (a) illustrates a good overall agreement between themass con-
tent of metals and trace elements for PM samples collected on filter, ESP
substrate, and slurry. It should be noted that many of these species
(e.g., Fe, Mn, Cr, Zn, Ni, V, Cu) are redox-active and thus very important
in toxicological studies (Laurent et al., 2016; Shafer et al., 2010). The
metal contents of PM extracted from filters and ESP substrates (Fig. 8
(b)), as well as slurries and ESP substrate (Fig. 8 (c)) are highly corre-
lated (i.e., R2 value of 0.94, and 0.98, respectively) and the slopes of re-
gression lines are close to unity (i.e., slope of 1.16, and 1.26,
respectively). It should be noted that PM samples extracted from ESP
substrates showed much higher aluminum content compared to those
of filters and slurries, which is most probably due to the high aluminum
element content in the texture of ESP substrates. Hence, we excluded
configuration (i.e., flow rate of 75 lpm, applied voltage of +12 kV) using different aerosols,
latex (PSL), and comparison with the theoretical collection efficiency calculated for NaCl.

he experimental uncertainties for the rest of test aerosols were similar.



Fig. 7. Average per PMmass fractions of inorganic ions (nitrate, sulfate, and ammonium) and total organic carbon (TOC) for PM samples collected on filters, ESP substrates (after water-
extraction), and aqueous slurries. Error bars represent one standard error (SE).
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this metal from our correlation analysis. Differences between the con-
centration of these trace species collected on filters and ESP substrates
is within the variation of data, and there is no clear increasing or de-
creasing trend in the mass content from filter to ESP substrate. Similar
to TOC, the higher mass content of metals and trace elements in PM
slurries compared to those of substrate samples is again a result of
water-insoluble elements inherently collected in the PM slurries,
Fig. 8. a) Mass fractions of metals and trace elements of PM samples collected on filters, ESP su
metals and trace elements of PMcollected on ESP substrate vsfilter, and c) slurry vs ESP substrat
which are inefficiently removed during the water-extraction process
from filter and ESP substrate samples.

3.2.2. Oxidative potential of PM2.5 collected by the three different sampling
methods

Fig. 9 shows the intrinsic oxidative potential (in units of μg Zymosan/
mg PM) of the collected PM samples on filters, ESP substrates, and
bstrates (water-extracted), and aqueous slurries. b) Correlation between mass fraction of
e for averagemass content of differentmetals. Error bars represent one standard error (SE).



Fig. 9. Average intrinsic (per PM mass) oxidative potential for PM samples collected on
filters, ESP substrates (water-extracted), and aqueous slurries. Error bars represent one
standard error (SE).
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slurries. The oxidative potential of PM samples collected on slurries
(2153.9 ± 633.1 μg Zymosan/mg PM) is approximately 30% higher than
ESP substrates (1670±410.9 μg Zymosan/mg PM); this is most probably
due to the higher content of TOC, especially of water-insoluble organic
compounds, in PM slurries, which can be regarded as a notable advantage
of this sampling methodology for collecting PM for use in toxicity studies
(Wang et al., 2013c, 2013b). Previous studies have documented the
redox-activity of organic species (bothwater soluble andwater insoluble)
in urban environments (Bae et al., 2017; Bates et al., 2019; Biswas et al.,
2009; Delgado-Saborit et al., 2011; Knecht et al., 2013; Pirhadi et al.,
2019a; Verma et al., 2009), and the importance of water-insoluble com-
pounds contributing to a considerable fraction of the oxidative potential
of PM2.5 (Daher et al., 2011; Wang et al., 2013c). Furthermore, the oxida-
tive potential of PM samples collected on the ESP substrates is around 20%
higher than that of filters (1374.1 ± 500 μg Zymosan/mg PM), which
could be attributed to better preservation of semi-volatile organic compo-
nents (SVOCs) compared to traditional filters, as argued in earlier investi-
gations (Cardello et al., 2002; Volckens and Leith, 2002a).

Regarding the impact of organic components oxidation on the ROS
results, as mentioned earlier, previous ESP studies with significantly
higher ozone productions (i.e., 57–125 ppb) compared to our study
(i.e., 17 ppb) have reported that the ESP could accurately preserve
chemical composition of most of the SVOCs such as PAHs, alkanes,
hopanes, and steranes (Ning et al., 2008; Volckens and Leith, 2002b).
Furthermore, we did not observe any visible signs of corrosion resulting
from the oxidation on the aluminum foils of the ESP substrates (as dem-
onstrated by Volckens and Leith (2002a)) during our sampling cam-
paign. More importantly, if the degree of organics oxidation and the
subsequent formation of redox-active secondary organic aerosols
(SOAs) was significant (Khan et al., 2016; Tuet et al., 2017), one would
expect to observe higher levels of ROS for ESP substrates. However,
the intrinsic PM oxidative potential of the samples collected on ESP sub-
strates is still lower than that collected in the aqueous slurries as shown
in Fig. 9. Although chemical artifacts associated with the ozone genera-
tion of the ESP cannot be ruled out, similar artifacts would likely occur
on the PM samples collected on filters because: 1) the airstream enter-
ing the filter is not depleted of ozone (since O3 is not removed from the
air sample, and it is therefore at ambient levels as the air sample pene-
trates the filter), and 2) the air comes into contact with a much larger
effective surface area than the ESP substrate. According to the data ex-
tracted from the Chemical Speciation Network (CSN) for our sampling
location, the average ambient ozone concentration was about 20 ppb
during our field campaign (October and November of 2019) (Air
Quality Data (PST) Query Tool, 2019), therefore in a range comparable
to that produced by the ESP.

4. Summary and conclusions

The objective of this study was to evaluate the performance of an
electrostatic precipitator (ESP) operating at high flow rate as a PM2.5
collection method for use in toxicological studies. According to the par-
ticle collection efficiency and ozone generation measured at the labora-
tory, the optimum operational flow rate and applied voltage of ESP was
determined to be 75 lpm and+12 kV, respectively, resulting in average
collection efficiency of ~85% (i.e., PM2.5) and ozone concentration of
17 ppb. The aerosol-into-liquid collection of ambient PM by means of
the VACES/BioSampler was the most effective method in capturing
both redox-active water soluble and insoluble species, resulting in the
highest ROS levels among the three sampling methods investigated in
this study. Although somewhat inferior to the VACES/BioSampler, the
ESP captured labile organic and inorganic species more efficiently than
the filter sampler, resulting in higher oxidative potential values com-
pared to filters. Despite the superiority of the VACES/BioSampler system
in capturing redox-active PM species, the operational simplicity of the
ESP and its higher collection efficiency of labile PM species compared
to conventional filtration might make it an attractive alternative for
PM collection for toxicological studies.
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