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Unipolar Charging of Fine and Ultra-Fine Particles Using

Carbon Fiber lonizers

Bangwoo Han,'> Hak-Joon Kim,! Yong-Jin Kim,! and Constantinos Sioutas?
'Eco-Machinery Research Division, Korea Institute of Machinery and Materials,

Daejeon, South Korea

2Department of Civil and Environmental Engineering, University of Southern California, Los Angeles,

California, USA

A simple and novel unipolar charger using carbon fiber ioniz-
ers was developed to effectively charge fine and ultra-fine aerosol
particles without the generation of ozone. The particle penetration
in the charger was investigated for non-charged, neutralized, and
singly charged particles in the size range of 20-200 nm. Particle loss
and the intrinsic, exit and extrinsic charging efficiencies of fine and
ultra-fine particles were also investigated for non-charged particles
at different applied voltages to the charger. Particle penetrations in
the charger were nearly 100% for particles larger than 20 nm, ir-
respective of the initial particle charging state. Particle losses in the
charger could be decreased by decreasing the applied voltage to the
charger from 4.0 kV to 2.3 kV. The intrinsic charging efficiencies
were proportionally increased with the applied voltage, whereas
the exit charging efficiencies were almost independent of the ap-
plied voltage. Therefore, the extrinsic charging efficiency of the
charger becomes higher for the lower applied voltage (2.3 kV), at
which about 60% of 20 nm particles were charged. Little (less than
4 ppb) to no ozone was generated under all operation conditions.
It can be concluded that the newly developed unipolar charger us-
ing carbon fiber ionizers can charge fine and ultra-fine particles
at least as effectively as currently available unipolar chargers, but
with the major advantage of negligible ozone generation, a highly
desirable feature if the charged particles are to be used for chemical
or biological analysis.
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INTRODUCTION

Particle charging has become an effective way to control
the behavior of particles in transport and deposition processes.
Charged particles can be easily manipulated according to their
mobility in an adjustable electric field. One of oldest, most
important and most commonly used methods to classify par-
ticles according to their size using a differential mobility ana-
lyzer (DMA) is based on particle charging (Knutson and Whitby
1975; Kousaka et al. 1985). Meanwhile, there has been a grow-
ing focus on the direct position or deposition pattern of par-
ticles in the manufacturing of photonic or quantum electronic
devices. In industrial processes, particle charging is essential
in enabling us to move and deposit particles on desired spots
(Krinke et al. 2001; Jacobs et al. 2002; Kang et al. 2004; Kim
et al. 2006).

Unipolar charging has typically a higher particle charging
efficiency than bipolar charging because the recombination of
charged particles with the opposite polarity ions can be prevented
(Adachi et al. 1985). However, using the charged particles in
many applications may become problematic because of the high
electrostatic losses that would likely occur in the charger and
sampling lines (Adachi et al. 1987).

Corona discharge has been widely used to acquire unipo-
lar charged particles, since this technique can easily generate
a high number concentration of unipolar ions (Burtscher et al.
1994; Kruis and Fissan 2001; Biskos et al. 2005). Nonethe-
less, this mechanism produces ozone and may generate particles
by the erosion of the discharging electrodes. Ozone generated
in the corona discharger is of particular concern, as it may alter
the chemical and microphysical properties of the charged par-
ticles by means of chemical reactions involving particle-bound
organic components, such as polycyclic aromatic hydrocarbons
and alkanes (Eliason et al. 2003; Katrib et al. 2004).

Radioactive materials have also been used for unipolar charg-
ing of aerosol particles. Radioactive sources such as >*! Am and
210po are used for the production of stable unipolar ions by
applying an electric field to the chamber with the radioactive
source, thus separating the positive and negative ions (Adachi
et al. 1985; Chen and Pui 1999). However, considerable control
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must be exercised over this method because of the possibility of
radioactive leaks.

The discussion in the previous paragraphs outlines the need
for new, simpler and safer particle chargers that do not gener-
ate ozone and-or other particles. As an alternative to radioactive
sources and corona discharge, soft X-ray has been attempted as a
mechanism for particle charging (Shimada et al. 2002; Han et al.
2003). Soft X-ray chargers can generate high numbers of sta-
ble ions, and thus have a higher particle charging capacity than
radioactive chargers (Han et al. 2003). However, they utilize ex-
pensive and complicated soft X-ray generators and controllers.
More recently, a surface-discharge microplasma aerosol charger
(SMAC) was developed for bipolar and unipolar charging of
aerosol particles (Kwon et al. 2006, 2007). The unipolar SMAC
achieved low particle loss and high charging efficiency without
the use of sheath air in the particle size range of 3—15 nm (Kwon
et al. 2007). However, chargers using surface-discharge plasma
may generate ozone as well as particulate matter (Kwon et al.
2006).

Carbon fiber ionizers can be easily and inexpensively devel-
oped by applying a few kV to a bundle of carbon fibers to gen-
erate ions. They can produce stable unipolar ions in sufficiently
high concentrations, without generating particulate matter and
ozone, and thus, they have been used in indoor air purifiers
to generate negative ions as an alternative to corona discharge
(Chen et al. 2006). Such a technique can be easily used to gen-
erate high number concentrations of both stable positive or neg-
ative gaseous ions for charging aerosol particles. To the best of
our knowledge, we are not aware of any previous attempts to
study unipolar charging of ultrafine aerosol particles using these
carbon fiber ionizers.

In the present work, a novel unipolar charging device us-
ing carbon fiber ionizers was developed, and its performance
characteristics, including particle penetration, particle loss dur-
ing particle charging, intrinsic and extrinsic charging efficiency,
were investigated. Intrinsic charging efficiencies of the unipolar
charger were compared to the calculated data based on diffu-
sion charging theory. The extrinsic charging efficiency of the
unipolar charger was compared to that of the existing unipolar
chargers in other previous studies as well.

UNIPOLAR DIFFUSION CHARGING THEORY

The diffusion charging of aerosol particles induced by unipo-
lar ions can be expressed as follows (Adachi et al. 1985):

% = —BynolNy, (1]
where n is the number concentration of aerosol particles, N; is
the ion concentration, and § is the attachment coefficient of an
ion with a particle. The subscript O indicates the neutral state and
the superscript s denotes the polarity of the ions. Equation (1)
represents the time-dependent change in number concentration
for uncharged particles. If the initial particles are all uncharged,
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from Equation (1) the following analytical solution can be
obtained.
no
— = exp(—pN;’t). [2]
nr
For the value of 8, Fuchs’ limiting sphere theory (Fuchs 1963)
was used. The Fuchs theory is most commonly used for the dif-
fusion charging of particles in the transient regime and many
of previously published studies on unipolar charging have sup-
ported its validity (Adachi et al. 1985; Pui et al. 1988; Chen and
Pui 1999; Biskos et al. 2005; Kwon et al. 2006). The equation for
combination coefficient, 8 based on Fuchs theory is as follows:

wCiao? exp{—¢(o)/kT}

'Bp = Ciao? rajo ’
1+ exp{—¢(0)/kT}F57 o' explo(r)/kT}d(a/r)
[3]

where
5() pe? g1 —1 ¢? a’
r) = — ,
dregr &+ 18megr2(r? —a?)

a:f{l<1+ﬁ)5—l(1+ﬁ)<1+ﬁ)3
A5 a 3 a? a
2 a2\
+E<1+a_2> } (5]
a=<%), (6]
o

b2 o [1 | 19~ ¢><L2m>}}
1/2m;C;

(4]

The subscript p indicates the number of the elementary charges
and their polarity. C;, D;, and m; are the thermal velocity, dif-
fusion coefficient and mass of an ion, respectively. k£, T, and a
are the Boltzmann constant, absolute temperature, and particle
radius, respectively. ¢ and r represent the electrostatic potential
of the ion and particle, and the distance between the centers of
the particle and ion, respectively. €y and ¢; are the vacuum per-
mittivity and the dielectric constant of the particle, respectively.
o is the radius of the limiting sphere, and is a function of the
mean free path of the ion, A;. « is the fraction of ions entering
the limiting sphere that reach the particle surface, expressed as
the ratio of minimum impact parameter, b,, and the radius of
the limiting sphere, o. L,, is the minimum apsoidal distance.
B depends significantly on the ion properties such as Cj, D,
and A;, which can be derived using the mass, m; and electrical
mobility, Z; of ions as follows:

D; = —=, 8]

8kT
Ci= | ; (9]
Tm;

16v2D;( M \*
3m Ci\M+m;)

(10]



CARBON FIBER UNIPOLAR CHARGING
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FIG. 1. Schematic of the unipolar charger using carbon fiber ionizers devel-
oped in this study. All dimensions are in mm except of the ID of the inlet and
outlet ports and the SUS rod that are in inches.

where M is the molecular weight of the carrier gas. Therefore,
at least mass and electrical mobility of ions have to be known to
calculate 8.

EXPERIMENTAL SETUP

Figure 1 shows the unipolar aerosol charger using carbon
fiber ionizers developed in this study. The carbon fiber ionizer
consisted of a bundle of approximately 300 carbon fibers. The
diameter of each carbon fiber is about 5-10 um and the carbon
phase is graphite. The bundle of carbon fibers was connected
with a SUS rod with a crimp socket connector, which was cov-
ered with a heat shrinkable tube. A positive D.C. voltage of
2.3-4.0 kV is applied to the carbon fiber ionizers with a high
voltage power supply. Two carbon fiber ionizers are vertically
placed on the upper and lower side of the inner wall of the
charger, and fixed inside a cylindrical Teflon housing for electri-
cal insulation. The Teflon housing is connected at both sides to
two stainless steel cylinders having circular cone-shaped inlet
and outlets, respectively. The outlet body is made longer than
the inlet to allow for sufficient mixing of the incoming particles
with the generated unipolar ions in the charging zone. Figure
2 shows the experimental setup used for measuring the pene-
tration of singly charged, neutralized and non-charged particles
in the unipolar charger. Potassium chloride (KCI) aerosol par-
ticles with diameters in the range 10500 nm were generated
by nebulizing KClI solution (w/w 0.1% in water) with an atom-
izer (Model 3076, TSI Inc., St. Paul, MN) and passed through
a diffusion drier (Model 3062, TSI Inc., St. Paul, MN). The
mean diameter, number concentration and geometric standard
deviation of the generated particles were 75.3 nm, 6.2 x 10°
particles/cm?® and 1.73, respectively, as shown in Figure 3. The
particles were suspended in a N, carrier gas, ata flow of 1.5 //min

795

N, gas
1.51/min
85Kr .
i neutralizer ~ -ON9  Filter
KCI
generator
D.C.power
supply
Singly
241Am
i D.C.power charged
neutralizer supply e
%E_ :IEI
[e}
[m]
L -
= Neutralized/ ;
Electrostatic Unipolar ¢

Non-charged charger

precipitator

FIG. 2. Schematic of the experimental setup for the measurement of particle
penetration.

and then passed through a >*'Kr neutralizer (Model 3012, TSI
Inc., St. Paul, MN) before being introduced into a differential
mobility analyzer (DMA; Model 3071, TSI Inc., St. Paul, MN)
with sheath air flow of 15 //min. The particles exiting the DMA
at a given voltage were nearly singly charged monodisperse par-
ticles. The fraction of multiply charged large particles exiting the
DMA was reduced to about 10% or less for all particles in the size
range of 20-200 nm by having the particle size distribution of the
test aerosol centered around a mode diameter of about 50 nm. In
some of the experiments, the singly charged particles were used
as a test aerosol by themselves. In other tests, these particles
were introduced into a >*! Am neutralizer, followed by a parallel
plate electrostatic precipitator (ESP) to which a D.C. high volt-
age of about 6.0 kV is applied. With the high voltage on the ESP

1.2E+07

KCl particles

Mean dia. : 75.3 nm
1.0E+07 - Mode dia. : 53.2 nm

Geo. std. dev. : 1.73
Total numb. conc. : 6.2x108 cm=
8.0E+06

6.0E+06

4.0E+06

2.0E+06

0.0E+00

Particle concentration (dN/dlogDp, cm™3)

10 100 1000

Particle diameter (nm)

FIG. 3. Size distribution of the KCl particles generated from a nebulizer.
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FIG. 4. Schematic of the experimental setup for the measurement of particle
loss, intrinsic and extrinsic charging efficiency.

on and off, non-charged and neutralized particles can be gener-
ated, respectively. Singly charged, non-charged, and neutralized
monodisperse particles were then introduced into the unipolar
charger. Particle concentrations were measured upstream (7)
and downstream of the charger (n,) without a voltage applied to
the charger. The particle penetration (P) can be obtained by the
following equation:
P =ny/n;. [11]
Figure 4 shows the schematic diagram of the experimental
setup used for measuring the particle loss, intrinsic and extrinsic
charging efficiencies of the unipolar charger. The non-charged
particles generated by the above method are drawn through a
second electrostatic precipitator (2"*ESP) and a condensation
particle counter (CPC; Model 3022A, TSI Inc., St. Paul, MN).
Particle concentrations were measured without any voltage ap-
plied to either the unipolar charger or the 2"ESP (n,), with
voltage applied to the unipolar charger but not to the 2"“ESP
(n3), and with voltages applied to both the unipolar charger and
the 2"9ESP (n4). The particle loss during particle charging (L),
intrinsic (nin), €Xit (1exi) and extrinsic charging efficiency (1ex;)
can be expressed as follows:

L = (ny — n3)/ny, [12]
Nine = (N2 — ng)/na, [13]
Nexi = (N3 — n4)/ns, [14]
Next = (13 — n4)/ny = P(Mine — L), [15]

Particle diameter (nm)

FIG. 5. Particle penetration of singly charged, neutralized and non-charged
particles in the unipolar charger.

RESULTS AND DISCUSSION

Particle Penetration Without Charging

The particle penetration of non-charged, neutralized and
singly charged particles is shown in Figure 5 as a function of
particle size. Almost 100% of particles in the 20-200 nm range
penetrate the charger without any losses, regardless of their ini-
tial charging state. This result indicates that Brownian diffusion
loss and space charge effects are negligible in the charger for
particles larger than 20 nm. High particle penetration could be
achieved even without the use of sheath air flow. The penetra-
tion of charged particles was consistently about 100% in the
20-200 nm range after long-term operations with the charger on
(more than 1 month), which indicates that the insulator in the
charger has a negligible influence on particle losses inside the
charger.

Variation of Particle Concentration During
Particle Charging

Figure 6 shows the relative particle concentration monitored
with time at the outlet of the unipolar charger followed by the
274 ESP for (a) 20 and (b) 100 nm particles. For first 10 sec-
onds, no voltage was applied to either the unipolar charger or
the 2"d ESP (n,). After 10 seconds, a voltage of 2.3, 3.0, and 4.0
kV is applied to the unipolar charger (n3) and after 20 seconds,
a voltage of 6.0 kV is applied to the 2" ESP (n4). The ideal
charger would show no drop in particle concentration with the
charger turned on, and a drop to zero levels with the 2" ESP on
(i-e., no particle loss and 100% charging efficiency). However,
all unipolar chargers suffer from particle loss within the charger
due to electrostatic effects as soon as particles become charged.
To minimize these losses, a sheath gas flow is usually applied
to most unipolar chargers (Adachi et al. 1985; Burtscher et al.
1994; Chen and Pui 1999), which is, nonetheless, undesirable in
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FIG. 6. The variation of relative particle concentration for: (a) 20 and (b) 100
nm particles after a high voltage is applied to the unipolar charger (2.3, 3.0, and
4.0 kV) and to the 2"d ESP (6.0 kV).

cases where high concentrations are needed, because the sheath
flow dilutes the concentration of charged particles exiting the
charger. In this study, we applied relatively low voltages of 2.3—
4.0 kV on the charger without the use of sheath air, to minimize
the electric field formed. As seen in Fig 6a, the decrease in con-
centration of 20 nm particles with the charger on at 3.0 and
4.0 kV is similar and much higher than those with the 2" ESP
on. This indicates that most of the exiting particles are lost in
the charger during the charging process. For an applied voltage
of 2.3 kV, the concentration decrease with the charger on is con-
siderably reduced when compared to those at higher voltages.
The lower voltage results in low particle loss and high charging
efficiency for the larger particles (100 nm), as seen in Figure 6b.
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The decrease in concentration with the charger on (2.3 kV) is
almost negligible, whereas particle concentration reaches a near
zero value with the 2" ESP on. This means that most of the 100
nm particles penetrate the charger and are efficiently charged,
which is close to the ideal case.

Particle Loss During Charging

Figure 7 shows the particle losses in the charger as a function
of particle size during charging with an applied voltage ranging
from 2.3—4.0 kV. Particle loss increases with decreasing particle
size due to the higher electrical mobility of smaller particles. It
also increases with the applied voltage on the charger due to the
higher electric field formed in the charger, in direct proportion
to the applied voltage. The particle loss for 20 nm is approxi-
mately 45% and 76% at 3.0 and 4.0 kV, respectively. However,
at the lower voltage of 2.3 kV, which is still sufficient to gen-
erate ions for particle charging, the loss drops to about 12%
for 20 nm particles. This value is well within the range of par-
ticle losses reported in previous charger designs, using sheath
air flow.

Intrinsic and Exit Charging Efficiency

Figures 8a and 8b show the intrinsic and exit charging effi-
ciency of the charger as a function of particle size in the 20—
200 nm range, respectively. Decreasing the particle size leads to
a decrease in the intrinsic charging efficiency due to the lower
collision probability of smaller particles with ions. A higher ap-
plied voltage leads to a higher intrinsic charging efficiency be-
cause it produces a higher concentration of ions in the charger.
However, even increasing the applied voltage to the charger does
not increase significantly the exit charging efficiency, as shown
in Figure 8b. This indicates that the charged state of the particles
exiting the unipolar charger is almost independent of the applied
voltage as long as the voltage is above a threshold value that is
sufficient to initiate ion generation (here, 2.3 kV) due to the loss
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FIG. 8. (a)Intrinsic and (b) exit charging efficiency of the unipolar charger as

a function of particle size and comparison with calculated charging efficiency
based on the Fuchs theory (1963).

of ions in the charger. Unipolar charging is dominated by the
product of ion number concentration, N, and charging time, ¢
(N?), and the charging time in the charger is constant for all the
experiments. Theoretical calculations based on diffusion Fuchs
charging theory (Fuchs 1963) were conducted and compared
with the experimental data (also shown in Figures 8a and 8b).
Nt was predicted from the fit between the calculated and exper-
imental data. For mass and mobility of positive ions, we used
the values of 130 amu and 1.1 cm?/Vs, borrowed from previous
studies (Shimada et al. 2002; Han et al. 2003). Table 1 shows the
properties of positive ions used in our theoretical calculations.
The resulting values of Nt are 4.4, 6.5, and 9.6 x 10'2 m~3.
sec for applied voltages of 2.3, 3.0, and 4.0 kV, respectively,

for the intrinsic charging efficiency, and 3.5 x 10> m™ - sec,

experimentally obtained data.

Extrinsic Charging Efficiency

Figure 9 shows the extrinsic charging efficiency as a func-
tion of particle size for applied voltages of 2.3, 3.0, and 4.0 kV,
respectively. The extrinsic charging efficiency decreases with
increasing voltage values, because the increase in particle loss
is much higher than that for the intrinsic charging efficiency
with increasing applied voltage values. Therefore, the extrinsic
charging efficiency for the unipolar charger at 2.3 kV is much
higher than those at 3.0 and 4.0 kV. Extrinsic charging efficiency
of about 60% is achieved for 20 nm particles at 2.3 k'V. For com-
parison purposes, our extrinsic charging efficiency results at 2.3
kV are displayed in Figure 10 along with those of other unipolar
and bipolar chargers developed by previous investigators. The
results of Chen and Pui (1999) were obtained on a particle num-
ber basis, and thus, they were plotted in Figure 10 after dividing
by 4 (i.e., the dilution ratio of that study) so that we could com-
pare them on a particle concentration basis. Our charger shows
a considerably higher charging efficiency than those obtained
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FIG. 9. Extrinsic charging efficiency of the unipolar charger as a function of
particle size.
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bipolar charging theory.

from the bipolar charging theory of Hoppel and Frick (1986)
and Boltzmann distribution (the charging efficiency of 20 nm
particles in bipolar charging is about 14.0% and 5.2%, based
on Hoppel and Frick theory and the Boltzmann distribution, re-
spectively), and also nearly equivalent performance to those of
existing high efficiency unipolar chargers.

Ozone Emission

The concentrations of ozone were measured by means of a
UV photometric ozone monitor (Model 400E, API, San Diego,
CA) at the outlet of the charger, as shown in Figure 11. For the
ozone experiments measurements, ambient air was introduced
into the charger instead of N, gas. Ozone is a byproduct of corona
discharge in air and may alter the chemical composition of par-
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FIG. 11. Ozone concentration as a function of the applied voltage at the outlet

of the unipolar charger.
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ticles sampled by means of electrostatic precipitators (ESP).
According to previous studies (Arnold et al. 1997; Volckens and
Leith 2002), high voltage electrical fields and corona discharges
are known to generate ozone and oxidant ions, such as O; ,0™,
NI, N*, NO*, and H;O". Ozone and oxidant ions production
by corona discharge depend on a number of factors, including
the sampling flow rate, relative humidity, material, and diameter
of corona wire as well as the operational voltage and polarity
of a corona (Cardello et al. 2002; Goheen et al. 1984; Kulkarni
et al. 2002). These species have the potential to react with both
particles and vapors that enter the plasma region. Degradation
of particle-bound compounds by these reactions may limit or
even preclude the use of devices using electrostatic charging as
a sampler of atmospheric particulate matter.

Our experiments showed that the ozone concentrations were
below the limit of detection (0.6 ppb) of the Oz monitor for the
2.3-4.0kV voltage range. Detectable ozone concentrations were
measured at 5.0 kV, and the concentration reached about 4 ppb
at 7.0 kV, a level that should still be considered negligible by
the standards of most commonly used electrostatic chargers. We
view this as one of the most promising features of this charger
compared to the existing corona chargers, especially in utilizing
it in the study of atmospheric aerosols.

The exact mechanism for the negligible ozone production
by carbon fibers remains unclear, even though carbon fiber ion-
izers have been widely used in commercial air purifiers as an
alternative to the ozone-producing corona discharge. Unlike ex-
isting corona dischargers, carbon fiber ionizers generate ions in
open air flow even without a ground electrode. Because of their
very small diameter of about 5-10 um, it is conceivable that
the electric field at the tip of carbon fiber becomes high enough
to generate corona discharge at a relatively low applied voltage
compared to corona chargers, but still low enough not to gen-
erate high amounts of ozone. Clearly further investigations on
this topic are warranted, but are beyond the scope of this article.

CONCLUSIONS

We developed a new unipolar charger based on carbon fiber
ionizers. The performance of the charger has been evaluated
experimentally for fine and ultra-fine particles in the range of
20-200 nm. The experimental data were compared to those of
existing unipolar chargers. We found that the unipolar charger
using carbon fiber ionizers could charge fine and ultra-fine par-
ticles as effectively as existing corona chargers, with the added
advantage of generating little or no ozone, depending on the
applied voltage. Therefore, this is a promising method for parti-
cle charging, especially in applications involving sampling and
collection of atmospheric aerosols, often rich in organic com-
pounds, which could be degraded by reactions with ozone and
other radicals and ions produced by corona chargers.
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