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ABSTRACT

A number of investigators have reported the formation of the radiolytic ultrafine
particles produced by the interaction of ijonizing radiation with water vapor.
Previous studies have suggested that a very high localized concentration of the OH
radical produced by the radiolysis of water can react with trace gas like organic
vapors and produce lower vapor pressure compounds that can then nucleate. In
order to determine water vapor dependence of the active, positively charged, first
radon daughter (Po-218), an experiment was conducted using a well-controlled radon
chamber. The activity size distribution of the radon daughter in the range of
0.5-100 nm was measured using the parallel graded wire screens system.
Measurements were taken for different relative humidity. The resultant activity size
distributions were analyzed. The addition of water vapor to the radon carrier gases
resulted in the formation of ultrafine particles by OH radicals formed by radon
radiolysis. It may be due to the neutralization of charged Po-218 ion with water
vapor through the radiolysis.

Key words : vadon daughter, Po-218, radon chamber, parallel graded wire screen

system, radiolysis.

INTRODUCTION

radon daughters represent a significant

In the past, studies related to radon were
focussed on uranium miners and homes built
with contaminated materials. Now, follow-
ing increased measurement efforts, radon in
indoor air has become a public health
concern. The concern is being increased
among the public that indoor radon and

threat to public health. However, there are
still many uncertainties as to the fundamen-

tal chemical and physical characteristics of

‘the radon daughters.

Radon itself is an inert gas. However, its
daughters are chemically active. Radon-222,
having a half-life of 3.823 days, decays into

a series of radioactive daughters, polonium
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-218(RaA, t;2=3.11 min), lead-214(RaB,
t2=19.8 min), bismuth-214(RaC, t,,=26.8
min) and polonium-214 (RaC’, t;,=162us),
that emit 2 alpha and 2 beta particles in
their decay to long-lived lead-210(RaD,
t1,,=22.3 years) .

The inhalation of these radon daughters
can lead to the deposition of radioactive
particles on the surface of tracheo-bronchial
tree. Subsequent radioactive decay can
deliver a significant dose to the respiratory
system. Particle deposition in the tracheo
-bronchial tree is a function of the size of
the particles and the flow characteristics in
the various dimensiohs of the airways[1].
Thus, the determination of the activity size
distribution of the ultrafine(0.5-5 nm) and
larger size particles associated with the
radon daughters is needed.

When the radon daughters are formed in
attached to
aerosol particles[2]. This attachment give

air, they . rapidly existing
rise to the existence of so-called attached
and unattached fractions, where the latter
has traditionally been assumed to consist of
free atoms of the size of the polonium
atom. The distinction originates from the
inability of particle detection instruments to
detect particle under 5 nm in diameter.
Researchers have attéinpted to separate
attached and unattached fractions using the
concept that the unattached fraction has a
single, constant diffusion coefficient. The
concept has lead to reported “unattached”
fraction ranging from 0-20%. Lung deposi-
tion models also have incorporated the
“unattached” fraction concept[3]. However,
with recognition of the true nature of the
“unattached” fraction, it is now evident that
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current aerosol techniques do not permit the
distinction of the “unattached” and
“attached” fraction[4].

In this study, ultrafine particles generated
by radon radiolysis are detected by observ-
ing the radon daughter activity associated
with them

Ultrafine particle activity size distributions

following their formation.
were generated inside radon chamber using
water vapor and no trace gas. Non-conven-
tional, a parallel graded wire screen system
was used to determine the acitivity size
distributions[2]. The wire screen penetration
theory proposed by Cheng et al.[5] was
used to determine the penetration character-
istics of the screen stages. Semi-empirical
correction to the 0.5-2 nm size range has
been obtained from kinetic theory[2]. The
wire screen diffusion battery stage data
were deconvoluted using Twomey[6] algor-
ithms to yield activity size distribution

information.
THEORETICAL CONSIDERATIONS

A parallel graded wire screen system was
built from a 25 mm in-line gas filter
assembly for the study. The wire screen
system consists of five graded wire screen
samplers. Each wire screen sampler has a
series of single wire screens mounted on
brass rings with the wire mesh number
increasing in the direction of the flow. The
wire screen penetration theory proposed by
Chen and Yeh[7] has been used to deter-
mine the penetration characteristics for the
wire screen stages. The penetration fraction
for a single wire screen stage with wire
Reynold number Re;<1 and ultrafine parti-
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cles, d <0.1mm in diameter, is given by

P=1y=exp[ LD wvp )]

(D

where  WVP=U(WF)¢ 2
is the wire velocity purameter in
cm?/s,
WF=a w/{l-a)/d"® (3)
is the wire factor in cm™*® and
a=(ma/p) /(A W) (4
is the soild volume fraction in
demensionless.

In Equations(1)-(4), #» is collection
efficiency, d; is the wire diameter, w is the
the flow

velocity and D is the particle diffusion

wire screen thickness, U is

coefficient, m, is the mass of a screen of
area, A, and p; is the density of the screen
material. Equation (1) has been obtained
using the fan model filtration theory
constant, B=2.7, as suggested and verified
by Cheng and Yeh(7] for d>15 nm and
Scheibel and Porstendorfer(8] for d> 4 nm.
In the ultrafine particle range where
diffusional collection predominates, Equation
(1) determines the particle penertration
through a wire screen. The evaluation of
the particle size versus penetration charac-
teristics from the equation requires the
knowledge of the relationship between
particle size and diffusion coefficient. The
expression for the diffusion coefficient of an
aerosol particle derived from Stokes’ law is

given by :

D=kTC/3zud, (5)
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where k is the Boltzmann constant, T is
the temperature in Kelvin, u is the viscosity
of air, d is the particle diameter and C is
the Cunningham slip correcton factor given
by Friedlander[9] as,

C=1+21/d{2.514+0.8 exp(-0.55 d/1}, (6)

where A1 is the mean free path of the
gas. The original slip correction factor
derived by Cunningham[10] is C=1+2.521/
d and its use extends the range of Stokes’
law to below 0.01 mm[11]. Equations (5)
and (6), however, overestimate the diffu-
sion coefficient in the 0.5-1.75 nm molecu-
lar cluster size range.

For molecular clusters of 0.5-2 nm in
diameter, kinetic theory can be used to
determine the diffusion coefficient of the
cluster[12,13]. An

diffusion coefficient of a cluster, D, was

expression for the

derived by Loeb {from kinetic theory

considering two-body elastic collisions

between the clusters and the gas molecules,

and is given by :

.81V, {(M+m) /M) o
- 3zs?’N

D

where V, is the root mean square velocity
of the gas, N is the number concentration
of gas molecules, s is the sum of the radii
of the gas molecules and of the cluster, M
is the molecular weight of the cluster and m
is the molecular weight of the gas.

The diffusion coefficient of a charged
cluster can be significantly different from
that of an uncharged cluster of the same
physical size and mass, especially for small
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cluster sizes. Chapman and Cowling[14]
have used a model developed by Sutherland

[15] to derive a relation for the diffusion

coefficient of charged clusters, as discussed
by Porstendorfer(16], and is given by :

__ 0.815V,{M+m)/M}"
37s’N{1+0.402¢%%/4s°K T}

(8)

where a is the air molecule collision radius
and e is the elementary charge. A compari-
son between the Stokes-Cunningham equa-
tions(5)-(6) and the equations (7)-(8) for
uncharged and charged(+1 charge) clusters
which are
plotted without the mass factor{M-+m)/
M}l/z’

For wire screen diffusion battery analysis

in the 0.5-2 nm size range,

is presented in Fig. 1.

which results in description in terms of a
particle size spectrum, the equations (7)-(8)
from kinetic theory in the 0.5-2 nm size
range and the corrected Stokes-Cunningham
(5)-(6)

range were used. The wire screen penetra-

equations in the 2-100 nm size
tion equation (1), combined with equations
(5)-(8) for the particle diffusivity, allows
the determination of the penetration charac-
teristics of the various wire screen stage
over the diffusion coefficient spectrum of
interest.

EXPERIMENTAL MEASUREMENT

A schematic diagram of the experimental
set-up used to generate ultrafine particles in
the radon chamber is shown in Fig. 2. The
radon chamber was operated using purified,
compressed air mixed with radon and water
vapor. Compressed air was passed through

0.20
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- ' {eqns S, 6)
)
% 015 b 2 Kinetic Theory
S (egn 7)
E 3 Kinetic Theory
& Charged cluster (+1)
g oo} (eqn 8)
= 2
S
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g
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Fig. 1. Diffusion coefficient in the 0.5-2.5nm
size range.
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Fig. 2. The layout of the radon chamber.

an air purification system consisting of
activated
sieve, and 0.2 um pleated membrane filters.

silica gel, charcoal, molecular
Mass flow controllers were used to meter
accurately and maintain the required air
flows in the system. The radon. chamber
was fabricated of edge-welded 0.4 mm thick
stainless steel, yielding dimensions of 180
cm X120 cmX120 cm(approximately 2.5

m?) .
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Fig. 3. The d?agram of the wire screen system.

Humidification of the air stream was
accomplished through the use of two
bubblers immersed in a constant temperature
water bath. The of the

chamber was monitored using a dew-point

humidity level

hygrometer. The radon-laden nitrogen was
mixed with the compressed air to obtain a
radon concentration of 2.78xX10* Bq/m® for
an air flow rate of 1.9X10* cm®/min,
resulting in an average chamber residence
time of 126 minutes. Radon is generated by
a dry, flow-through 1025 kBq and 850 kBq
Ra-226 {Pylon Model RN-1025)

using a mass flow controiled rate of 100

sources
cm3/min. The temperature and humidity
inside the chamber are continuously record-
ed and a TSI Model 3025 Condensation
Nuclei Counter (CNC) monitors the detect-

able aerasol concentration through a closed

-loop sampling system(Fig. 2). The new
CNC,

efficiency characteristics(60-70%) for parti-

having relatively good detection

cle diameter below 5 nm, was a useful
device for monitoring the detectable particle
number concentration levels in the chamber
[17]. In these experiments, external aero-
sols were not used.

A parallel graded wire screen system used
in this study utilizes multiple adapted filter
holder samplers with each containing a
specific combination of wire screens and a
backup filter. The samplers are operated in
parallel at specific flow rates(Fig. 3), and
after 5 min sampling interval the backup
filters are analyzed for collected activity by
the Tsivoglou gross alpha method, using the
60 min Nazaroff counting sequence[18].
Extreme care for the samplers design was
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taken to minimize wall loss effects for
screen combinations with d<5 nm. This
system was used to the study and character-
ize the activity distribution generated in the
radon chamber. Tables 1 and 2 list the
screen and operating parameters for the
parallel graded wire screen system. A
switching valve allows grab samples to be
taken through the graded wire screens
sampler (Fig 3), which is operated with the
sampler head threaded into an adjacent
sampling port.

The sampling procedure utilized with the
graded wire screens system consisted of a
grab sampling period of 5 minutes duration,
followed by gross-alpha analysis{19] of the
collected activity on the wire screens and
filter using ZnS(Ag)-coated mylar scintil-
lator films on an array of photomultiplier
tubes (PMT) .

RESULTS AND DISCUSSION

Experiments were performed with the
radon chamber, with the radon activity
maintained at 2.78X10* Bg/m?® to permit
studies of the formation mechanism of
ultrafine particles at low and high humid-
ities. Using equation(6), the particle size
represented by Fig. 4 f}vas estimated to be
the diffusion

coefficient of 0.049 cm?/sec. The use of an

0.5 nm corresponding to

activiated charcoal filter to purify the
compressed air resulted in a reduction of Po
-218 activity in the 1.5-10 nm size range
(Fig. 4) that could be ascribed to the
removal of trace organics introduced by the
laboratory air compressor.

By introducing water vapor into the radon

-

e L]
e ] RAn = 2.78x104 Bg/m3
S 0.8+ -
] 1 Relative Humidity = 5 %
g ] CN count = 220/cm3
L 0.6
5 ]
<04
o 1
& ]
& 024
]
04 e
0.1 1 10 100

Particle Diameter (nm)

Fig. 4. Activity Size Distibution(5% Relative
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Fig. 5. Activity Size Distibution(30% Relative
Humidity)

chamber at 5% relative humidity, ultrafine
particles were produced at 309% relative
humidity, having a slight increase in the Po
-218 activity associated with radiolytic
particles 1.5-10 nm diameter(Fig. 5). This
activity size distribution curve indicates the
existence of a distribution of wultrafine
particles. A possible formation mechanism
of ultrafine particle is as follows :

H,O0-» H- + - OH 9
-OH+e----+> -OH- (10)
-OH~+Po*+++++> Po+ -OH. (11)
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Table |. Screen parameters and maximum air

velocity for wire screens used.

ZAste Al Po-218 ol 259l F&YAF Aol

Mesh d; A @  Unax(Re¢=
(in™)  (um)  (um) 1)
(cm/s)

30 165.1 349.9 0.145 9.3
100 55.8 122.2 0.161 27.5
145 55.8 163.9 0.176 27.5
400 25.4 72.5 0.208 60.6
635 20.0 50.0 0.345 77.0

Table 2. Screen combinations, operating param-
eters and stage diameter for parallel

graded wire screen system.

Stage Combination Q v d
No. Mesh No. (1/min) (cm/s) (nm)
1 30 2.0 8.6 0.9
2 30*145 2.0 8.6 2.8
3 30*145*635 2.0 8.6 8.8
4 6 Screens of 2.0 8.6 28.8
635

Porstendorfer and Mercer[20] reported
that 88% of Po-218 atoms exist as positive-
ly charged(+1) ions immediately following
recoil from the decay of Rn-222, with the
remaining 12% being neutral. The subse-
quent neutralization of the charged Po-218
ions has been shown to occur by small-ion
recombination, electron transfer and elec-
Fig. 5
shows the Po-218 activity distributions
obtained from the addition of water vapor

tron scavenging mechanism(21].

to radon carrier gases in the chamber. The
decrease in Po-218 activity in the first
interval(0.5-1.5 nm) with increasing water

vapor content(Fig. 5) indicates neutraliza-

& AT 7
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tion of charged Po-218 with vapor through
the radiolysis mechanism. The neutralization
of polonium ions and water vapor in
nitrogen could be explained by the electron
scavenging mechanism (Equations 10 and
11). Furthermore, the hydroxyl radicals
from water vapor radiolysis have been
proven to be the electron scavengers that
result in the neutralization of polonium ions
from water vapor.

The presence of airbone compounds that
react with hydroxyl radicals to form higher
volatility compounds enhances a change in
the size distribution and thus the diffusivity
of the ultrafine mode of the polonium
More detailed

studies of the mechanism and its dependence

activity size distribution.

on reactant and water vapor concentration
are required. The presence of airborne
compounds that react with hydroxyl radicals
to form a condensable compound could form
molecular clusters with water molecules.
These embryonic clusters could grow and
cause ultrafine particle formation.

Only background condensation nuclei
(1-300/cm?®) were detected when no trace
gas was injected into the radon chamber at
low humidity (Fig. 4). However, a larger
number of concentration nuclei were formed
at 30% relative humidity (Fig. 5). Increasing
amounts of water vapor led to increased
CNC reading. And the increase of CNC
reading may be due to the formation of
ultrafine particle by the introduction of

water vapor at low humidity.

SUMMARY AND CONCULSIONS

The formation of ultrafine particles (d> 0.
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5 nm) through radon radiolysis has been
studied by determining the Po-218 activity
size distributions in the diffusion coefficient
range, 0.049-6.75X10~° cm?/sec, following
the addition of water vapor to pure gas
atmospheres. A new-born Po-218 ion
produced under low humidity condition (5%
relative humidity) was estimated to be the
particle of 0.5 nm corresponding to the
diffusion coefficient of 0.049 cm?/sec.

The addition of water vapor to the radon
carrier gases resulted in the formation of
ultrafine particles by OH radicals formed by
radon radiolysis. The ultrafine particles
formed in the recoil path of the Po-218
nucleus were detected by their association
with radioactive Po/PoQ,. It may be due to
the neutralization of charged Po-218 ion
with water vapor through the radiolysis.
The neutralization of Po-218 ions and water
vapor in nitrogen could be explained by the
electron scavenging mechanism. Under the
condition where ultrafine particle formations
was observed, Po-218 ions were found to be
associated with particles less than 10 nm in
diameter.

CNCs used by earlier studies suffer from
rapidly decreasing detection -efficiencies in
this range[22,23]. When CNCs with conven-
tional particle detection system are used,
the contribution of ultrafine particle(0.5-5
nm) to lung alpha dose should be made
carefully for exact dose estimation.

Further studies for the effects of the
addition of organic vapors and SO, on
particle formation will be investigated and
direct measurements of the charged Po-218
fraction will be included.
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