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Technical note

Charge distributions of aerosol dioctyl sebacate particles charged in
a dielectric barrier discharger
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Abstract

The collection efficiencies of submicron aerosol particles using a two-stage, dielectric barrier discharge (DBD) type electrostatic
precipitator have been reported previously [Byeon et al. (2006). Collection of submicron particles by an electrostatic precipitator using
a dielectric barrier discharge. Journal of Aerosol Science, 37, 1618–1628]. In this paper, the charge distributions of aerosol dioctyl
sebacate (DOS) particles, which had a mobility equivalent diameter of 118, 175, and 241 nm and were charged in a DBD charger,
were examined using a tandem differential mobility analyzer (TDMA) system at applied voltages of 9–11 kV and frequencies of
60–120 Hz. The mean number of elementary charges for positively or negatively charged particles increased slightly with increasing
applied voltage or frequency. However, the number of elementary charges increased significantly with increasing particle size. At any
applied voltage and frequency, the charge distributions of these particles of these sizes indicated asymmetric bipolar charging. The
positive-to-negative charge ratios were 10.4, 4.7, and 3.0 for particle sizes of 118, 175, and 241 nm, respectively, at a DBD voltage
and frequency was 9 kV and 60 Hz, respectively. Fluorometric analysis showed that average positive-to-negative charge ratios were
11.5, 4.9, and 3.7 for particle sizes of 118, 175, and 241 nm, which agrees well with the TDMA results. Further fluorometric analyses
with larger particles (514 and 710 nm) and higher frequencies (1 and 2 kHz) showed that the positive-to-negative charge ratio reached
almost unity with increasing particle size or frequency.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Aerosol particles can be electrically charged by certain forces with the number of elementary charges on a particle
depending on the charging mechanism. Accurate information on the magnitude and distribution of the particle charge
is essential for examining the electrostatic effects in many fields of science and technology, e.g. atmospheric physics,
aerosol-phase based material synthesis, contamination control, etc. (Borra, 2006; Forsyth, Liu, & Romay, 1998; Maisels,
Jordan, & Fissan, 2003; Tsai, Lin, Deshpande, & Liu, 2005). In particular, the particle charge distribution provides a
mechanism for the collection of particles using electrostatic precipitation (Duarte Fo, Marra, Kachan, & Coury, 2000;
Maricq, 2006).
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The collection efficiencies of submicron aerosol particles using a two-stage, dielectric barrier discharge (DBD) type
electrostatic precipitator (ESP) have been reported previously (Byeon et al., 2006). It was reported that the collection
efficiencies showed a similar trend to those of a conventional direct current (DC) corona discharger type ESP even
though the DBD charger was operated in anAC field. However, there are no reports of the charge distribution of particles
exiting the DBD charger. Hence, the role of the charger needs to be clarified.

In this paper, the charge distribution of submicron aerosol particles passing through a DBD charger were examined at
applied voltages of 9–11 kV and frequencies of 60–120 Hz. A configuration of a tandem differential mobility analyzer
(TDMA), which was used by Alguacil and Alonso (2006), Kwon, Sakurai, Seto, and Kim (2006), Lee, Kim, Shimada,
and Okuyama (2005), and Stommel and Riebel (2004), was adopted in this study to detect the number of positive
or negative elementary charges of particles. To support the TDMA results, the fluorometric analysis methodology
introduced by Sharma and Schulman (1999) was used to measure the ratio of positive-to-negative charged particles.
Dioctyl sebacate (DOS) particles, 118, 175, and 241 nm in size, were selected in this study because the TDMA method
works best for particles in the 10–200 nm size range (Hinds, 1999) and DOS particles were used by Byeon et al. (2006).

2. Experimental

Fig. 1(a) gives a schematic diagram of the TDMA experimental setup. A Collison atomizer and an evaporation–
condensation aerosol conditioner (3072, TSI) were used to generate monodisperse spherical aerosol particles (Park,
An, & Hwang, 2007). DOS (density = 0.914 g/cm3) particles were generated by atomizing a solution containing DOS
(5–40 vol%) mixed with isopropyl alcohol (IPA, 95–60 vol%). The desired DOS particle concentration after the aerosol
conditioner was controlled using a laminar flow meter. The TDMA system consisted of two differential electrical
mobility analyzers (DMA, 3081, TSI), DMA-1 and DMA-2, and a condensation particle counter (CPC, 3022A, TSI).
DMA-1 and DMA-2 were placed before and after the DBD charger, respectively. DMA-1 and DMA-2 were operated
at an aerosol and sheath air flow rate of 0.3 and 3 L/min, respectively, which created an aerosol-to-sheath ratio of
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Fig. 1. Schematic diagram showing the (a) TDMA and (b) fluorometric methods.
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0.1. The DMA-1 was used as an electrical field classifying system, which was operated at a chosen fixed voltage to
extract the particles of equivalent electrical mobility. To insert the monodisperse particles into the DBD charger, the
conditioned particles were classified by DMA-1 after passing through a charge neutralizer (Po-210, 2U500, NRD). The
particles exiting DMA-1 (all with equivalent electrical mobility) were exposed to another Po-210 neutralizer. The charge
redistributed particles were passed through a cylindrical ESP (Ji, Bae, & Hwang, 2004) to remove the charged particles.
The ESP consisted of a cylindrical brass housing containing an expander inlet, a central electrode, and a converging
nozzle outlet. The ESP was designed to remove both positively and negatively charged particles by applying a high
voltage (2 kV) to the central electrode and grounding the housing. The remaining uncharged monodisperse particles
were fed into a DBD charger with particle-free air to control the particle residence time in the DBD charger. For an
accurate measurement of the charge distribution, the free gaseous ions leaving the charger were removed using an
ion trap. Particles from the ion trap were scanned by DMA-2 to measure the charge distribution corresponding to
the initially selected mobility diameter. Finally, the particles were counted using a CPC. To detect positively charged
particles, the bipolar charged particles from the DBD charger were introduced to DMA-2. DMA-2, which was operated
with a negatively charged electrode, selected the positively charged particles of equivalent electrical mobility. The
fraction of negatively charged particles was obtained in the same manner by switching the polarity of DMA-2.

Fig. 1(b) shows a schematic diagram of the fluorometric experiments. To generate fluorescent DOS particles, 1 g
of uranine (fluorescent material) was added to 100 mL of the DOS-IPA solution (previously used for the TDMA
experiments). This mixture solution was aerosolized monodispersely using a similar process to that used for the TDMA
experiments. Uncharged monodisperse DOS particles containing uranine were subjected to the DBD charger through
the cylindrical ESP. The particles charged in the DBD charger were then introduced into a planar ESP (Byeon et al.,
2006) where the positively and negatively charged particles were collected electrostatically on their counter electrodes.
The ESP consisted of three parallel copper plate electrodes (a 200 mm streamwise length and an 80 mm spanwise
length), two of which were grounded. A high DC voltage (8 kV) was applied to the other electrode (cathode) located
in the center. The spacing between the grounded electrode and the cathode was 10 mm. After the charged particles had
precipitated, the collecting electrodes were separated from the ESP and immersed into 100 mL of a 0.017 N NaOH
(sodium hydroxide) solution. The uranine containing particles collected on the positively or negatively charged electrode
were dissolved in a NaOH solution for 10 min. A sample of the mixture was placed in a 3 mL cell for fluorometric
analysis. In fluorometric analysis, the sample was first excited from its ground electronic state (a low energy state) to
one of the various vibrational states in the excited electronic state (a high energy state) by absorbing a photon of light.
The excitation spectrum was measured by recording the sum of fluorescent light emitted at all frequencies as function
of the frequency of monochromatic incident light. A fluorometer (Turner Quantech (Barnstead)) used bandpass filters
to attenuate the excitation and detection beams, with a source radiation wavelength of 360–390 nm and a detection
special window of 440–490 nm. A quartz halogen lamp provided the source radiation and a photomultiplier tube was
used for detection.

3. Results and discussion

The ion trap voltage was selected as 140V where particle loss to the trap was less than 2%.
Fig. 2 shows electrical mobility distributions and charge spectra measured by DMA-2 when the applied voltage and

frequency were 9 kV and 60 Hz, respectively. The experiments were carried out using monodisperse particles, 118 nm
in size. The residence time was 0.048 s. The results show that particles, 118 nm in size, were mostly positively charged.
Different peaks appearing in Fig. 2 correspond to the different number of charges on the positively or negatively
charged particles, respectively. The relative area under each peak gives the fraction of charged particles carrying a
certain number of elementary charges. The number of elementary charges of the charged particles was calculated using
the following equation:

n = ZDMA-2/ZDMA-1, (1)

where ZDMA-1 and ZDMA-2 are the electrical mobilities (Hinds, 1999) measured by DMA-1 and DMA-2, respectively.
The data shown in Fig. 2 were rearranged in Fig. 3, where the number concentrations of the total particles were

measured without using DMA-2. Fig. 3 also shows results when the applied voltage in the DBD charger was increased to
10 or 11 kV. The positive and negative charge distributions were shifted slightly to higher charge values with increasing
DBD voltage from 9 to 11 kV. With an ion counter (AIC-2000, Sato Shoji Inc.), concentrations of positive ions and
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Fig. 2. (a) Electrical mobility distributions and (b) charge spectra of positively and negatively charged particles (DBD: 9 kV, 60 Hz).
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Fig. 3. Distribution of (a) positively and (b) negatively charged particles with the DBD applied voltage (DBD: 60 Hz).

negative ions were measured. The concentrations increased from 1.4 × 106 to 2.8 × 106 ions/cm3 and from 0.9 × 105

to 1.8 × 105 ions/cm3 for positive ions and negative ions, respectively, when the voltage increased from 9 to 11 kV.
The effect of the DBD frequency was also examined and the results are shown in Fig. 4. Both positive and negative

charge distributions slightly shifted to a higher charge values with increasing frequency from 60 to 120 Hz. According
to the previous studies, a higher frequency resulted in a higher current and thus a higher ion concentration, (Krupa,
Jaworek, Lackowski, Czech, & Luckner, 2005; Lackowski, Adamiak, Jaworek, & Krupa, 2003; Lackowski, Jaworek,
& Krupa, 2003). An AC field charger is a device in which the particles are charged by an ionic current and periodically
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Fig. 4. Distributions of (a) positively and (b) negatively charged particles with frequency (DBD: 9 kV).
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Fig. 5. Charge distributions as function of particle size (DBD: 9 kV, 60 Hz).

deflected by an alternating electric field during their flow through the charger. Byeon et al. (2006) reported that the
exposure time of particles to gaseous ions increases with increasing frequency.

Fig. 5 shows the effect of particle size on the positive and negative charge distribution. Both the positive and negative
charge distribution were shifted to higher charge values with increasing size from 118 to 241 nm. This was attributed
to the increase in charging probability with increasing particle size. Moreover, the results show that the ratio between
positive and negative charges decreased with increasing particle size, as discussed in the previous studies (Dhanorkar
& Kamra, 2003; Hinds, 1999; Hoppel & Frick, 1986). Table 1 shows the average particle charge (positive or negative)
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Table 1
Number of elementary charges as function of the particle size (DBD: 9 kV, 60 Hz)

Particle size (nm) Number of elementary charges

DBD Corona discharge

+ − + −
118 3.79 0.36 5.19 8.75
175 11.53 1.40 8.49 12.15
241 15.23 2.18 14.57 18.75

Table 2
Ratio of charged-to-total particles obtained from fluorometric analysis (DBD: 9 kV)

Particle size/frequency Positively charged Negatively charged

60 Hz 118 nm 0.92 0.08
175 nm 0.83 0.17
241 nm 0.76 024
514 nm 0.61 0.39
710 nm 0.58 0.42

118 nm 1 kHz 0.69 0.31
2 kHz 0.53 0.47

at different particle sizes. The ratios were 10.4, 4.7, and 3.0 for sizes of 118, 175, and 241 nm, respectively. Table 1
also shows the particle charge data with the DC corona discharger used by Ji et al. (2004). In this study, the particle
charging experiments using the corona discharger were carried out using the same applied voltage (9 kV) and face
velocity (0.5 m/s) as with the DBD charger. It is interesting that although the DBD charger had asymmetric bipolar
charging characteristics, its positive charging results agreed well with the results obtained from the positive DC corona
discharger.

The fluorometric intensities of both positively and negatively charged particles of 118, 175, and 241 nm were measured
to support the TDMA results. The ratio of charged-to-total particles was not dependent on the DBD voltage (9–11 kV)
or frequency (60–120 Hz), but only on the particle size. Table 2 shows the results obtained when the DBD voltage was
9 kV. The average positive-to-negative charge ratios were calculated from the data shown in Table 2 to be 11.5, 4.9, and
3.7 for particle sizes of 118, 175, and 241 nm, which agrees well with the TDMA results. More fluorometric experiments
were carried out using larger particles (514 and 710 nm) and higher frequencies (1 and 2 kHz). The positive-to-negative
charge ratio approached ∼ 1 as the particle size or frequency was increased. Stommel and Riebel (2004) reported
that a high frequency AC voltage enables submicron aerosols to obtain symmetric bipolar charging (or an equilibrium
charge distribution). Because of the high frequency of the fluctuating field, the particles undergo rapid charging and
re-charging by positive and negative ions.

4. Conclusions

The charge distributions of aerosol DOS particles (118, 175, and 241 nm), charged in a DBD charger, were examined
at applied voltages of 9–11 kV and frequencies of 60–120 Hz using a TDMA system. The mean number of elementary
charges for the positively or negatively charged particles increased slightly with increasing applied voltage or frequency
for each particle size. However, the number of elementary charges increased remarkably with increasing particle size.
The charge distributions of these particles showed asymmetric bipolar charging at all applied voltages and frequencies.
The positive-to-negative charge ratios for particle sizes of 118, 175, and 241 nm were 10.4, 4.7, and 3.0, respectively,
at a DBD voltage and frequency of 9 kV and 60 Hz, respectively. The fluorometric data showed average positive-to-
negative charge ratios to be 11.5, 4.9, and 3.7 for particle sizes of 118, 175, and 241 nm, which agreed well with the
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TDMA results. More fluorometric analyses with larger particles (514 and 710 nm) and higher frequencies (1 and 2 kHz)
showed that the positive-to-negative charge ratio approached unity with increasing particle size or frequency.
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