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ABSTRACT

At high concentrations of ambient bipolar ions, charged aerosol particles show a
stationary charging state as a function of particle size. When the particle diameter
exceeds 0.1 um, a considerable fraction of multiply charged particles is present, which
hinders size classification of particles, when a differential mobility analyzer is used.
HoWever, at low ion concentrations, particle charging by the ions can be suppressed,
and in principle, the production of multiply charged particles can be reduced even when
the particle size is larger than 0.1 um.

In this study, a use of a power-adjustable soft X-ray emitter was in\;estigated for the
first time as the ionization source of an aérosol charger. The bipolar ion concentration
was found to be adjustable between 10 and 10" ions/m’. Through proper control of
the bipolar ion concentration iﬂ the soft X-ray aerosol charger, multiply charged
particles were reduced to less than 5% of the singly cﬁarged particles while the singly
charged particles remained at a relatively high concentration with most of the particles
in size range of 0.1-1.0 pm. Therefore, highly mbnodisperse aerosol particlés in the 0.1-
1.0 pm diameter range could be generated using this technique with a commercialized

differential mobility analyzer.

Keywords: Soft X-ray; Bipolar charging; Monodisperse; Aerosol particle;

Photoionization
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1. INTRODUCTION

The generation of monodisperse aerosol particles is essential in the study of size-
dépéndent aerosol properties (e.g. diffusion coefficient or electrical mobility) as well as
the performance evaluation of aerosol instruments such as impactors, cyclones and
filters. A typical procedure for generating monodisperse particles is to classify
polydisperse particles on the basis of particle mobility using a differential mobility
analyzer (DMA). While the DMA functions well when aerosol particles smaller than
about 0.1 um are involved, it becomes difficult to apply to particles larger than 0.1 um
because equi-mobility particles obtained by DMA classification contain a considerable
amount of multiply charged species with sizes larger than those of the singly charged
particles.

Aerosol particles in the 0.1-1.0 um diameter range are very important in the study of
atmospheric aerosols such as cloud nucleation and gas-aerosol reactions. A method for
~ classifying monodisperse or nearly monodisperse atmospheric aerosols is necessary for
such purposes. Romay-Novas and Pui [1] used a technique that involved combining a
DMA and a micro-orifice impactor to remove undesirable multiply charged particles of
larger sizes. This impactor technique was efficient in producing monodisperse particles
in a relatively large particle size range (>0.5 um). However, an adjustment of the
impactor cutoff point is necessary at each time the size of the aerosol particles is
changed. Furthermore, the loss of singly charged particles is too high owing to the
dilution of the aerosol in the impactor. Gupta and McMurry [2] used a low-activity
radioactive (0.09 pCi ®Ni) charger to reduce the production of multiply charged
particles due to low ion concentration. This technique has advantage over the impactor

technique in the sense that it is not affected by the density of the particle material. It is

69



also more effective for small size particles (<0.5 um) than the impactor technique.

In the charger technique, the aerosol concentration and flow rate as well as the ion
céncentration are dominant parameters, thus the input aerosol ﬁonditions strongly
affects the resulting charging state of the charger. However, the ion production rate is
hardly alterable in the low-activity radioactive source charger, thus, the charging time
(or aerosol flow rate) must be controlled in order to acquire a suitable monodispersity
aerosol, each time the size of particles is changed. It is difficult to control the charging
time to obtain particles of an adequate monodispersity in the overall particle size range
of 0.1-1.0 um, because the charging time depends not only the aerosol flow rate but the
pattern of aerosol flow in the charger as well, and is, bhence, difficult to estimate. If the
ion concentration of the charger could be controlled, the particle charging state can be
easily regulated so as to be largely singly charged in a variety of aerosol copditions‘
(input particle sizes and concentrations) without the need to change the aerosol flow
rate.

In fact, Gupta and McMurry [2] reduced the ion concentration by selecting a low-
activity radioactive source. It is, however, by no means practical to adjust the source
activity according to particle size and concentration. In this study, a soft X-ray
photoionization charger equipped with an adjustable X-ray power was used instead of a
low-e:nergy radioactive charger. A photoionization charger using soft X-ray (<10 keV)
can be more safely and easily handled than radioactive chargers. That is, no special
radioactive manager is necessary and the device can‘be simply turned on and off. In our
previous studies, it Was» shown that a soft X-ray charger was capable of generating véry
stable and a high concentration of bipblar ions [3] and it had a high unipolar charging

efficiency in the nanoparticle size range of less than 50 nm [4]. By using the power-
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adjustable soft X-ray charger, bipolar ion concentrations in the charger can be changed,
and thus, it becomes easy to obtain nearly monodisperse particles of 0.1 - 1.0 pm in

diameter by classification using the DMA.

2. THEORETICALAPPROACH

Our previous studies [3,4] showed that the charging of aerosol particles using a soft
X-ray charger could be well evaluated by the diffusion bipolar/unipolar charging theory.
However, in those studies, only time-independent equilibrium charging states were
considered, and thus, the analytical solutions (dn,/dt = 0 for all p) were calculated to
estimate the experimental charging states. However, in this study, it becomes necessary
to calculate time-dependent changes of particle charging state to determine ion
concentrations and charging time which are appropriate to bring particles into the nearly
singly charged state.

The basic equations of bipolar diffusion charging can be expressed as follows [5]

dn* ' +00 :
+ - nt +
L= —amn — Z:,Bpnpni +S, (1)
dr oo v
dn; R
C—L=—ann7 - pon s +S, 2)
dr e ‘
dnp . L g - + + t ot | 3)
dr - pr+lnp+]ni /Bpnpni + p—lnp—lni - pnpni >

where n, is the number concentration of p-charged particles. g, and S, the

combination coefficients of a p-charged particle with a positive and negative ion,
respectively. a and S are the recombination constant (=1.6x10"% m%/s; [6]j and the
production rate of bipolar ions, respectively. »’ and n  are the concentrations of
_ positive and negative ions, respectively. Equations (1) and (2) represent time-dependént

changes in number concentrations of positive and negative ions, respectively. The first,
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second and third terms on the right-hand sides of these equations indicate the loss rate
due to the recombination of bipolar ions, the loss rate due to collision with particles; and

the production rate due to soft X-ray photoionization. Equation (3) represents the

changes in concentrations of p-charged particles (#, ) with time. Each term on the right-

hand side of the equation expresses the gain or loss rate of p-charged particles due to

collisions with ions. The Fuchs theory [7] was used to calculate the value of B,

because of its good agreement with many charging experiments [8,9]. In the calculation,
we used 130 amu and 100 amu for mass of positive and negative ions, and 1.1x10™* and
1.3x10™ m?/(V-s) for electrical mobility of positive and negative ions, revspectively, as

were used in our previous studies [3,4].

Calculations of the single and double charge ratio mi/nt, m/n; (nr= Zn » ) with the

—o0

particle diameter for different ion concentration (7;), particle concentration (nr) and
charging time (%) are shown in Figs. 1(a)-1(c), respectively. Charge ratios are derived
from positively charged particles because all experiments in this study deal with
positively charged particles. The number concentration of positive ions, 7;" is aésumed
to be the same as that of negative ions, n;. Most of the charged particles appear to be
singly charged at ion concentrations lower than the particle concentration and at a
relatively short charging time. Therefore, as the ion concentration or charging time is
decreased, particles of better mogodispersity will be obtained by classification using the
DMA. However, a lower ion number and shorter charging time also lead to singly
charged particles to be smaller, which is undesirable. In this study, the fraction of the

two charged particles was targeted to be about 72/n1~5% (0~1.12) in overall range in-

order to obtain a suitable concentration of »;.
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3. EXPERIMENTAL SETUP

Figure 2 shows the soft X-ray aerosol charger developed and used in this study. It is
equipped with a soft X-ray emitter (Photoionizer C4870, Hamamatsu Photonics, Japan)
having current (0-200.0 nA) and voltage (1.60-10.00 kV) adjusters to change the X-ray
power. A soft X-ray is emitted from a circular beryllium Window 15 mm in diameter at a
solid angle of about 120°. The entire charger is enclosed with a cylindrical
polytetrafluoroethylene container with a wall thickness of over 3 mm to prevent X-rays
from escaping outside. The upper and lower walls of the chamber are made of stainless
steel ‘and act as electrodes for the ion concentration measurements. For the rest of
experiments to generate nearly singly charged particles, no voltage was applied to the
chargef“ The predicted charging time of aerosols in this charger is about 0.16 s for the
carrier gas of 1 //min. This value was obtained by the best fit between the calculated and
experimental data in our previous study which used the same charger as this one [4].

Experiments were conducted in two separated ways. One was intended to prove the
reduction of multiply charged particles under low ion concentration conditions using
standard monodisperse polystyrene 1atex (PSL) particles. Another was to verify the
monodispersity of the particles classified from a polydisperse aerosol using a DMA
combined with the soft X-ray charger.

'Figure 3(a) shows the setup used in the first pxperiment using PSL particles. PSL
particles (STADEX, JSR Co., Japan) were dispersed into air using a pressurized
nebulizer (Nanomaster, JSR Co., Japan) and were then passed through a dry column to
eliminate water in the aerosol. They were then fed into a ** Am neutralizer and an

electrostatic precipitator (applied with a dc voltage of ~10 kV) to bring the aerosol
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particles into unchai‘ged state. The resulting uncharged, monodisperse particles were fed
into the soft X-ray charger followed by a DMA (Model 3071, TSI inc., USA) and a
condensation nucleus counter (CNC, Model 3022A, TSI inc., USA) to determine the
charging state of the particles charged by the soft X-ray charger. N, gas was used as a
carriér gas and 1 //min of aerosol flow rate was introduced into the X-ray charger in all
experiments. Aerosol and sheath gas flow rates were maintained at a ratio of 1:10 in the
DMA.

Figure 3(b) shows the apparatus used to classify monodispere particles from
polydisperse aerosols generated with the spray drying method. By means of the spray
drying method, particles larger than 0.1 um in diameter and of excellent sphericity
could be produced and the mean size of the particles could also be controlled from 0.1
to 1.0 um by changing the colloidal nanoparticle concentfation [10]. The particles
prepared by the spray drying method were therefore, very suitable as test particles to
validate the soft X-ray chafger. Nanometer-sized silica sols (Snowtex, Nissan Chemical
Ind., Ltd.) were used as the precursor. The silica sols were nebulized into air using an
ultrasonic nebulizer (NE-U11, Omron Corp.). The droplets were then transf;orted by the
carrier N gas into the tubular furnace. Inside the furnace, the droplets were evaporated,
and finally, dry spherical SiO, particles were produced. Table 1 shows the experimental
conditions used in generating polydisperse silica particles using the spray drying
method. The concentration of spray-dried silica particles was about 2x10° particles/cm3
and the mean diameters were approximately 0.3 and 0.6 um for the each case of sol’
concentrations 0.01 and 0.1 M. The geometric standard deviations were about
1.40~1.45. The particles were introduced successively into a 2Am charger and an

electrostatic precipitator as was done for the PSL aerosols. The uncharged polydisperse
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particles were then fed into the soft X-ray charger followed by the DMA. The newly-
charged and classified particles by the soft X-ray charger and DMA series were
collected on the surface of chopped Si wafers by an electrostatic collector, using an
applied voltage of 8 kV. The collection time was 1-2 h. The morphology of the collected
SiO, particles was examined using a Field Emission-Scanning Electron Microscope

(FE-SEM; S-5000, Hitachi, Ltd.).

4. RESULT AND DISCUSSION

Figure 4 shows the change in measured ion current with applied voltage. To measure
this, the inlet and outlet of the charger were closed and an electric field was applied
between the two electrodes of the charger. The ion current induced by the resulting
electric field in the chamber was measured by means of an electrometer (Model 6512,
Keithley, USA). The number concentration of bipolar ions can be evaluated by the
following equation [11]:

n = I, eV, ™

where, I is the saturation current in the charger, e the elementary electrical charge and
V the volume of charger (=1.64x10™* m’). Bipolar ion number concentrations 7; -
| predicted from Eq. (4) are shown in Table 2. By adjusting the X-ray power, the ion
number concentration of the charger could easily be regulated to the values of our
choice. However, ion concentrations (n; = 10°~10" ions/m3) ’corresponding to the
experimental conditions to bring particles into the mostly singly charged state was
impossible to measure because of the high current noise of our system. Therefore, more
rigorous calculations corresponding to the experimental conditions could not be

conducted.
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Figures 5(a) and 5(b) show the charging states of the 0.207 yum and 0.791 um PSL
particles, respectively. The case of maximum power of soft X-ray rei)resen;cs the bipolar
_equilibrium charging state. Although not shown in this paper, identical results could be
obtained when a soft X-ray charger (with a maximum power) was replaced by a > Am
charger. This is consistent with our previous findings [3] where the soft X-ray charger
generating a high numbe_r of bipolar ions could bring aerosols into the well-known
equilibrium charging state as the **'Am charger. In the equilibrium state, multiply
charged particles were easily detected and the fraction of multiply charged particle
increased with particle size. Even particles charged to five elementary charées could be
observed for the 0.791 um PSL particles whereas triple charged particles have their
; maximum for the size of 0.207 um. However, as the X-ray power was decreased, the
fractions of multiply charged particles were drastically decreased. At proper low-power
conditions, singly charged particles were mostly dominated.

Figures 6(a) and 6(b) show the charge ratios of positively charged particles, 72/r; and

~ m/ny, as a function of PSL particle size, respectively.’ Circles, squares and triangles

show the experimental results for different soft X-ray power conditions and the dotted
line shows the calculated values using Eq. (3) for the bipolar equilibrium charging state.
For the maximum power case, experimental values are in good agreement with the
calculated ones, which again proves that the soft X-ray can bring aerosols into steady

state charge distributions. The fraction of doubly charged particles increases with

Increasing particle size, irrespective of the ion concentration. At an X-ray power of 30.0
uA, 3.00 kV, singly charged particles were largely obtained in a particle range of less
than 0.5 um. While very high—monodispefsity particles could be generated for the

0.1~0.2 um (m/n; = 1~2%), the fraction of singly charged particles was too low (m/nr =

T Total particle numbers (n2r) of Fig. 6(b) could not be measured
directly owing to the residue particles detected by CNC. They were

estimated from the calculated equilibrium charging ratios and
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2~3%). If the X-ray power was slightly increased, more singly charged particles will be
obtained while the fraction of doubly charged particles may be preserved at about 5%.
For the case of larger particles, much lower ion -concentration condition (i.e. 15.0 pA,
3.00 kV) was needed to remove doubly charged particles (n2/n;~5% for the 0.603, 0.791
um PSL particles). Eveﬁ in that case, a non-negligible amount of the doubly charged
fraction, ny/m; survived for the case of the 1.008 um particle. To acquire a bétter
monodispersity for the 1.0 pm particles, a slightly lower ion concentration may be
necessary but at the cost of singly-charged particles’ concentration (n1/nt < 5%).

Figures 7(a)-(d) show FE-SEM images of SiO, particles classified by the DMA which
was preset to obtain the particles 0.3 um and 0.6 pum in diameter in the spray drying
method. Figures 7(a) and 7(b) show the particles 0.3 pum in diameter for the maximum
power case (i.e. ordinary bipolar equilibrium charging case) and 30.0 pA, 3.00 kV case,
respectively. Figures 7(c) and 7(d) show the particles of 0.6 um at thé maximum power
and 15.0 pA, 3.00 kV case, respectively. The size distributions of these particleé were
determined by randomly s‘ampling 300 pafticles from the FE-SEM photographs, and are
shown in Figs. 8(a)-8(d). As can be seen from the figures, multiply charged large
particles are easily classified with singly charged particles by the DMA for the
maximum ion concentration cases. In contrast to this, for the low ion concentration
conditions, the fraction of undesirable multiply charged particles was drastically

decreased and monodisperse particles (o ~ 1.15) were largely obtained.

5. CONCLUSION
Using a power-adjustable soft X-ray charger, the production of mostly singly charged

aerosols in the diameter of 0.1-1.0 um range was investigated. The soft X-ray charger
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can adjust the bipolar ion concentration at will, and thus, low ion conéentration
conditions for generating nearly singly charged particles in the ovefall 0.1-1.0 um range
can be simply prepared. Through the proper control of the bipolar ion concentration in
the soft X-ray charger, aerosols of good monodispersity coﬁld be generated under a
variety of particle size and concentration conditions. To our regret, ion number
concentrations of the soft X-ray charger as a function of various X-ray powers could not
be measured owing to the limit of our system. If the ion concentrations were known
with the X-ray power in our system, it would become easier to select the conditions for

generating moniodsperse particles in the 0.1-1.0 um range using this technique.
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- NOMENCLATURE

D, =‘particle diameter

Dy = preset particle diameter of DMA

e = elementary electrical charge (=1.6021x107%)

Iy = saturation current of bipolar ions in the charger

n = number concentration of particle

n; = number concentration of positive ion (or negative ion)
S - = production rate of bipdlar ions in unit volume

t = time

t = charging time

14 = effective volume of the charger

Z, = electrical mobility of particle

a = recombination constant of bipolar ions (=1.6x10"'%)
B = combination probability between ion and particle
Subscripts

4 = carrying p elementary unit charges

T = total

0 = uncharged

1 = siﬁgly charged

2 = doubly charged

Superscripts

+ = positive

79

(um]

[pum]

[C]

[A]
[particles/m’]
[ions/m’]
[ions/(m’+s)]
[s]

[s]

[m’]
[m?/(V+5)]
[m?s]

[m®/s]



= negative
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Table 1. Experimental conditions used in the spray drying method

Precursor Nanocolloidal SiO,
Sol concentration 0.01-0.1M

Sol particle diameter 5 nm

Frequency of the ultrasonic nebulizer ~ 1.7 MHz

Furnace temperature 300 °C

Carrier gas flow rate 1 //min

Table 2. Estimated bipolar ion concentration generated by the soft X-ray charger with a
variety of X-ray power

Indicated X-ray power Saturation current, /o  Ion concentration, »; [ions/m’]
200.0 pA, 10.00 kV? 40 nA 3.1x10"
200.0 pA, 5.00 kV 3.9nA 9.6x10'2
100.0 pA, 5.00 kV 2.0 nA 6.9x10"
30.0 pA, 3.20 kV <0.1pA® <4.9 x10%
30.0 puA, 3.00 kV < 0.1 pA° T <4.9x10%
15.0 pA, 3.00 kV <0.1pA® o <4.9x10Y

*Maximum for both current and voltage -
® Saturation currents could not be measured owing to current noises. 0.1 pA indicates the
order of maximum noise current.
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FIGURE CAPTIONS

Figure 1. Theoretical estimation of the single and double charge ratios, ni/nr, ny/n;, with
the particle diameter for different (a) ion concentrations, m; (b) particle
concentrations, nt and (c) charging timés, t.. Thick lines in (a) indicate
equilibrium charging state.

Figure 2. Schematics of the power-adustable soft X-ray charger.

Figure 3. Experimental setup for generating nearly singly charged aerosols using the

 soft X-ray charger and DMA: (a) polystyrene latex (PSL) particles, and (b)
polydisperse SiO, Iparticles generated by a spray drying method.

Figure 4. Ton currents versus voltage applied to the charger with a variety of soft X-ray '
power.

Figure 5. Charge distributions of PSL particles of (a) 0.207 um and (b) 0.791 pm
diameter under maximum power and low power conditions of the soft X-ray
charger. +1~+5 indicate the number of charge units on the i’SL particles. Some
residue particles originated from Latex suspension were also detected at the
high mobility parts of the graphs.

Figure 6. Change in charge ratios, ny/n; and ni/nt, for PSL particles classified by DMA
with particle diameter under a variety of ion concentration conditions.

Figure 7. Scanning electron micrographs of particles classified by the soft X-ray charger
and DMA from polydisperse SiO, particles: (a) Dy = 300 nm and maximum
power, (b) Dy, = 300 nm and 7 = 30.0 pA, V= 3.00 kV, (c) Dy, = 600 nm and
maximum power and (d) Dpp, = 600 nm and 7 = 15.0 pA, V'=3.00kV.

Figure 8. Size distributions of classified SiO, particles obtained from SEM photographs:

(2) Dpp = 300 nm and maximum power, (b) Dy, =300 nm and I =30.0 pA, V=
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3.00 kV, (¢) Dy = 600 nm and maximum power and (d) Dy, = 600 nm and I =

15.0 pA, V'=3.00 kV.
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Figure 5. Hanet al.
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Figure. 7 Han et al.
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