
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Se

pt
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 7

/2
9/

20
25

 1
0:

49
:1

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
How critical is ge
Department of Chemical Engineering, Nat

Roosevelt Road, Taipei, Taiwan. E-mail: chs

† Electronic supplementary informatio
calibration line of absolute concentratio
clean distance with different electric
10.1039/c8ra04734k

Cite this: RSC Adv., 2018, 8, 30925

Received 3rd June 2018
Accepted 8th August 2018

DOI: 10.1039/c8ra04734k

rsc.li/rsc-advances

This journal is © The Royal Society of C
ometrical confinement? Analysis
of spatially and temporally resolved particulate
matter removal with an electrostatic precipitator†

Ching-Yu Wang and Cheng-Che Hsu *

This study investigates the spatial and temporal dispersion of particulate matter (PM) when using a needle-

type electrostatic precipitator (ESP). The ESP is installed in tubes of 3 and 10 cm diameter. A simple light

scattering setup integrated with image processing is built to evaluate and quantify the spatial and

temporal dispersion of PM. The ESP is operated under stationary and continuous flowing modes to test

its PM removal capability. Under the stationary mode, PM is removed efficiently in 10 and 45 seconds

when using a 3 and 10 cm tube, respectively. In a more geometrically confined system, a large spatial

particulate concentration gradient is seen from 18 to 24 cm, indicating that the cleaning capability can

be controlled within a localized space. By modulating the applied voltage from direct current (DC) to

a low-frequency pulse with 50% duty, the ozone concentration can be reduced by nearly 50% while

maintaining the cleaning efficiency. The analysis with spatially and temporally resolved particulate

dispersion provides a novel strategy for testing the performance of an ESP. Furthermore, physical

confinement enhances both the spatial and temporal removal efficiency, which is crucial for indoor and

personal air cleaning devices. These results will contribute to air purification and environmental monitoring.
Introduction

In recent decades, pollution caused by suspended particulate
matter (PM) has become an important issue because of its
adverse impact on human health.1–4 PM is classied as PM10

(2.5 to 10 mm in diameter), PM2.5 (1 to 2.5 mm in diameter) and
PM1 (smaller than 1 mm in diameter) according to its size. PM is
generated from various sources such as power plants, industrial
processes, and transportation.5,6 PM has a small size and large
specic area, and may contain potentially toxic materials on the
surface. Upon being inhaled, PM may penetrate lung tissue and
lodge in bronchioles and alveoli permanently.7,8 Exposure to PM
can directly lead to airway obstruction, decreased gas exchange,
asthma, or damage to the respiratory system.9,10 In addition, PM
is considered risky for the cardiovascular system and may
increase the risk of heart attacks, strokes, or heart rhythm
disturbances.11Owing to the great concern on the health risks of
PM, developing PM control technologies is crucial and urgent.12

Several techniques including ltering,13,14 centrifugal cyclone
separation,15 and the use of an electrostatic precipitator
(ESP)16,17 have been widely used for PM removal under ambient
ional Taiwan University, No. 1, Sec. 4,

u@ntu.edu.tw
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conditions. ESP can precipitate PM in the air by using an elec-
trical eld with very little pressure drop.18,19 ESP devices consist
of an electrode with a small radius of curvature and collecting
plates.20 These devices are typically designed in the wire-plate
(parallel-plate ESP),21 needle-plate,22 or wire-duct (tubular
ESP)23 geometries. To generate corona discharges around the
sharp edge, a high voltage with either positive or negative
polarity is applied to the electrode. The generated electrons are
accelerated to collide with and charge gaseous molecules and
suspended PM.24,25 Once PM is charged, they may migrate, by
gas convective ow, electric eld induced ow (i.e., ionic wind),
and/or Coulomb's force,26–28 to collecting plates, following
which they can be removed. Compared to other air cleaning
devices such as cyclones, fabric lters, and ceramic lters,29–32

ESP devices afford the advantages of high PM removal efficiency
and relatively low pressure drop. The removal of 99% of PM
without external force has been reported.33 More recently, some
new types of implements such as hybrid electrostatic lter
precipitator34 and wet ESPs35 are also developed. Although PM
removal has been studied in detail,36 few studies have focused
on the removal of spatially resolved PM.

With the recent increase in awareness of health risks of PM
and stricter air quality regulations, the demand for ESP devices
for personal daily use has increased.37 Such devices need to be
compact, portable, and operable at low temperature, unlike
industrial ESP devices.38 In addition, such devices should be
capable of cleaning air in the localized area around humans.39,40

For indoor devices, real-time removal of PM as they enter from
RSC Adv., 2018, 8, 30925–30931 | 30925
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the outside is an efficient approach.41,42 For personal devices,
PM removal within a few centimeters' distances of humans is an
efficient approach to ensure breathable air quality.43 Therefore,
the temporally and spatially resolved behavior of PM using ESP
is critical for fundamental studies and device development.44

Temporally resolved PM monitoring has already been re-
ported.45–47 However, few, if any, studies have reported on
temporally and spatially resolved PM removal characteristics
using ESP devices.

This study investigates the use of needle-plate ESP devices in
a tubular system for personal and indoor use. The spatial and
temporal dispersion of PM during the operating of the ESP
device is studied using a home-made laser light scattering
system. The removal efficiency when space is conned or not
conned under stationary or owing ambient air is studied to
demonstrate the efficient use of a personal and indoor ESP
device. The study results provide a novel strategy for developing
personal and indoor ESP devices.
Material and methods
Needle-plate ESP device

Fig. 1a shows a schematic of the needle-plate ESP device setup.
This device consists of a high-voltage dc power source, a needle-
type electrode, and a planar electrode. DC power sources that
Fig. 1 Schematic of the experimental setup under (a) stationary mode
and (b) continuous flowing mode. (c) Photograph of the system with
suspended PM. The inset shows the needle.

30926 | RSC Adv., 2018, 8, 30925–30931
generate high voltage up to positive 40 kV (UM8 40*4, Spellman
High Voltage Electronics Crop., Hauppauge, NY) or negative 20
kV (You-Shang Technical Crop., Kaohsiung) are used. A func-
tion generator is used to modulate the dc power sources to
generate low-frequency high-voltage pulses. Positive- and
negative-DC and a positive 1 Hz pulse with 50% duty are used to
drive the ESP. A stainless-steel needle of 0.35 mm diameter is
used to generate a corona discharge at its tip. Copper is used as
the planar grounding electrode; this electrode is set 10 cm away
from the high-voltage needle electrode. 60 cm-long transparent
acrylic tubes with 3 and 10 cm diameter are used to examine the
ESP performance temporally and spatially.
Generation of PM and operating mode

PM is generated by burning incense in the ambient air. The
ESP performance for PM removal is tested under two operating
modes: stationary (Fig. 1a) and continuous owing (Fig. 1b).
For the stationary mode, the test tube is rst lled with PM.
Both sides of the tube are blocked during the ESP performance
test. For the continuous owing mode, PM ows continuously
through the tube during the ESP performance test. A constant
10 cm s�1 air ow is chosen because it is a typical condition
chosen in the literatures.23,48,49 For both modes, the spatial and
temporal dispersions of PM are monitored using a home-made
laser light scattering setup, as described below.
Quantication of temporal and spatial removal of PM

Light scattering has been widely used to quantify PM in the gas
phase.50 A home-made laser light scattering setup is used to
semi-quantitatively monitor PM removal using the ESP. The
laser light is generated using a laser diode (650 nm, D6505, US-
Lasers Inc., Baldwin Park, CA) driven by a constant power laser
driver (model EK1101, Thorlabs Inc., Newton, New Jersey). A
collimated 3 mm laser beam is used. A cellphone camera
(iPhone 6S, Apple Inc.) is used to record the temporally and
spatially resolved scattering light during PM removal. Fig. 1c
shows light beam when the PM was suspended in the test tube.
The temporal and spatial evolution of the PM concentration is
semi-quantied by examining the scattering light intensities in
the camera images. We note that no observable surface
contamination on the tube surface was seen during the
measurement. Each image is deconvoluted into red (R), green
(G), and blue (B) components. These components are calibrated
to the absolute concentration by using a commercial PM sensor
(PMS3003, Plantower). The PM2.5 and PM10 calibration lines for
the B component are shown as Fig. 2a and b. Those for the R
component are shown in Fig. S1(a) and (b).† It shows positive
correlations between absolute concentrations and intensities of
R and B components of the scattering light. Because a 650 nm
laser diode is used as the light source, R and G components are
frequently saturated. Therefore, the B component is used to
quantify the scattering light intensity. The background light
intensity, IB,blank, is taken without PM at the needle tip. The
light intensities are normalized as follows:
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Calibration line of absolute (a) PM2.5 and (b) PM10 concentra-
tions for B component.
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IB;relative ¼ IB � IB;blank

IB;t¼0 � IB;blank

where IB is the B component intensity and IB,t¼0, the absolute B
component intensity at power on.

Results and discussion
Spatial and temporal dispersion of PM under stationary mode

The temporal and spatial evolution of the PM concentration
upon ESP treatment under the stationary mode for 3 and 10 cm
testing tubes are examined; Fig. 3 shows the results. Before
treatment, the PM distribution in the tubular system is nearly
uniform, and the absolute intensities of each position are
normalized as unity. Fig. 3(a) and (b) show three-dimensional
plots of the spatial and temporal evolution of PM in the 10
and 3 cm tubular systems, representing less and more
geometrically conned systems, respectively. When +13 kV DC
is applied to the needle electrode, the scattered light intensity
reduced spatially and temporally. The 10 cm system takes 45 s
for the relative intensities to reduce to 0.2. A rather at spatial
prole is observed across this system. By contrast, in the 3 cm
system, the transient time is relatively short (�10 s). Within this
This journal is © The Royal Society of Chemistry 2018
transient period (0–10 s), the relative intensities decrease
signicantly in the region close to the high-voltage needle
electrode (at 0 cm); however, the relative intensities remain high
far away from the needle electrode (at 25 cm). A low relative
intensity from 0 to 15 cm at a time greater than 10 s and a large
spatial gradient from 15 to 25 cm away from the needle elec-
trode are observed. It clearly demonstrates that by the physical
connement of the 3 cm tube, the region close to the high
voltage electrode shows a more efficient PM removal. Such an
effect of connement has been reported in the literature, known
as narrow ESPs.51

The PM removal behavior in the 3 cm system is analyzed in
further detail. Fig. 4a shows the spatial prole of the relative
intensity of scattered light at different times: initial normal-
ized prole (0th second), and proles at the 4th, 14th, and 16th

second upon the application of the high voltage. At each
position from 0 to 18 cm, PM is removed efficiently, and the
relative intensities decrease simultaneously with nal values
lower than 0.2. A relatively large spatial gradient is observed
from 18 to 24 cm. This represents the transition region from
“clean” to “unclean.” A clear boundary at �18 cm is observed.
At locations beyond 24 cm, the relative intensities remain in
unity, suggesting inefficient PM removal. Fig. 4b shows the
temporal dispersion. The locations 0 and 10 cm represent the
area adjacent to the electrodes, that is, the region inside the
conned clean area; the locations 24 and 28 cm represents
areas further away from the electrodes. Effective PM removal is
seen at 0 and 10 cm, whereas nearly no removal is seen at 24
and 28 cm. This spatial and temporal dispersion results from
the ow induced by the electrostatic force. In the area close to
the high-voltage electrode, the ow is more inuenced by the
induced ow, in turn leading to a mixing effect; therefore, the
PM can be removed simultaneously. For locations farther from
the electrode, nearly no induced ow is seen as it is suppressed
by the geometric connement. It is noted that the visual
appearances of the light beam during the process clearly show
the existence of the induced ow. In addition to the effect of
the induced ow, other factors could potentially inuence the
PM removal behavior such as particle densities,28 particle size
distribution,35 composition of particle,34 distance between
discharge and ground electrode,26 and the electrode
geometry.23

The existence of a conned area within which PM is
removed effectively provides a new route for developing
personal and wearable cleaning devices to purify air. With the
geometry connement, ESP devices can more efficiently
remove PM in the localized region dened by the electrode and
the geometric design. It is therefore possible to design ESP
devices that are able to effectively remove PM in the air close to
the breathing region, rather than cleaning an entirely open
space such as a room. Such a design is benecial to the
development of portable and personal air cleaning device.
Effects of applied voltage

The inuence of the applied voltage on the ESP device
performance under the stationary mode in a 3 cm tubular
RSC Adv., 2018, 8, 30925–30931 | 30927
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Fig. 3 Spatial and temporal dispersion of PM under stationary mode with a voltage of +13 kV DC in a tubular system with diameter of (a) 10 cm
and (b) 3 cm.

Fig. 4 (a) Spatially resolved PM at the 0th, 4th, 14th and 16th second and
(b) temporally resolved PM at 0, 10, 24, and 28 cm under stationary
modewith a voltage of +13 kV in tubular systemwith diameter of 3 cm.

30928 | RSC Adv., 2018, 8, 30925–30931
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system is studied. The ESP device is operated with voltages of
4–16 kV using the following three modes: DC with positive
polarity, 1 Hz pulsed DC with 50% duty and positive polarity,
and DC with negative polarity. In addition to analyzing the PM
removal performance, the ozone concentration during the
removal process is also measured.

To analyze the PM removal performance, the relative
intensities under different modes as a function of applied
voltage of 4–16 kV at the 15th second and at locations of 6 and
26 cm are measured. The 15th second is chosen as the nal
state because the PM removal processes show little difference
aer 15 s in most cases. Fig. 5a shows the relative scattering
light intensities at 6 cm. It clearly shows that at least 7 kV is
required to effectively remove PM under DC with positive
polarity and pulsed DC modes. For DC with negative polarity
mode, 10 kV is required. Fig. 5b shows the relative scattering
light intensities at 26 cm. Under each operating mode, the PM
is not removed and the relative intensities remain close to
unity because the system is geometrically conned and only
locations close to the electrode can be cleaned. Exact cleaned
distance with different electrical modes and voltage is shown
in Fig. S2.†

The ozone concentration is also measured as ozone
formation has become a critical issue for ESP devices. This is
because corona discharge can induce chemical reactions to
generate ozone in air, and ozone is toxic to humans. The ozone
concentration is monitored in a 300 cm3 chamber under three
electrical modes at 16 kV to maximize the possible ozone
formation for more precise measurement. The background
emission of ozone is �0.05 ppm. For 3 min ESP operation, the
ozone concentrations are 0.70 � 0.03 ppm for DC with positive
polarity mode, 0.36 � 0.04 ppm for DC pulsed mode, and 0.36
� 0.03 ppm for DC with negative polarity mode. It clearly
shows that the pulsed mode greatly reduces ozone formation
by nearly 50%. This observation clearly demonstrates that the
voltage mode can be varied to achieve low ozone concentration
while retaining the removal performance.
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Relative intensity with different electrical modes and voltage of
4–16 kV at 15th second and at (a) 6 cm and (b) 26 cm under stationary
mode in tubular system with diameter of 3 cm.

Fig. 6 Spatially resolved PM with voltages of 7, 10, 13 and 16 kV DC
under continuous flowing mode in tubular system with diameter of
3 cm.
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Spatial dispersion of PM under continuous owing mode

In this section, PM removal performance using ESP processing
under a continuous owing mode in the 3 cm tubular system is
examined. In this mode, the PM is formed continuously, and an
air pump is integrated at the inlet of the tubular system. This
arrangement generates a PM ow of �10 cm s�1 through the
tube. The spatial dispersion of PM under steady-state operation
with voltages of +7 to +16 kV DC is analyzed; Fig. 6 shows the
results. It shows very different behavior from that in the
stationary mode. It shows a clear spatial gradient along the
tube, suggesting efficient PM removal. Compared with the
observations obtained in the stationary mode, in which the PM
concentration remained high at 24 and 28 cm, this mode shows
high PM removal toward the end of the tube. The requirement
of applied voltage of 10–16 kV for effective PM removal is
observed. The light scattering intensity gradient along the
tubular system clearly results from the ow pattern. The
This journal is © The Royal Society of Chemistry 2018
convective ow guides the air ow along the tube and super-
imposes it on the eld-induced ow described above. This is
critical for testing and designing indoor and personal use air
devices because the goal is to achieve real-time precipitation of
PM from owing air.
Conclusion

In summary, an ESP device is developed for removing PM, and it
is tested through spatial and temporal analysis of PM under the
stationary and continuous owing modes. Under the stationary
mode, a limited clean boundary is seen and a high purication
rate is provided in the system with geometry connement. With
a decrease in the tube diameter from 10 to 3 cm, the time
required to purify the location at the distance of 10 cm from the
discharge electrode can be reduced from 45 to 10 s. By modu-
lating the electrical input from stable to pulsed, the device can
produce less ozone without sacricing the PM removal effi-
ciency. Under the continuous owing mode, a higher voltage
provides higher removal efficiency. These results can be further
used for testing and designing personal and indoor air cleaning
devices.
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