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a  b  s  t  r  a  c  t

It is  now  recognized  that  nanoscale  particulate  matter  (PM)  represents  a substantial  health  hazard  for
our  society,  including  PM  from  restaurant  smoke.  In this  study,  we  explored  the  use  of  a  transient  pulsed
plasma  in  conjunction  with  an  applied  DC  bias  to treat  oil aerosols  that  closely  resemble  restaurant  (i.e.,
charbroiler)  smoke  emissions.  For  polyaromatic  olefin  PAO-4  and  soybean  oil,  we  found  that  a three-
order-of-magnitude  reduction  in particulates  (i.e., 99.9%  remediation)  could  be  achieved  with  this  system.
Here,  the  plasma  discharge  was produced  in  a 4-in.-diameter  cylindrical  reactor  with  a 5–10  ns  high
voltage  (30  kV)  pulse  generator  together  with  applied  DC  bias  voltages  up  to  10  kV.  The  distribution  of
nanoparticle  sizes  was measured  using  a scanning  mobility  particle  sizer (SMPS)  with  diameter  centered
around  225  nm.  Here,  the  main  mechanism  of remediation  occurs  in  a two-step  process  in  which  the
C bias
emediation

oil  nanoparticles  are  first  ionized  by  the free  electrons  and  free  radicals  in the  plasma  and  then  the
charged  particles  are  swept  out to  the  sidewalls  of  the  reactor  by  the  applied  DC potential.  We  believe
this  general  approach  opens  up new  degrees  of  freedom  in  the  design  of  electrostatic  oil  aerosol  pollution
control  devices.

©  2020  Chinese  Society  of  Particuology  and  Institute  of Process  Engineering,  Chinese  Academy  of
Sciences.  Published  by  Elsevier  B.V.  All  rights  reserved.
ntroduction

The wide acceptance of the serious health effects associated
ith nanoscale particulate matter (PM) produced by fossil fuel

ombustion has led to a wide range of nanotoxicology studies
f the environmental emissions from restaurants in commercial
ooking processes (e.g., charbroiling) (Chow et al., 2006; Dockery
t al., 1993; Kaltsonoudis et al., 2017; McDonald et al., 2003;
berdörster, Oberdörster, & Oberdörster, 2005; Pope et al., 2002;
amet, Dominici, Curriero, Coursac, & Zeger, 2000; Yancey, Apple,

 Wharton, 2016). In 1997, the South Coast Air Quality Manage-

ent District (SC-AQMD) in Southern California passed RULE 1138,
hich regulates PM emissions from chain-driven (i.e., conveyor-

elt) charbroilers (Rule 1138, 1997). This PM is made up of oil
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E-mail address: scronin@usc.edu (S.B. Cronin).

ttps://doi.org/10.1016/j.partic.2020.06.003
674-2001/© 2020 Chinese Society of Particuology and Institute of Process Engineering, C
aerosol particles approximately 100–200 nm in size, which are pro-
duced from fat-containing meat during the cooking process. In
response to this ruling, these chain-driven charbroilers are now
outfitted with high temperature oxidation catalysts located just
above the hot cooking surface, mitigating these nanometer-scale
oil aerosol particles. While chain-driven charbroilers are primar-
ily used in large fast-food restaurants, a majority (∼85%) of total
restaurant smoke emissions are produced by open underfire char-
broilers (Perryman, 2009; Whynot, Quinn, Perryman, & Votlucka,
1999). In a 2016 report, there was  an estimated 1400 tons of par-
ticulate matter produced annually in New York city originating
from these open-underfire charbroilers. According to the Depart-
ment of Health and Mental Hygiene, it is estimated that more
than 12% of premature deaths due to PM2.5 (i.e., particles ≤2.5 �m)
are attributed to open underfire charbroiler emissions (DEP, 2016;
New York City Department of Environmental Protection, 2016). By

equipping all of the restaurant charbroilers in New York city with
effective pollution control technologies, an estimated 88% of these
premature deaths can be reduced by limiting the PM2.5 concentra-
tions in the region (DEP, 2016).

hinese Academy of Sciences. Published by Elsevier B.V. All rights reserved.
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With the exception of New York city, San Francisco and San
oaquin, particulate matter (PM) emissions from open under-
re charbroilers are largely unregulated and account for 94% of
ll restaurant emissions in these regions (Wright, 2009). A typ-
cal charbroiler produces around 10 lbs/day of particulates at
olumetric flow rates above 1600 ft3/min. Per hamburger, this cor-
esponds to about 5 g of particulate matter (PM) (Bose, 2012).
t is important to point out that the high temperature oxida-
ion catalysts in chain-driven charbroilers cannot be used to
reat open underfire charbroilers because, in this configuration,
he ventilation hood is typically more than 1 m above the cook-
ng surface. Here, the exhaust is relatively cool, and the catalyst

ould need to be heated separately in order to provide effec-
ive remediation. Currently available methods for removing oil
erosol particulates include electrostatic precipitation (ESP), wet
crubbers, and filtration (Gysel et al., 2018; Lee et al., 2011). For
eavy grease cooking, such as hamburger charbroiling, filtration is
ost-prohibitive and requires daily maintenance. In this approach,
everal filters are arranged in series, creating a large pressure drop
aking it necessary to use a high-power fan in order to achieve

ufficiently high flow rates to reach kitchen ventilation compli-
nce.

While there have been many reports characterizing harmful
missions from various cooking processes (Amouei Torkmahalleh,
orjinezhad, Unluevcek, & Hopke, 2017; Buonanno, Johnson,
orawska, & Stabile, 2011; Gao et al., 2013; Kaltsonoudis et al.,

017; McDonald et al., 2003; Robinson et al., 2018; Schauer,
leeman, Cass, & Simoneit, 2002; Yancey et al., 2016), there have
een relatively few reports on techniques for remediating these
armful pollutants (Chang, Mi,  Lin, Hsieh, & Chao, 2011; Gysel et al.,
018; Lee et al., 2011; Yang et al., 2019). Lee et al. reported emission
ates and removal efficiencies of particulate matter by electrostatic
recipitators (without plasma) in under-fired charbroilers with
fficacies between 55%–97% (Lee et al., 2011). Researchers at the

niversity of California, Riverside’s commercial test cooking facility
erformed a comparative study of three remediation technologies
sing the South Coast Air Quality Management District (SCAQMD)
ethod 5.1. Of the three devices studied, a dual-stage filtration

ig. 1. (a) CAD drawing of the plasma-based reactor for restaurant particulate emissions r
ystem.  (c) Schematic circuit diagram of the experimental setup.
y 55 (2021) 43–47

system, a device based on evaporative cooling and electrostatic
ionization, and an electrostatic precipitator, only the electrostatic
precipitator provided remediation above 80% (Gysel et al., 2018).
Chang et al. reported plasma-based removal of gaseous poly-
cyclic aromatic hydrocarbons from cooking fumes (Chang et al.,
2011). In 2019, Yang et al. reported first results on plasma-based
remediation of nanoscale particulate matter in restaurant smoke
emissions, however, without an applied DC bias (Yang et al.,
2019).

In the work reported here, we  use a nanosecond pulse plasma
in conjunction with a DC bias, which provides an electrostatic
field across the reactor and produces a higher plasma density than
the nanosecond pulsed plasma alone. When the DC bias voltage
is added to the nanosecond pulse, the voltages sum additively,
resulting substantially higher peaks fields. For example, a 30-kV
nanosecond pulse applied with a10-kV DC bias will provide a peak
voltage of 40 kV. Here, the remediation occurs in a two-step pro-
cess where the nanoparticles are ionized by free radicals in the
plasma and then swept out to the sidewalls by the applied DC
bias.

Experimental methods

In the study presented here, we  use an oil aerosol generator from
Aerosol Technologies International (ATI, Inc), which is created by
forcing compressed air through a Laskin nozzle (Drew, Berntein, &
Sidney, 1978; First, Rudnick, & Yan, 1992; Hinds, Macher, & First,
1983). Our plasma-based flow reactor consists of a 4-ft-long, 4-in.-
diameter stainless steel cylindrical anode with a 25-mil single-wire
cathode arranged in a coaxial geometry, as illustrated in Fig. 1. This
system has electrical feedthroughs on either end of the reactor,
one for supplying high DC voltages and the other for high voltage
nanosecond pulses, as indicated in Fig. 1(a). Fig. 1(c) shows a cir-
cuit diagram illustrating how the DC bias is configured together

with the nanosecond pulse generator. In this configuration, a high
voltage capacitor protects the nanosecond pulse generator from
the high voltage DC power supply, and an inductor protects the
DC power supply from the nanosecond high voltage pulses. The

emediation. (b) Photograph of the plasma discharge at the output port of the reactor
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Fig. 2. Particle size distributions obtained with PAO-4 under applied DC voltages of
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Fig. 3. Particle size distributions obtained with soybean oil under applied DC volt-
ages of (a) 2.5 kV and (b) 5 kV both with and without the nanosecond pulsed plasma
running at a peak voltage of 30 kV, pulse repetition rate of 200 Hz, and continuous
a)  5 kV and (b) 10 kV both with and without the 30 kV nanosecond pulsed plasma
pulse repetition rate of 200 Hz and electrically continuous power of 30 W).

lasma is produced using a TPS Model 30X pulse generator operat-
ng at a peak voltage of 30 kV, a pulse repetition rate of 200 Hz, and

 continuous power of 30 W.  A typical waveform of the nanosec-
nd high voltage pulse is plotted in Figure S1 in the Supplemental
nformation. Here, the generation of plasma is assisted by 10 kV
C power supply capable of supplying up to 30 W of continuous
ower. Particle size distributions (i.e., histograms) were measured
sing a scanning mobility particle sizer (SMPS) spectrometer (TSI
odel 3938) with a condensation particle counter (CPC), capable of
easuring particle distributions over the range from 14 to 685 nm.

aseline particle distributions (i.e., without plasma) exhibit highly
table distributions, as shown in Figure S2 in the Supplemental
nformation.

esults and discussion

Fig. 2(a) shows the particle size distributions taken under an
pplied DC voltage of 5 kV both with and without the nanosecond
ulse generator running at a peak voltage of 30 kV, pulse repetition
ate of 200 Hz, and continuous electrical power of 30 W.  A com-
arison of these two distributions shows a 12-fold reduction of
otal PM concentration (i.e., 92% remediation). Here, the integrated
reas are indicated in the plot corresponding to the total particle
oncentrations both with and without the transient pulsed plasma.
imilarly, Fig. 2(b) shows the particle size distributions taken with
n applied DC voltage of 10 kV both with and without a nanosecond
ulse generator, exhibiting a 1500-fold reduction in PM concentra-

ion (i.e. 99.9% remediation). It should be noted that the particle
istributions taken with 5 kV DC and 10 kV DC only, without the
anosecond pulse generator, are nearly identical to the untreated
aseline data (i.e., no remediation) plotted in Figure S3 in the Sup-
power of 30 W.

plemental Information. Here, we believe the main mechanism of
remediation occurs in a two-step process in which the oil-based
nanoparticles are first ionized by the high energy electrons and free
radicals in the plasma and then the charged particles are swept out
to the sidewalls of the reactor by the applied DC bias.

We  can make a rough estimate for the time required for a
225-nm-diameter nanoparticle to be swept out to the sidewalls of
the reactor by assuming an electrostatic force of qE accelerating a

nanoparticle of mass � · 4
3 �( d

2 )
3
, resulting the formula t =

√
�R�d3

3qE ,

where d, � and q are the diameter, density, and charge of the
nanoparticle, respectively, E is the electric field, and R is the radius
of the reactor. For a 4-in.-diameter reactor under an applied DC bias
of 10 kV, a 225-nm-diameter nanoparticle with a charge of one elec-
tron (i.e., minimum charge) and mass density of 0.819 g/mL (density
of PAO-4), this “sweep out” time is 79 msec. The timing and kinetics
of the soybean oil particles are expected to be quite similar to those
of the PAO-4.

We  have also performed a separate set of measurements using
soybean oil rather than PAO-4. The soybean oil more closely
resembles the oil-based nanoparticles that are generated by the
charbroiling of hamburger meat and is often used as a surro-
gate grease generator following the UL 1046 standard method (UL,
2010). However, it is also worth noting that these soybean oil grease
aerosol particles are generated at room temperature. Fig. 3 shows
particle size distributions taken with applied DC voltages of 2.5 kV

and 5 kV both with and without the nanosecond pulsed plasma. For
a DC bias of 2.5 kV, we observed a 21-fold reduction in PM concen-
tration (i.e., 96% remediation). For a DC bias of 5 kV DC, we observe
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 1260-fold reduction in PM concentration (i.e., 99.9% remedia-
ion). The improved remediation obtained with a DC bias of 5 kV
ompared to that of 2.5 kV DC can be attributed to the increased
lectric fields that are achieved when adding the 30 kV peak pulse
oltage. Also, at higher DC biases, the plasma density is higher and
lls a more substantial volume of the reactor. It should be noted
hat the distributions observed with 2.5 and 5 kV DC bias only (i.e.,
ithout the nanosecond pulse generator) are nearly identical to

he untreated data (i.e., no remediation). As was the case for PAO-
, the main mechanism of remediation, here, occurs in a two-step
rocess in which the oil nanoparticles are first ionized by the free
lectrons and free radicals in the plasma, and then the charged par-
icles are swept out to the sidewalls of the reactor by the applied
C potential.

It should be noted that the transient nature of the plasma dic-
ates that very little current is drawn in creating the plasma. That
s, once the plasma is created, the applied electric field collapses
efore a substantial amount of current (and hence electric power)
an flow. Because of its transient nature, this is a non-thermal cold
lasma with electron energies around 30 eV (T=105 K) and vibra-
ional modes of the molecules remaining near room temperature.
hese “hot” electrons are responsible for providing new chemi-
al pathways by forming charge-free radicals and highly reactive
pecies in the plasma, which include atomic oxygen and ozone,
riving chemical reactions in a fundamentally different manor than
tandard equilibrium chemistry. Previously, Yang et al. showed that
il aerosol particles produced during the charbroiling process were
hifted to smaller diameters when treated with transient pulsed
lasma (without DC bias), likely due to chemically active free radi-
als, such as atomic oxygen, which break down the grease particles
nto CO, CO2 and other hydrocarbons similar to the plasma-induced
reak down of polymer films (Yang et al., 2019). Future studies are
eeded in order to obtain a complete understanding of the chemical
athways associated with this aspect of the remediation process. As
entioned above, our plasma-based flow reactor consists of a 4-ft-

ong, 4-in.-diameter stainless steel cylindrical. Assuming a pressure
rop of 1–2 in. of water, this reactor will operate up to volumetric
ow rates of 850–1250 CFM. Typical commercial kitchen ventila-
ion systems start around 2000–3000 CFM, thus requiring 2–4 of
hese reactors in parallel.

onclusion

In conclusion, we demonstrate the effectiveness of a transient
ulsed plasma to improve the remediation efficiency of oil-based
anoparticles through electrostatic precipitation by several orders
f magnitude (99.9% remediation). Here, a non-thermal (i.e., cold)
lasma is generated using 30-kV pulses with 5–10 nsec rise times.
he high energy electrons and free radicals in this plasma ion-
ze these oil-based particulates, which are subsequently swept out
o the sidewalls of the reactor under an applied DC electric field
n msec timescales. In addition to providing an electrostatic field
cross the reactor, the applied DC voltage sums additively with the
anosecond high voltage pulse creating an ionizing plasma over a

arger volume of the reactor than that created with the nanosecond
igh voltage pulse alone. In this proof-of-principle demonstra-
ion, oil-based nanoparticles are generated using a Laskin nozzle
erosol generator using polyaromatic olefin PAO-4 and soybean
il, which is a common surrogate for restaurant smoke emissions.

his combined approach presents new design considerations in the
reatment and optimization of oil-based aerosol particulates pro-
uced by restaurant smoke emissions, which present a substantial
ealth hazard to our society.
y 55 (2021) 43–47
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