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Abstract. Mixing-type condensation nucleus counter (MT-CNC) was developed and used to study
the nucleation and growth of nanoparticles and ions by varying the particle size and chemical
species. Supersaturation ratio was precisely controlled by the improved evaporator and mixing part
of a particle size magnifier (PSM; originally developed by Okuyama et al.,1984 [1]). Size-
classified silver and NaCl nanoparticles less than 10 nm in diameter were used as nuclei for
heterogeneous condensation of ethylene glycol vapor. Activation of atmospheric ions generated by
2!1Am alpha-ray source was also studied. The growth rate of activated nuclei was determined by
the pulse height analysis using an optical particle counter (OPC) and CPC as a detector. We
achieved the activation of 8 % of 2nm-NaCl particles with subsequent growth up to two
micrometer droplets.

Key Words: Nanoparticle, Condensation nucleus counter, Particle size magnifier, Ion induced
nucleation

Introduction

Condensation particle counter (CPC) has been widely used to measure the number
concentration of aerosol [2]. In CPC, particles smaller than the optical detection limit
(<100 nm) grow to detectable size droplets by the condensation of supersaturated vapor.
However, due to the Kelvin effect, it is difficult to activate ultrafine particles, especially
smaller than 10 nm in diameter. It is a key to control the supersaturation ratio in the
CPC while minimizing the diffusional losses and preventing homogeneous nucleation
[3]. Particle size magnifier (PSM) is one of the candidates to detect ultrafine aerosol
particles. PSM is a mixing-type CPC, which is capable of generating uniform
supersaturation by turbulent mixing between cooled aerosol and hot vapor [1]. Recently
Kim et al. used T-shaped tube as a mixing part of PSM [4] and successfully activated
1.6-nm silver nanoparticles. However, since they used a conventional saturator (liquid
soaked felt or silica gel) to generate vapor laden gas, it was difficult to control the
supersaturation independently from the experimental parameters (aerosol and vapor
flow rates, and temperatures). In this study, we developed an improved version of PSM
equipped with a newly designed evaporator system and mixing part to observe
nucleation and growth of nanoparticles and ions.
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Basic design of improved version of particle size magnifier

PSM consists of three parts, i. e., an evaporator, a mixing part and a condenser.
Figure 1 shows the schematic diagram of PSM used in this study. The working fluid
(ethylene glycol) was fed to the evaporator by a syringe pump for controlling the flow
rate. The tip of the syringe needle was touched on a stainless steel porous filter. The
working fluid fed to the filter was immediately vaporized by heating the filter. Thus the
vapor concentration of ethylene glycol was controlled by the flow rate of syringe pump,
not by the evaporation temperature. The vapor is then mixed with cooled aerosol
turbulently in the mixing part. In order to maintain the temperatures of the vapor and the
mixture, ceramic heaters were installed around the transfer tubes in the mixing part. The
chamber of mixing part was quenched by a pair of Pertier coolers to keep the mixed
aerosol temperature at about 10 degree C. The temperatures of mixing part were
monitored at five locations by thermocouples and controlled individually to ensure well-
defined supersaturation.

Supersaturation ratio, S, is defined by S=P/P, (where P, is the vapor pressure of
mixture and P, is the equilibrium vapor pressure at a given temperature). Here, P, was
tuned by liquid flow rate to generate a given value of S without changing the
temperatures. Figure 2 shows an example of the relation between supersaturation ratio S
and mixing ratio Rh= Q/(Q. +Q,), where O, and Q, are the flow rates of vapor and
aerosol, respectively. The solid line in Fig. 2 shows the supersaturation ratio when
saturated vapor was mixed with aerosol (in the case of liquid saturator). As shown by
dotted and broken lines in Fig. 2, the supersaturation ratio can be easily controlled using
unsaturated vapor from the syringe pump system.
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Figure 1. The schematic of the PSM. Figure 2. Supersaturation ratio of ethylene glycol

vapor in the PSM as a function of mixing
ratio of gas flow.

Experiments

Figure 3 shows the experimental setup for evaluating the counting efficiency of MT-
CPC (= PSM + OPC). The test particles of sodium chloride were generated by an
evaporation-condensation method. The generated particles are charged to be in
equilibrium state as they pass through the **'Am bipolar charger. The size of the test
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particles was controlled by classification with a differential mobility analyzer (DMA).
These monodispersed particles were split into two flows. Part of the flow was
introduced to an aerosol electrometer (AE: TSI 3076) or CPC (TSI 3776, 50%
detectable size of 2.5 nm) to measure the reference particle number concentration of test
aerosol. The other flow was introduced to the newly-developed PSM of various
supersaturations. An optical particle counter (OPC; Rion KC-01C, detection range of
larger than 0.3 pm) was used as a detector of the number concentration of grown
droplets. The aerosol flow rate was set at 2.5 L/min, which was higher than the
commercial CPC for reducing diffusional losses. The vapor flow rate and temperature
were fixed at 0.5 L/min and 100 degree C, respectively. The aerosol temperature was
tuned to be at 10 degree C by Peltier cooler. The supersaturation ratio was controlled by
changing ethylene glycol liquid flow rate from 300 pL/h (§=4.34), 350 puL/h (§=5.07)
and 400 pL/h (5=5.79).

In order to evaluate ion-induced nucleation, the atmospheric ions generated by *'Am
alpha ray source were also introduced into PSM. In this setup, the monodisperse aerosol
generator was replaced by an aerosol neutralizer chamber for generating bipolar ions. In
order to ensure that no particles are generated by homogeneous nucleation, an aerosol
electrical precipitator (EP) was placed upstream of PSM to measure the background
level when EP was switched-on and the activated droplets when EP was switched-off
alternately every 60 seconds. In this experiment, a CPC (TSI 3776; 50% detectable size
of 4 nm) was used as the detector of activated droplets.
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Figure 3. Experimental setup for measuring counting efficiency.

Results and discussion

Figure 4 shows the result of the counting efficiency, 1 = Npgword/ Nepe (Npswope and
Npc are the concentration measured by OPC and the reference CPC, respectively). At S
= 5.07, 50 % detectable size was 6.2 nm. About 8 % of the 2-nm particles were
activated and grew to droplets larger than 0.3-micron at S = 5.79. It should be noted that
homogeneous nucleation was sometimes observed during the experimental runs. In our
experimental conditions (4 < S < 6), the counting efficiency curve did not change with
the supersaturation. This may be caused by the supersaturation non-uniformity during
the mixing between vapor and aerosol. Since the activation of nuclei by the present
PSM was conducted near the homogeneous nucleation limit, a fraction of introduced
aerosol passed through a region of a higher supersaturation in the mixing chamber. The
present PSM changes the supersaturation only by liquid flow rate so that the
temperature and velocity profile in the mixing chamber remain the same, leading to the
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activated fraction (= percentage of aerosol passing through a higher supersaturation
region) invariant

Figure 5 shows the electrical mobility distribution of the atmospheric ions generated
by alpha ray irradiation by *'Am. The peak of positive ion lies at around electrical
mobility of 8.38x10° m*V's' which corresponds to 1.55 nm of electrical mobility
diameter. Those of negative ion are 1.94x10” m*V's™ and 1.02 nm. The concentrations
of positive and negative ions measured by an ion counter (including losses during
transfer line) were 1.07x10° and 6.95x10* ions/cc, respectively. Figure 6 shows the time
dependent change in the concentration of droplets growing from ions at § = 6.84. At this
supersaturation, the activated droplets were clearly distinguished from the background
(0 <1< 50sand 120 < t < 180 s) however the activation efficiency was rather low at
around 0.002%. This result is similar to those obtained by Adachi et al. (1992) [6]. They
used a PSM with DBP as working fluid and detected very small fraction of activated
ions. Now we consider the relation between the critical supersaturation ratio and Kelvin
diameter for singly charged particles which was obtained from Kelvin-Thomson’s
equation as,

4
27g,d,

where M 1s the molecular weight, p is the density, R is the gas constant, 7 is the
absolute temperature, y is the surface tension, d, is the particle diameter, € is the
dielectric constant and g, is the space permitivity. In the case that working fluid is
ethylene glycol, the critical supersaturation calculated by the above equation is 10 at
Kelvin diameter of 1.5 nm, but S* > 10000 is required at the same Kelvin diameter in
the case of DBP vapor, which might be above the homogeneous nucleation limit.
Therefore it was concluded that the newly-developed PSM system with ethylene glycol
has a potential to activate nanoparticles (< 2 nm) and ions.
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Figure 4. Size dependence of counting efficiency of MT-CNC at various supersaturation ratio.

Counting efficiency [%)]
o@

|
A o ]
. @ =

—116—



x 103

18 T BRI B AR 35 T T REERE L
: i ' ) -
—_— 1 e E - ‘9-
;&8_ 6t m + charged £l .. * 30 1 . 7]
= 14 I | @ -charged | 4 ] é 25 | s . 3
8 12 | & ] &
£ 10} : : S20F == mm
3 : - ] e ; u g
c 8p o E 8 15} . .
o] i el E 1
- 6 ] = 8 5
g | . S 10} 4
£ 4 - n g 3 5 ]
> L =z 5F .
Z 2r o®n % . E [ = -
0—‘-‘-‘-.. ‘.“-‘.L 0 “on—t——mmrtipn———niielad
0 0.5 1 1.5 2 25 0 50 100 150 200 250 300
Particle diameter [nm] . Time [s]
Fig
ure 5. Electrical mobility distribution Figure 6. Time dependent changes in of
the atmospheric ions generated by *'Am. particle number concentrations at S = 6.84.
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