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ABSTRACT

In recent years, increasing cancer has been expressed as a
possible health hazards associated with long-term exposures
to a large population at a low level of radon in the
environment . Because radon is_ubiquitous nuclide, nation-wide
monitoring is necessary to determine lung cancer risk: For
éﬂch purpose, passive sampling methods with track etch
detector or charcoal adsorption collector may have the
advantage in lower cost and convenience.

The charcoal adsorption collector is considered in this
study. Various factors may significantly affect the charcoal
adsorption mechanism on its practical application. Moisture
effects are discussed here as having major  impact on radon
collection by charcoal. Set of equations are presented in
this report to describe adsorption of radon including

moisture effects.
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1. INTRODUCTION

The relationship between illness and ore mining in central
Europe was recognized in early 16th century, and lung cancer
was identified as the principal disease of these miners in
19th century. Radon and its progeny were involved as
causative agents for miners in the same century. In recent
years, increasing cancer has been expressed as a possible
health hazards associated with long-term exposures over a
large population to a lower level of radon in the
environment. |

Although there may be uncertainties about the risk of
radon, epidemiologicalrstudies were conducted by several
scientific committees (UNS77, NAS84, NCRP84, ICRP87, NAS88).
Recognition of the risk of radon, U.S. Environmental
Protection Agency (EPA) suggested that approximately 20,000
deaths in 1987 in the United States was due to environmental
concentration of radon (Pus88). NCRP also suggested that 55 %
of the total average dose equivalent in the US population,
i.e., most contributor to total dose, is due to radon in the
environment (NCRP87). Because the radon is one of the
ubiquitous nuclide, nation wide survey is necessary to
determine lung cancer risk.

Various methods for the measurement of environmental
concentration of radon have been developed and demonstrated.
For the purpose of nation wide monitoring, passive sampling
methods such as track etch and charceoal adsorption collector
may have the most advantage in its lower cost and
convenience.

Charcoal, however, is an excellent adsorption of many gases
and vapors cther than radon. It is known that the quantity of
radon adsorbed is reduced as humidity increases (Coh83,
Gra84). This problem is usually addressed by determining the
mass increase of charccal during exposure, and using this as

a measure of humidity to derive correction.
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In chapter 2, previous risk studies of environmental
concentrations of radon are reviewed to recognize present
status. In chapter 3, various factors affecting charcoal
adsorption collector are summarized, and moisture effects on
the adsorption of radon on charcoal are discussed here as

having major impact on its practical application.
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2. RISK ESTIMATE OF RADON

2.1 Radon Dosimetry

Scurce of raden-222 and its progeny in the atmosphere is
the radium-226 which naturally present in varicus materials
such as soil, water and building materials, and which is the
fifth daughter of uranium-238. Decay scheme of radon is given
in Fig.2-1. Radon-222 decays with a half life of 3.82 day
into a series of solid, short-lived radioisctopes. These
daughters have no independent existence in the atmosphere.
Two of these daughters, polonium-218 and polonium-214, emit
alpha particles, which, when emission occurs in the lung, can
damage the cells lining. The resulting biological changes can
ultimately lead to lung cancer.
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The radon decay chain. An arrow pointing downward indicates
a decay by alpha-particle emission; an arrow pointing to the right indicates a
decay by beta-particle emission. The historical symboels for the nuclides are in
parentheses below the modern symbols. Most of the decays take place along
the unbranched chain marked by the double arrows. The negligible percentage
of the decays going along the single arrows is shown at critical points. The end
of the chain, lead-208, is stable, not radioactive. Hali-lives are shown for each
isotope with s = seconds, m = minutes, d = days, and y = years.

Fig.2-1 Decay Chain of Radon (NAS88)
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The major source of radon in the atmosphere is the routine
emanation from the radium-226 in the earth's surface. These
sources are tabulated in Table 2-1 (NCRP84). The estimated
ranges of radon-222 concentration levels from different
sources 1in typical houses are summarized in Table 2-2
(ICRP87). Major contribution to the indoor air concentration
of radon is entry from soil. Possible transport mechanism are
molecular diffusion and convective flow. Of most importance
is believed to be the latter process, which is induced by

Table 2-1 Sources of Global Atmospheric Radon-~222 {(NCRP84)

Source Release Rate (Ci/v)
Emanation from Soil 2 x 10°
Ground Water (Potential) 5 x 10°
Emanation from Ocean 3 x 10
Phosphate Residues 3 x 108
Uranium Tailing Piles 2 x 108
Coal Residues 2 x 104
Natural Gas 1 x 104
Coal Combustion g x 102
Human Exhalation 1 x 10

Table 2-2 Concentration of Rn-222 in indoor air from
different sources (ICRP87)

Indoor Concentration (Bg/m3)
Source . Estimated Range of

mean variation

Building materials

brick or concrete houses 3 - 30 0.7 - 100
wooden houses <1 0.03 - 2
Soil | | 2 - 60 0.5 - 500

Outdoor air 3 -7 1 - 10

Other sources
{(water, natural gas) < 0,1 0.01 - (10)
All socurces 10 = 100 2 - 500
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pressure differences between soil and indoor air. Entry rate
from soil depends strongly on the permeability of the
underlying soil and of the understructure of the house.
Because of their wide distribution, radon and its progeny
are a major source of exposure for the general public as well
as for workers in mines, In most of the cases, the
concentration of radon daughters is measured in working
levels (WL) and cumulative exposures over time are measured
in working-level months (WLM). These quantities are described
as follows (NASB8) ;
" The working level (WL) is defined as any combination of
the short-lived radon daughters in 1 liter of adir that
results in the ultimate release of 1.3 x 10° MeV of
potential alpha energy. This is approximately the amount
of alpha energy emitted by the short-half-life daughters
in equilibrium with 100 pCi of radon. Exposures of a
miner to this concentration for a working month of 170 hr
(or twice this concentration for half as long, etc.) is
defined as a working—-level-month (WLM). Note that the
cumulative exposure in WLM is the sum of the products of
radon-progeny concentrations and the times of exposure.
For historical reasons, time is quantified into blocks of
170 hr when the concentration 1s expressed in WL. This
can lead to confusion in domestic environments, because a
30-day month is 720 hr. Exposures to 1 WL for 720 hr
results in a cumulative exposure of 4.235 WILIM. Home
occupancy for 12 hr/day at 1 WL would result in a

cumulative exposure of about 2.12 WLM per month of
occupancy. "

The relationship between exposure and dose to target cells
and tissues in the respiratory tract is complex and depends
on both biological and nonbiological factors., Factors
influencing the dosimetry of radon daughter include physical
characteristics of the inhaled air, breathing patterns,
smoking habit, and the biological characteristics of the
lung. In most cases epidemiological_studies on miners are

extrapolated to general populations.
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2.2 Risk Studies of Radon
(1} ICRP Task Group

An ICRP Task Group report, ICRP publication 50, provides
comprehensive information on risk models both relative and
absolute (ICRP87) . The model itself and related parameters are
discussed in the report.

As given in the report, Brown performed a survey on the
mean residence probability of individuals in private houses,
other buildings, and outdoors as a function of time of day
(Bro83) . Based on his report, ICRP Task Group recommended the
following reference relationship for the evaluation of the
annual exposure to Rn-222 and Rn-220 daughters ;

E = 6000 Cih + 1500 Cie + 1000 Co (2-1)
Where,
E : Equilibrium-equivalent concentration (Bg h/m3)

Cih : Equilibrium-equivalent concentration in the air
of private homes (Bg/m3) ' '

Cie : Equilibrium-equivalent concentration in other
building (Bg/m3)
Co : Equilibrium-egquivalent concentration in outdoor

 air (Bg/md)

The values of 6000, 1500, 1000 are mean residence times in
hours per year in private homes, other building, and outdoor.
For a person not engaged in employment outside the house,
mean residence time in homes, 6000 hrs, is about 20 % higher,
but the residence time in other building is correspondingly
reduced. Using typical concentration values, about 75 % of
the total exposure is associated with private homes, and only
5 % is due to outdoor exposure.

The Task Group. also suggests reference values of the dose.
According to the analysis, the effective dose equivalent to
adults due to equilibrium-equivalent concentration of Rn-222

is given by ;

He = 0.061 Cih + 0.016 Cie + 0.014 Co (2-2)
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For children, the dosimetric models indicate a bronchial dose
per unit exposure which is up to a factor of 2 higher than
for adults. In NEA-report, an average factor of 1.5 for the
age group from 0 - 10 years is suggested (NEAB3).

The Task Group considered two different concepts of risk
evaluation models ; relative and absolute. The basic qguantity
employed in the relative risk proijection model is the age-
specific lung cancer mortality rate., This quantity defines
the probability per unit time of dying from lung cancer at a
given age after having reached this age. Using this quantity,
the integral risk of lung cancer such as individual lifetime
risk of lung cancer, radiation-induced lung cancer frequency
among the general populations, and corresponding loss of life
expectancy from radiation-induced lung cancer can be
expressed. Available epidemiological data on lung cancer for
underground miners are corrected for the populations,
Relative risk coefficients for indoor exposure to Rn-222 and
its daﬁghters are given in Table 2-3.

The absolute risk projection model has been mainly
considered before studies by the ICRP Task Group. The NCRP
used the absolute risk model (NCRP84). For this reason,

Table 2-3 Estimated mean values of the relative excess risk
coefficient (ICRP87)

Relative excess risk coefficient

Age at exposure (Rg h/m3) -1 WLM-1
0 - 20 3.0 x 108 0.019
<20 1.0 x 10-8 0.0064
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absolute risk model 1s also discussed in the ICRP
Publication. Contrary to the relative risk projection model,
the absolute risk model presumes no correlation between the
appearance rate of lung cancer and the normal, strongly age-
dependent, lung cancer rate. The previous studies vyield a
lifetime risk of 0.1 - 0.3 % at the given reference exposure
conditions. This correspond to an age-average risk to

exposure ratio ;

It

Rr/E (1 ~ 3) 10-10 {(per Bgq h/m3)

(0.6 ~ 1.8) 101 {(pexr WLM)

for indoor exposure to radon daughters. Where, Rr is
individual lifetime risk of lung cancer and E is cumulative
exposure time,

'_In Table 2—4, best estimates from the absoclute risk models
of the attributable lifetime risk of lung cancer for chronic
indoor exposure to radon-222 daughtérs are compared with the
sex-averaged risk value resulting from the relative risk
model. The value from the relative risk model is about a
factor of 1.5 higher than the results of the absolute risk

model based on data from radon exposed miners.

Table 2-4 Comparison of Estimate from Different Risk
Projection Models (ICRP87)

Lifetime risk Rr

Type of approach for chronic exposure of
' 105 Bq h/m3 1 WLM
in each vyear in each vyear

Relative risk projection
reference population 0.0026 0.016
non—-smoker only 0.0006 0.004

Absolute risk projection

ICRP study 0.0018 ' 0.011
NCRP model 0.0015 - 0.0085
dosimetric approach 0.0010 0.0070
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{(2) EPA

As given in Table 2~5, the reported number of lung cancer
deaths in the United States has in¢reased dramatically after
1930. The increase of lung cancers 1is due to population
growth and aging of the population. There might be several
sources of error such as erroneously including deaths due to
tuberculosis or other diseases of the respiratory system and
problems with misdiagnosis. Even after taking such reasons
into account, there has clearly been a great increase in lung
cancer mortality. Most of this increase is attributable to
cigarette smoking. The U.S.Surgeon General estimated that 85
% of all lung cancers are caused by cigarette smoking.

The risk estimate by EPA was derived on the basis of a
relative risk model. The incremental risk of a given effect
assoéiated with a given exposure is assumed to be linearly
proportional to the baseline rate of the effect in the
population. In the EPA model, the constant of proportionality
(relative risk coefficient) is taken to be independent of

age, sex and smoking status.

Table 2-5 U.S.population and lung cancer mortality figures
for the period 1930-1980 (Pus88)

Year Population ILung Cancer Deaths Age Standardized

(millions) Rates (1075/y)

Male Female Male Female
1930 123.2 1,803 1,008 3.29 1.93
1940 132.2 6,035 @ 2,012 9.10 3.06
19850 151.3 14,545 3,169 18.0 3.70
1960 179.3 31,242 5,158 31.9 4.70
1970 203.2 52,793 12,360 47.0 9.42
13880 226.5 75,528 28,304 56.1 17.4
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Puskin and Yang employed the range of relative risk
coefficients of 0.3 - 3.6 % per WLM to calculate lung cancer
mortality rate (Pus88). The EPA estimates Rn-induced lung
cancers on the basis of a relative risk model, assuming a 10-
y minimum latency period and a 2 % per WLM relative risk
coefficient extrapolated from miner studies. In applying the
model to the case of indoor exposures of the general public,
however, the exposure value is adjusted, on an age-specific
basis, to correct for differences in lung morphology and
difference of breathing rates between miners and members of
the public. The net effect of this adjustment is to reduce by
about 40 % the calculated excess cancers induced by
continuous lifetime exposures to indoor radon. This yields
relative risk coefficient of 1.2 % per WLM. Upper and lower
bound estimates are approximated 2.4 % per WLM and 0.6 % per
WLM, respectively. The average exposure rate was assumed to
be 0.25 WLM per year, corresponding to an assumed average
radon daughter level of 0.00646 WL at a 75 occupancy factor.
Under such assumptions, the EPA model projects, for 1987,
about 19,500 (10,500 - 34,000) radon-induced lung cancer
deaths in the United States. This means that about 14 % (8 -
25 %) of all lung cancer deaths are currently attributable to

radon.
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{3) BEIR IV

The most extensive study of radon risk is provided in the
BEIR IV report (NAS88). The BEIR IV committee developed its
own risk estimates based on analysis of four of the principal
data sets related to lung—canéer occurrence in underground
miners. The analysis indicated that the risk of lung-cancer
mortality due to radon-daughter exposure was explained best
by a model in which the excess relative risk is directly
proportional to the cumulative exposure, but modified by the
age at which the risk occurs and the length of time since
exposure. However, the Committee's model contained risk
coefficients that reflect a declining risk over time since
exposure (at and after 15 years) and age {(at and after 55
years of age) when compared with predictions based on a
constant relative risk model.

Indoor radon risks can be estimated with the committee's
model based on occupational exposure, but several assumptions
are requiréd. For the purpose of risk examinatioh, the
committee assumed that the findings in the miners could be
extended across the entire life span, that 1 WLM yields an
equivalent dose to the respiratory tract in occupational and
environmental settings, that cigarette smoking and radon-
daughter exposure interact multiplicatively, and that the
sex-specific baseline risk of lung cancer 1is increased
multiplicatively by radon daughters for males and females.

The Committee's summary estimate of lifetime risk was 350
lung cancer deaths per 106 person-WLM of lifetime exposure for

a population containing equal number of males and females.
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(4) Summary of Risk Estimates

Estimates of the lifetime risk of lung-cancer mortality due
to lifetime exposure to radon and its progeny are summarized
in Table 2-6. UNSCEAR, BEIR III and NCRP have radon lung
cancer mortality rate on the absolute risk model. The ICRP
Task Group discussed relative risk projection and absolute
risk projecﬁion models. A reference mortality rate given for
the absolute risk projection model is shown in Table 2-6.
The EPA employed a constant relative risk model, and the BEIR
IV Committee a employed time-since-exposure (TSE) relative
risk model. Most of the recent studies suggest several
hundred deaths per 106 person WLM.

Table 2-6 Comparisons of Estimate of Lifetime Risk of Lung-
Cancer Mortality due to Lifetime Exposure to Radon Progeny

Risk Study Excess Lifetime Lung-Cancer Mortality
(deaths/10°% person WLM)
UNSCEAR (19877) 200 ~ 450
BEIR IIT (1980) 750
NCRP (1984) 130
EPA (1986) 460
ICRP (1987) ' 230
BEIR IV (1888) 350
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2.3 Risk Comparison with Other Sources of Ionizing
Radiation

All members of the public are inevitably exposed to sourcés
of ionizing radiation. The sources are of three general types

natural origin unperturbed by human activities, those of
natural origin but affected by human activities and man-made
sources. Attempts to quantify all the ionizing radiation
exposure to the population in the United States were made by
National Council on Radiation Protection and Measurements
{(NCRE87) .

The number of people exposed to these sources, the
effective dose equivalent to those exposed, the effective
collective dose equivalent and the average effective dose
equivalent (He) in the U.S.population are given in Table 2-7.
For illustrative purposes, the percent contribution of the
various radiation sources to the total effective dose
equivalent to the members of the U.S. population are given in
Fig.2-2. The contributions to the genetically significant
dose (GSD) are listed separately in Table 2-8. These results
are for various years within the period 1977-1984, with most
of the data being for 1980-1982.

The average annual effective dose equivalent from all
_sources in the entire U.S.population is obtained by summing
the annual collective effective dose equivalents and dividing
by 230 million, taken as the U.S.population in 1980. The
result is approximately 3.6 mSv annually for all people in
the U.S. from all sources, excluding cigarette smoking, i.e.,
about 0.01 mSv/d.

For the 50 million smokers in US, there is an additional
exposure to the lungs from naturally occurring radionuclides
in cigarettes. The effective dose equivalent from this source
is difficult to estimate. A small segment of the bronchial
epithelium appears to receive about 0.16 Sv/y on the average
and this is probably dependent on the number of cigarettes
smoked.
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The GSD is about 1.3 mSv/y from all sources, including a
small contribution from consumer products which irradiate the
whole body.

The data of Table 2-7 indicate that natural sources make
the greatest contribution to the average annual effective
dose equivalent for members of the U.S.population. Among
these natural sources, radon and radon decay products indoors
are the largest contributors to the average annual effective
dose equivalent. They make a small contribution to the annual
GSD.
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Table 2-8 Annual GSD in the U.S.population circa 1980-1982
{NCREET)

Source Contributions to GSD (mSv)

Natural sources

Radon 0.1
Other 0.9
Occupational ~0.006
Nuclear fuel cycle <0.,0005

Consumer products

Tobacco -

Other ~0.05
Miscellaneous environmental sources <0.001
Medical

Diagnostic x rays 0.2 - 0.3

Nuclear medicine 0.02

Rounded total ~1.3

- INTERNAL
TERRESTRIAL, 11%
\

N 8%

N AR~
N \ MEDICAL: T,
MIC rays oy -
o5 N e oo "
. »"Nuclear
7 .” Medicine CONSUMER
- : PRODUCTS 3%
| OTHER <1%
Qccupational 0.3%
Faliout <0.3%
Nuclear

Fuei Cycle 0.1%
Miscellaneous 0.1%

Fig.2-2 Percentage contribution of various radiation sources
to the total average effective equivalent in the U.S.
population (NCRP87)
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Table 2-9 gives published estimates of average individual
doses from all sources to the U.K. population by National
Radiological Protection Board (NRPB) (Bro83). The wvalues
indicate that just under 80 % of the total effective dose
equivalent received by the U.K. population comes from natural
sources. On average, each person receives an effective dose
equivalent of about 0.8 mSv a year from radon decay products
out of a total of about 2.4 mSv a year. Although the extent
may vary, radon and its progeny are the most important
exposure pathway in both countries,

Table 2-9 Average annual effective dose equivalents to the
U.K. population from all sources (Bro83)

Source Average annual effective dose
equivalent (USv in a year)

Cosmic radiation 310
Internal irradiation 370
Terrestrial gamma rays 380
Radon decay products 800
Medical irradiation 500
Fallout 10
Occupational exposures 9

Miscellaneous sources

Disposal of radioactive waste
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3. PASSIVE MONITORING OF RADON BY CHARCOAL

3.1 Indcor Radon Monitoring

As discussed in the previous section, indoor radon is one
of the most important source of ionizing radiation for the
general public, but depend on locality, radon concentration
level and individual behavior.

Nero et al. reviewed published information on monitoring
data from U.S. single-family homes (Ner86). Several ways of
aggregating data were used to take into account differences
in sample selection and season of measurements. The resulting
distribution of annual average radon-222 concentrations can
be characterized by an arithmetic mean of 56 mBg/l (1.5
pCi/l) and a long tail with 1 to 3 % of homes exceeding 300
mBg/l (8 pCi/l), or by a geometric mean of 33 mBg/l (0.9
pCi/l) and a geometric standard deviation of about 2.8. The
standard deviation in the means is 1% %, estimated from the
number and variability of the available data sets, but the
total uncertainty is larger because data may not be
representative., Availlable dose-response data suggest that the
average of 56 mBg/l (1.5 pCi/l) contributes about 0.3 %
lifetime risk of lung cancer and that, in the million homes
with the highest concentrations, where annual exposures
approximate or exceed those received by underground uranium
miners, long-term occupants suffer an added lifetime risk of
at least 2 %, reaching extraordinary values at the highest
concentrations observed.

More nation-wide and detailed investigations on indoor
radon concentrations are required to quantify the risk of
radon. The techniques developed for measurement of integrated
concentration of airborne radon are : the plastic bag method
(51169), passive environmental radon monitor with TLDs
(Geo77), track etch method (Alt81), diffusion barrier
charcoal adsorption (DBCA) collector (Coh83, Coh86a, Coh86b),
alpha-spectroscopy monitor (Wat86), and electret passive
monitor (Rot88). Some of them are too expensive or

complicated for nation-wide monitoring, hence, passive
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sampling by track etch method and DBCA collector may have
advantage in its lower cost and handling convenience. Cohen
compared the track etch and charcoal adsorption methods for
measurement of indoor radon air concentrations (Coh86b).

The passive charcoal adsorption method depends on diffusion
phenomena. Diffusional sampling was developed for the
monitoring of organic vapor, and numerous researches has been
demonstrated its effectiveness (Ros82, Har87). The DBCA
collector developed by Cohen et al. demonstrated its
.effectiveness for monitoring radon. Charcoal, however, is an
excellent adsorbent for many gases other than radon,
including water vapor in the air. It is known that the amount
of adsorbed gases is reduced as humidity increases.

The purpose of this section is to describe uncertainties
involved in the charcoal adsorption sampling, and to discuss

moisture effect on the adsorption of radon on charcoal.
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3.2 Methodology of Passive Monitoring

3.2.1 Sampling Theory

Contrary to the dynamic samplers, passive samplers do not -
use aﬁ air moving device to transport contaminant to the
charcoal surface. Natural forces are used to ensure that a
representative amount of contaminant molecules is collected
on the charcoal. Two principles are used in sampler design.
The first is diffusion from ambient air through the diffusion
path to the charcoal surface. The second involves adsorption

of contaminant molecules in the charcoal.

{1) Diffusion Sampling

Passive sampling relies on the movement of molecules across
the concentration gradient in steady-state conditions and can
be defined by Fick's FPirst Law. Fick's Law gives the sampling
rate by a passive sampler in terms of the diffusion

coefficient and the concentration gradient.

dWw/dt = - DA dC/dx (3-1)
where,
dWw/dt : Sampling rate (Bg/s or g/s)
D : Diffusion coefficient {cm?/sec)
A : Cross sectional area of diffusion path (cm?)
dC/dx : Concentration gradient across diffusion path

(Bg/cm?! or g/cm?)
Fig.3-1 gives a schematic diagram of a passive sampler, in
which the sampling surface consists of a thin layver of
adsorbent separated from the ambient air by diffusion path L
{(UndB84) . Considering the change in concentration across the
diffusion path, equation (3-1) can be written as,

dw/dt = AD/L (Co -~ C) (3-2)
where,
L : Length of diffusion path (cm)
Co : Ambient concentration of gases (Bg/cm® or g/cm?)
C : Concentration of gases at the charcoal surface

(Bg/cm?® or g/cm?)
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ADSCRBENT
COLLECTION
SURFACE FOR
CONTAMINANT

AMBIENT
CONCENTRATION
OF CONTAMINANT

AT EXPOSED
SURFACE

Fig.3-1 Schematic diagram of a passive sampler (Und84)
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Equation (3-2) means that the sampling rate is proportional
to the concentration difference across the diffusion path,
the cross-sectional area of the diffusion path, the diffusion -
coefficient, and inversely proportional to the length of
diffusion path. The unit of AD/L correspond to the sampling
flow rate of the dynamic open-end sampler which uses air
moving device such as a pump. In this study, an activated
charcoal is used as collection medium. If the charcoal is a
perfect collection medium, the concentration of gases at the
charcoal surface, C, can be assumed to be zero. However, such
high sampling efficiency is not expected for charcoal. The
adsorption mechanism should be taken into account for the
collection of gases.

{2) Linear Adsorption

The adsorption of the charcoal may be due to either weak
interactions such as van der Waals force, or chemical
interactions (Bru43). Linear and nonlinear adsorption
isotherm have been developed and validated through numerous
experiments for various gases and vapors.

Assuming that the wvapor pressure of the gases at the
sampling surface is proportional to the quantity of sampled

gases, i.e., assuming a linear isotherm,

C = W/km (3-3)
where,
k : Adsorption coefficientV(Bq/g—charcoal per Bg/cm3-
air, or cmi/qg)
m : Mass of charcoal (g)

It is instructive to assume that the ambient concentration of

gases in the air is constant during sampling period. Then,
dw/dt = AD/L (Co - W/km) (3-4)
Rearranging equation (3-4),
dW/ (kmCo - W) = ADdt/kmL {3-5)

Integrating dW and dt over 0 ~ W and 0 - t, respectively,
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W = kmCo (l-exp(-ADt/kml)) (3-6)

Equation (3-6) means that time dependent ingrowth of the
adsorbed amount of gases (W) is expressed by exponential term
with time constant (AD/kmL) until saturation state (kmCo).
Because equation (3-3) assumes equilibrium state for the
ambient concentration and adsorbed amount of gases, egquation
(3-6) must be applied to equilibrium conditions.
The next problem is how to quantify pre-equilibrium state.

According to Fick's Second Law, the concentration in charcoal
can be expressed by,

dCc/dt = D d2Cc/ax? (3-7)
where,
Cc : Concentration of gases in charcoal (Bg/cm3)
x : Depth of the charcoal bed (cm)

Assuming linear isotherm, the boundary condition at the
charcoal surface can be,

at x = 0, Cc =k p Ca(t) {3-8)

where, p is the density of the charcoal (g/cm3), and Ca(t) is

the concentration of gases in the air (Bg/cm3). Considering
the behavior of a short pulse of gases,

Ca(t) = Co T &(t) (3-9)

where 1 is time of a short pulse and 8(t) is the delta

function which is zero everywhere except at t = 0 and
satisfies,

T(t) dt =1 (3-10)
This gives an integrated exposure, Ccdt_= Co 1T, essentially

the same as a concentration Co lasting for a short time <.

Then the boundary condition (3-8) becomes,

at x = 0, Cc = A 8(t), where A = kpCot (3-11)
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The solution of (3-7) with the boundary condition (3-11) is
obtained by use of La-place transforms as (Coh83);

Coc = Ax/2 /(n D t3) exp(-x?/4Dt) {3-12)

According to equation (3-12), the diffusion of gases inside

charcoal bed may spread out over a distance of,
x =2/ Dt (3-13)

It 1s useful to consider a closed-end passive canister. The
finite depth x is equivalent to the charcoal bed depth (h) of
the canister. When the diffusion front reaches the bottom of
the canister, it is reflected from the bottom and the
reflected front comes pack to the charcoal surface. Then, the
traveling distance of the reflected front is twice the
charcoal-depth (2h). After that, the adsorption of gases can
be approximately assumed to be equilibrium. The time to reach
equilibrium can be given by,

Teq = h2/D (3-14)

After Teq, equilibrium equation (3-6) may be used to
determine adsorbed amount of gases on the charcoal.

Carrier gases involving air compete with the gas of concern
for the adsorption site of the charcoal. At low
concentrations of the gases, thilis competition linearizes
their adsorption isotherms by converting their heat of
adsorption on very active sites into the lesser value of a
heat of displacement. The net results is that, at moderate
and low concentrations of gases, the adsorption isotherm is
either linear or very nearly linear. At low concentrations,
the independence or near independence of the adsorption
coefficient on concentration has been substantiated by
previcus studies (Und80).
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(3) Nonlinear Adsorption

A basic concept of the Polanyi theory is that an adsorbate
can be characterized by an attractive force field over the
microporous surfaces of the adsorbent. The schematic
representation of the force field.at the adsorption surface
is given in Fig.3-2. Polanyi has described these forces by an
adsorption potential, which is defined for a point near the
surface of the adsorbent, as the work done by the attractive
forces in bringing a molecule of a gas to that given point
(Dub60) . The adsorption potential has its maximum wvalue at
the surface of the adsorbent and it decrease to zero at some
limiting distance (Bru43, Und87).

The adsorption potential termed in Polanyi potential theory
is expressed as (Dub60), '

€ = RT 1n({P/Ps) (3-15)
where,
€ : Adsorption potential (cal/mol)
R : Gas constant (1.987 cal/mol/ K)
T : Temperature { K)
P : <Vapor pressure
Ps : BSaturated wvapor pressure

Reucroft assumed the Dubinin-Polanyi (Dubinin-Radushkevich)
nonlinear isotherm to describe mixed vapor adsorption
mechanism (Reu84). The Dubinin-Polanyi equation is,

In Wy = 1n Wm - kc €2 (3-16)
where,
Wv : Volume of adsorbate per gram charcoal (cm3/g)
Wm : Maximum pore volume of adsorption space per gram
charcoal (cm3/qg)
kc : Constant related to the pore volume structure of

the charcoal (mol?/cal?)

Equation (3-16) is also written as,



PNC TN8410 89-047

— e Gos phose

Ldsorption
spoce

.
®
1]
.
]
]
1
Il
(]
1
4
i
1
1
1
)

Adsorbent

adsorption surface according to the potential

Schematic representation of force field at the
theory (Bru43)

Fig.3-2



PNC TN8410 89-047

Wv = Wm exp (- kc £2) (3-17)

Table 3-1 gives equations for three common non-linear
isotherms such as Langmuir, Fruendlich and Dubinin-
Radushkevich (Dubinin-Polanyi) isotherms. Equation (3-2) can
be integrated numerically, if the adsorption isotherm is
known. Underhill calculated the sampling efficiency of éach
isotherm as given in Fig.3-3. The sampling efficiency is the
ratio of the sampling rate to the initial (and maximum
possible) rate of sampling. Non-dimensionalized time, T, is
defined as given in Table 3-1 for each isotherm. Underhill
concluded that the Dubinin-~-Radushkevich isotherm, commonly
seen for adsorption by charcoal, is consistent with high
sampling efficiency (Und84). Golovoy and Braslaw demonstrated
the Dubinin-Polanyi approximation to determine equilibrium
adsorption isotherms of 14 solvents such as n-heptane, n-
butanol, and methy isobutyl ketone. Using n-heptane as a
reference solvent, they found a mean error of 1.9 % and the
maximum error 7.2 % (Gol81).



TABLE 3~ |
Dimensionless Equations for tlié Sampling and Retantion of Airborne Vapors by Passive Samplers

Dimensional Nondimensionalizad Uptake of Sampling Retention Dafinition of Dimensionless
Isotharm Isotherm Isotherm Adsorbate Efficiency Efficiency Variables for each Isotherm
Linear W = kmC w=c r=-fnil-w W= j-w = - fniw wz_W i - ADU
kmC, kmL
Langmuir w = mbe w=__S__ r = wee-DIn1-wp W= W e dwel) Lntw} w={1taCgw. . aC ;
‘ 1+aC T-rirg 1-rw 1.r mbC, 1+aC,
£z AD{1+aC,)t
e Y all
mbL
o nbtl I=h 1~tft
Fruendlich W = mac¥ w = c® r=x W w = 1-w = W w=_W . W= ABC, 71
o nbil 1-b mag,"™ mal,
: o w 1 o :
Dubinin- W = mpvat ~BR* T BRT fn? (= ) w b],En‘ﬂ-_En {ac)i y= | W W = l.g 7= [ 4w w = _!V__—_ebln R Mcbﬂ" a,
Radushkevich w Cu. o 1-¢ w € myve mpval,
2=C b= BRTT"-
Ci. #
Definitions m = mass of adsorbent, g
A = cross-sectional area of diffusion path, cm® n= fndex for infinite series . o
a,b = constants describing Langmuir isotherm, dimension- R = ideal gas constant, calories/mole-°K
less r = derived parameter used withthe Langmuirisothery
= constants describing Freundlich isotherm, dimension- dlme'nsmnless
less T = ambient temperature, °K
= derived parameters used with the Dubinin-Radush- t = sampling time, s
kevich equation, dimensionless ¥, = factor in the Dubinin-Radushkevich equauon giving
B = factor used in the Dubinin-Radushkevich equation the pore volume per gram of adsorbent, cm’/g
to describe pore size distribution, moles®/ calorie® W = uptake of adsorbate at an equilibrium vapor concen-
C = equilibrium concentration of adsorbate over adsor- tration of C, g
bent gicms W, = value of Wat Gy, g
C, = ambicnt concentration of adsorbate, g/ cm® w = ratio (?f w to _w°' dimensionless .
Ci. = vapor density of the adsorbate in equilibrium with Ww = sampling efficiency, defined as the ratio ofthe actua]
pure lmmd adsorbate at the ambient temperature, Sflmphng rateto the maximum sampling rate, dimen.
g/em® sionless
¢ = ratio of C to C, dimensionless B = factor in the Dubinin-Radushkevich equation des.
3 vy . . - . .
D = diffusion coelficient for adsorbate in air, cm®/s cribing adsorbate-adsorbent intcraction, dimensior-
1

. less

k =-linear adsorption coeflicient, ¢ 3 . . .
P »em/g p = density of liguid adsorbate at the ambient tempera-.

L. = width of air gap bctwcen ambient air and samp["Ig ture, glcm"’

surface, cm .= nondimensionalized. time
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3.2.2 Factors Affecting Passive Sampling
(1) Temperature Effects

It is known that the diffusion coefficient 1s directly
proportional to the absolute temperature (T) of the vapor,
raised to three-halves power and inversely proportional to
the atmospheric pressure (P). However, at the same time,
changes in temperature and pressure also affect the ambient
concentration of gases. The concentration is inversely
proportional to the temperature and directly proportional to

the pressure (Tom77, Ros82). That means,

D X T2/3/p, CcxXP/T (3-18)

As given in equation (3-2), the sampling rate of gases is
proportional to the ambient concentration and the diffusion

coefficient. Then,

dw/dt X D ¢ o Ti/2 (3-19)

Eventually, the sampling rate is only affected by the inverse
of square root of temperature (Tom77, RosB2). For practical
situations, the temperature effect on the sampling rate seems
to be small.

"Even if the sampling rate from ambient air to the
collection medium surface is not significantly affected by
the temperature, the adsorption on the collection medium may
be affected by temperature. Underhill and Moeller conducted a
literature review of the published experimental data for
adsorption of krypton and xenon on activated charcoal
(Und80) . They used the Antoine equation to summarize data on
different temperature conditions. The Antoine equation is

expressed as,

k = exp{(A + B/(C + T)) (3-20)
where,
k : Adsorption coefficient (cm3/g)
A,B,C : Antoine coefficients
T : Temperature { C)
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A,B,C are coefficients depending on adsorbate and carrier
gas. Their study gives the typical data on temperature
effects of krypton in Fig.3-4. _ -

Strong and Levins give temperature effects of radon
adsorption on charcoal for open-end dynamic column as shown
in Fig.3-5. They concluded that over the temperature range, 0
- 55 C, the dynamic adsoption coefficient for radon on
activated charcoals with specific surface areas (S) in the
range 1000-1300 m3/g can be estimated from the following
equation (Str8l).

k = (0.0070 S — 3.51) exp(-6.9 x 103/RT) (3-21)

The temperature effects of xenon, krypton and radon are
plotted together in Fig.3-6. Within the temperature range of
0 to 50 C, a relationship similar to equation (3-21) may
apply to krypton and xenon.

{(2) Water and Organic Vapor Adsorption

When multiple sampling takes place, the compound of gases
or vapors with the highest affinity will be adsorbed
preferentially for the available adsorption sites on the
charcoal surface. The worst interfering substance is believed
to be water wvapor. Harper suggests that water is adsorbed
onto surface oxygen complexes of activated charcoal by
hydrogen bonding. Although there are still doubts about the
mechanism involved, the further adsorption of water appears
to occur by secondary aggregation of these primary sites
until the charcoal will block the adsorption of hydrophobic
vapors (Har87).

The adsorption of water vapor on various materials is given
in Fig.3-7 (McB32). The two central curves on the diagram
represent the adsorption of water by different types of
charceocal. It is seen that little adsorption capacity has been
taken up when the relative pressure = 1/3, and most of it has
taken up when the relative pressure = 2/3.



PNC TN8410 89-047

100,000
C 1
§ z
3 3
CARRIER GAS:
- 1 Hehum
30,000 2 Argon
3 A
4 Nitragen

5 Carbon Dicaide

P T rTTd]

1,000

ADSORPTION COEFFICIENT
ceINTPIgm
=T TTTr]

100

¥ Iillll]

-260 ~150 =100 -£D 0 50 100 159
TEMPERATURE [°C}

Fig.3-4 Temperature dependence of the adsorption
coefficient of krypton (Und80)

TEMPERATURE (°C}

80 ¥ w 36 1] .10 ]
U Vs
g'ef ° ]
= sk )
o g "
Yt
g [ -4
QL 4
=
9 W b
ey
5 ot
w2
o
< e
-U ‘ [ 7
g
-
=
B
A
L2 , , ) )
0.003 0.0031 0.0032 0.0033 0.0034 0.0035 0.0036 0.0037
1/7 (°K)

Fig.3-5 Temperature dependence of the dynanmic adsorption
coefficient {Strél)



PNC TN8410 89-047

100,000
- Carrier gas : Air
10,000 |- Xe (Und80) R (Str81)
o Kr (Und80)

N N
2 .
W
Q.
E 3
o2
= 1,000
£’ -
[ea =
I} L
L %]
a »
<

100

10 | | | i 1

=260 =150 -100 -50 0 50 100 150

TEMPERATURE (°C)

Fig.3—-6 Temperature dependence of the adsorption
coefficient of krypton, xencon and radon



PNC TN8410 89-047

Fig.3-8 shows an isotherm of carbon disulfide and water
vapor obtained by Coolidge on a sample of coconut charcoal
(Brud43). It is possible that the structure of charcoal is not -
entirely rigid, and that both its surface and its pore
diameter are functions of the adscrbate molecules. The
charcoal can be assumed to consist of a layer-like structure.
The force of interaction between the carbon atoms of the
adsorbent and the carbon disulfide molecules may be
sufficiently strong to permit the latter to penetrate between
the layers with comparative ease.

On the other hand, the interaction between charcoal and
water is weak, which makes it difficult for water to
penetrate between carbon layers. At low pressures there 1is
very little penetration, but some water molecules succeed in
penetrating. With increasing pressure it becomes easier for
other molecules to penetrate, owing to the large dipole
attraction between the water molecules themselves.
Eventually, a sharp rise in adsorption occurs, until the
capacity is filled. The second explanation is based on the
assumption that both isotherm represent unimolecular
adsorption. The carbon disulfide curve is a Langmuir isotherm
as given in Fig.3-8.

Grant et al. determined the adsorptive capacities of
activated carbon pre-equilibrated with moisture for ternary
organic gases with paraffins, arcomatics and halocarbons, and
compared it with similar results for dry gas and dry
activated carbon. The use of the Dubinin-~Polanyl potential
theory and a model which postulates that adsorbed water
reduces the pore space available for adsorption on one to one
volume basis proved adequate to predict the effect of
moisture on the breakthrough capacity of a mixture containing
low concentrations of dichlorocethylene, n-hexane and toluene.
The best agreement was observed in the case of a non-uniform
adsorbate model. However, the model did not predict the
breakthrough capacity of the relatively soluble methylene

chloride in a ternary mixture which included n-heptane and
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toluene. They concluded that the model used in their report
need further study for water insoluble adscorbates (Gra84}.

Werner exﬁerimentally demonstrated a reduction in uptake of
trichlorocethylene (TCE) at five relative humidity ranges.
Fig.3-9 gives the relationship of adsorbed TCE and relative
humidity. The effect of humidity was greatest at the lowest
TCE influent concentration (300 mg/m?) and highest relative
humidity involved (86%). Under these conditions the amount of
TCE adsorbed was only 9 % of the amount adsorbed at the same
concentrations and lowest relative humidity (5%). The effect
of humidity was negligible at the highest TCE concentrations
(1000 and 1300 mg/m?®) and moderate level of relative humidity
(25%) . His experimental data fit the Dubinin-Polanyi equation
as given in Fig.3-10. (Wer85).

(3) Effect of Moisture on Adsorption of Gaseous Radicnuclide
Nuclear power reactors use activated charcoal beds to
remove and hold up noble gases td reduce atmospheric
radiocactive discharge. Underhill and Moeller reviewed
published data to quantify adsorpticn of krypton and xenon on
activated charcoal (Und80). The experimental data were
usually reported either in terms of the relative humidity of
the carrier gas or 1in terms of the water content of the
charcoal. Using a least sguare analysis, Castellani et al.
found that the percent loss in the adsorption coefficient for
krypton, from the wvalue at zero percent relative humidity
(RH), could be expressed by the following equation (Und80).

Ak = {0.0037 + 0.0007) RH (3-22)

The effect of the relative humidity of the carrier gas and
the water content of an activated charcoal has been examined
by Khan et al. According tc the examination of their data,
Underhill et al. concluded that the effect of water on the
adsorption of radicactive fission gases are better correlated
with the water content of the charcoal than with the ambient
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relative humidity of the carrier gas (Und80). Underhill et
al. demonstrated the moisture effect on the adsorption of
xenon, experimentally. The results of experiment is given in-
Table 3-2 (Und86). The charcoals are pre-equilibriated with
humidified air before the exposure of =xenon. At low relative
humidity, the uptake of water is small and therefore the
reduction in the adsorption of xenon is also small. Fig,3-11
gives the correlation between water uptake and the percent
reduction in the adsorption coefficient. The adsorbed amount
of xenon decrease as the moisture content increase. Fig.3~-11
is plotted in Fig.3-12 as a semi log graph in terms of the
moisture uptake and the percent reduction of adsorption
coefficient. The adsorption coefficient seems to decrease
exponentially as the moisture uptake increases.

The effect of moisture on the radon adsorption was
experimentally demonstrated by Strong and Levins (Str81). A
radon pulse was introduced into a charcoal column with
humidified air. Fig.3-13 shows that the dynamic adsorption
coefficient decreased by 30 percent for an increase in
relative humidity from 0 to 100 percent. This effect is
explained by the observation that the radon penetrates the
bed at a faster rate than water vapor. Hence, for most of
this travel, the radon passes through the dry charcoal bed.
Near the inlet, the combined effects of temperature rise due
to the heat of adsorption of water and the competition with
water vapor for active sites tends to reduce the dynamic
adsorption coefficient for radon.

The above results (Und86, Str8l) are plotted in Fig.3-14 in
terms of relative humidity and percent reduction of
adsorption coefficient. The reduction of adsorption
coefficient is different in the two experiments due to
experimental conditions. In the experiment by Strong and
Levins, the humidified air was passed into the dry bed with a
radon pulse. Hence, the charcoal was not pre-equilibriated
with water. In the experiment by Underhill et al., the
charcoal was pre-equilibriated at appropriate humidity

—38—
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Table 3-2 Effect of Moisture on the Adsorption of Xenon

{Undas)
Relative Uptake of Reduction
Humidity (%) Water (wt %) in Adsorption
Coefficient (%)
7.7 0.5 5
i4 1.0 8
27 1.6 19
414 5.7 38
59 23 83
67 31 94
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Fig.3-11 Effect of moisture on the adsorption of krypton
and xenon (Und86)
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conditions before exposure to xenon, In passive sampling,
simultaneous adscorption of moisture and gases takes place.
Initially, the relationship of moisture and adsorption
coefficient may be represented by results of Strong and
Levins. The extended sampling period allows equilibrium of
moisture, and the ultimate situation may be represented by
the results of Underhill et al.

(4) Surface Area of Charcecal

Kovach and Etheridge observed that the adsorption
coefficient for krypton was a maximum 1if the charcoal was
activated to give a surface area of 900 square meters per
gram (Fig.3-15). The data developed by these authors show
that the'adsorption coefficients for krypton and xenon are
not proportional to the surface area of the adsorbent, and
that high surface area and/or porelvolume are not necessarily
indicators of higher adsorption capacity for krypton and
xenon (Und80). In the experiment with radon by Strong and
Levins, the linear relaticonship between surface area and the
adsorption coefficient was observed (Fig.3-16, Str8l).
Underhill noted that causes for this difference in the
relationship has not been observed for krypton and =xenon

compared to radon are not known (Und80).

Table 3-2 Effect of Moisture on the Adsorption of Xenon

{(Und86)
Relative Uptake of Reduction
Bumidity (%) Water (wt %) in Adsorption
Coefficient (%)
7.7 0.5 5
14 1.0 8
27 1.6 19
44 5.7 38
59 23 83

67 31 94
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(5) Determination of Adsorption Coefficient

Previously obtained data for open-end dynamic samplers were
given for krypton, xenon and radon (Und80, Str81, Unds84,
Und86). The closed-end passive charcoal samplers were
developed by Cochen, George and Prichard for the monitoring of
indoor radon concentration (Coh83, Coh86a, GeoB84, Pri8s). It
is useful to compare the methods for determining the
adsorption coefficient for dynamic and passive sampling in
this section.

- Concerning the adsorption of organic vapor, Van den Hoed et
al, made field comparisons of a diffusive sampler (3M
monitor} and charcoal tube sampler for styrene (Van87). The
field tests show good agreement between the average results
as obtained by the two technigques. Besides radiological
decay, the behavior of a radionuclide and other adsorbates
may be basically the same.

The major difference between dynamic and passive sampling
is in “the determination of the adsorption coefficient. In
passive sampling, the adsorption coefficient is simply
expressed by the ratio of the adsorbed amount of adsorbate on

the charcoal to the ambient concentration.

(3-23)

In dynamic sampling, the gaseous radionuclide is introduced
to the charcoal colﬁmn as a pulsed input, and the exhaust
flow is measured by a detection device such as an ionization
chamber., The dynamic adsorption coefficient is determined by
integration of the exhaust concentration over the total
volume. The typical method to calculate dynamic adsorption
coefficient is given by Underhill (Und86).

_JoVCxzdV_ Vd

mlCzdV  m (3-24)

where,
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V ¢ Volume of effluent following the pulse injection
(cm3)
vd : Volume of ionization chamber plus volume of tubing

between the adsorbent bed and the ionization
chamber (cm?)
Cx : Radioactivity in the effluent, as measured by the

ionization chamber (Bg/cm3)
Because the measurement is by donization chamber, the
concentration in the exhaust flow over the total volume is
integrated. Sun and Underhill showed that the above equation,
which states implicitly that the measured adsorption
coefficient is independent of the concentration of adsorbate
and the geometry of the adsorption bed, is valid at the low
concentrations of xenon and krypton normally found in reactor
off-gas streams. |

The adsorption coefficient is basically given by the ratio

of the radionuclide captured in charcoal to the ambient
concentration. Typical values of adsorption coefficient given
in the literatures are summarized in Table 3-3. Because the
adsorption coefficient is given for various type of charcoals
and experimental conditions, the adsorption coefficients
vary. Radon is most strongly adsorbed on the charcoal among
the three nuclides.

Table 3-3 Tvypical data on the adsorption coefficient

Radionuclide Adsorption coefficient (cm3/g)
Krypton 20 - 60 (Und77, Und80)
Xenon 100 - 900 (Und77, Und80)
Radon 2000 - 6000 (Str8l, Coh83)
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(6) Face Velocity

The velocity of the air external to the charcoal may have
significant effect. On the diffusion coefficient and possibly
the adsorption coefficient, the wvelocity of the air external
to the charcoal is often referred to as face velocity.
Thompkins and Goldsmith noted that the passive sampler can be
expected to sample accurately as long as essentially all
resistance to contaminant transport is contained within the
stagnant air layer inside the device. As the face velocity
decreases, the external resistance to mass transfer
associated with convection increases. When this resistance
becomes significant, the mass ¢f contaminant collected will
become less than predicted (Tom77).

As Jonas et al. éubsequently noted, the face velocity
directly affects the concentration gradient. In the case of a
minimum face wvelocity parallel tc the open face of the
sampler,. starvation of the external atmosphere may result
(Jthl). The prominence of this effect will be related to the
sampling rate (DA/L) which is a function of geometry (A/L).
Badge-type samplers have a high area to length ratio and
therefore high uptake rate, which requires a minimum face
velocity of 0.05 - 0.1 m/sec. These samplers therefore should
not be employed for static monitoring in areas of 1little air
movement (Har87}).

Samplers are also affected by high face velocity causing
turbulence to occur within the diffusion air gap. Wind tunnel
experiments have shown that, provided the length to diameter
ratio (L/d) is greater than 2,5-3.0, this will not affect

perxformance significantly (Har87).

(7) Diffusion Coefficient .
A method for estimating diffusion coefficients 1s given by
Underhill (Und77). The formula is expressed as,

D = Y &'Dg/pc k (3-25)
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where
Dg : Diffusion coefficient for the gas in the air
(cm?/s)
Y : Tortuosity factor for the charcoal
e’ : Fractional interparticle void volume
Pe : Density of the charcoal (g/cm3)
k : Adsorption coefficient (cm3/g)

Dg depends on atomic size, mass, and thermodynamic properties
of nuclide. Underhill determined Dg for krypton and xenon as
0.173 cm?/s and 0.138 cm?/s, respectively. He also noted
typical values of the tortuosity factor = 0.6 and the
fractional interparticle void volume = 0.45, and determined D
for krypton and xenon as 1.6 x 1073 cm?/s and 7.0 x 10-5 cm?/s,
respectively (Und77). Cohen subsequently derived Dg = 0.12
cm?/s and D = 1.6 x 10~5 cm?/s for radon based on Underhill
estimates (Coh83).

The typical values of the diffusion coefficients for
krypton, xenon and radon are summarized in Table 3-4 (Und77,
Coh83). In terms of the diffusion coefficient, radon is a
less diffusive nuclide compared with krypton and xenon. For
the diffusion coefficients of organic and other vapors in

air, the repoit by Lugg provides comprehensive information
(Lug68) .

Table 3-4 Typical data on the diffusion coefficient

Radiocnuclide Diffusion coefficient (cm2/s)
in the air in the charcoal
Krypton 0.173(Und77) 1.6 x 10°3(Und77)
Xenon 0.138(Und77) 7.0 x 107°5(Und77)
Raden 0.12(CohB83) 1.6 x 10-3(Coh83)
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(8) Time Averaging

Cohen et al. validated the effectiveness of the diffusion
barrier charcoal adsorption (DBCA) collector for
environmental concentrations of radon through comparison with
other methods such as track etch and continucous monitor
(Coh86b, Coh88). Through comparison with a continuous
monitor, uncertainties involved in time averaging of short-
term fluctuations using DBCA collectors for 1 month average
indoor radon measurement were estimated to be approximately
12 %. They concluded that in the view of the many other
greater sources of uncertainty in deriving the desired
information, the 12 % average uncertainty due to lack of time
averaging over short-term fluctuations in the DBCA collector
is acceptable.

__..49*
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3.3 Moisture Effects on Passive Sampling of Radon

3.3.1 Experiment

To quantify the adsorption mechanism of radon with moisture
in the air, a chamber experiment was designed by Kahn and
Gray in 1986-1987 (Kah87). The charcoal used in this series
of experiment is commonly used for the environmental
monitoring by the Environmental Protection Agency (EPA).
Schematic diagram of the geometry of the charcoal sampler is
given in Fig.3-17. The samplers were exposed in the chamber
for radon concentration of 26 mBq/1 (0.7 pCi/l) with levels
of humidity at the EPA Eastern Environmental Radiation
Facility.

Experimental conditions are specified as follows.

Sample —
Charcoal Weight : 70 g/Cartridge
Pretreatment of Charcoal : None
Ambient Radon Concentration T 26 mBg/l (0.7 pCi/l)
Ambient Air temperature : Room temperature
Measurement
Counting Device : Gamma ray detection
Counting Efficiency : 7.4 x 10712 count/min.
per Bq (0.275 count/min.
per Ci)
Counting time : : 10 min.
Decay Factor : 0.98

The relative humidity conditions were determined in seven
ranges such as 21-27 %, 33-44 %, 50-55 %, 58-62 %, 62-77 %,
78-84 % and 95-98 %. Because of difficulty in keeping these
conditions constant, humidity has a wide range. The
experiments at three humidity ranges of 21-27 %, 50-55 % and
78-84 % were for the period of 12 days. In this series of
experiments, after 6 days of exposure in the radon, air
without radon was introduced to the chamber to determine

turnover of radon from the EPA charcoal,
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3.3.2 Results

The experimental data are given in Table 3-5 and 3-6. The
adsorbed amount of radon on the EPA charcoal (W) is
normalized by charcoal mass (m = 70 g) and ambient air
concentration (Co = 26 mBg/l), and given in unit of Bg/g-
charcoal per Bg/cm®-air, or cm3/g. The normalized adsorption
amount (W/mCo) of radon was corrected for radiological decay.
Fig.3-18 gives time~dependent ingrowth of W/mCo. Using
equation (3-14) with the diffusion coefficient of radon, D =
1.3 x 107%, the depth of the EPA charcoal of 2 cm gives the

estimate of time required to reach equilibrium as,

Teq = 3.6 days (3-26)

As shown in Fig.3-18, W/mCo seems to saturate in the lower
humidity ranges (< 50 %) within a few days. This is
reasonable with the projected equilibrium time. Further

- reduction of the adsorption coefficient is indicated in the
higher humidity ranges (> 50 %). Turnover of radon from the
charcoal is given in Fig.3-19. The turnover constant for 21-
27 % humidity seems to be 0.58 (1/d). Different values may be
given for other relative humidities. According to Fig.3-11 -
Fig.3-14, reduction of the adsorbed amount of radon depends
on the adsorption of water. To account for later reduction of
radon, interference of water with radon adsorption should be
considered.

The adsorption of water on the EPA charcoal was measured in
the unit of increased weight percent relative to initial
weight (wt-%). Time dependent ingrowth of water content {(We)
is given in Fig.3-20. Wc is saturate in the lower humidity
ranges (< 50 %) within several days. However, further
adsorption of water is measured for higher humidity ranges (>
50 %). This might affect the adsorption of radon on the EPA
charcoal. More detailed discussion is given in the following
section.
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Table 3-5 The adsorption of radon on the EPA charcoal, as
represented by W/mCo (Ba/g-charcoal per Bg/cm3-air)

Time : Relative Humidity in the Ambient Alr (%)
{Day) 21-27 33-44 50-55 58-62 62~77 78-84 95-98
1 2,600 2,500 2,600 2,400 2,500 2,300 2,100
2 3,700 3,500 3,200 3,100 2,800 2,600 2,400
3 4,400 3,800 3,300 3,300 2,600 2,200 1,900
4 4,600 4,000 3,300 3,200 2,300 1,%00 1,300
5 4,800 - 3,300 - - 1,500 -
6 4,800 - 3,200 - - 1,200 -
7 (2,500) - ({1,300) - - (190) -
8 (1,500} - (630) - - ( 11) -
9 (840) - (270) - - ¢ =) -
10 (470) - (120) - - =) -
11 (300) - ( 64) - - ¢ =) -
12 {150) - { 34) - - (.- -

a. Figures in parenthesis are data in the absence of radon.

Table 3-6 Adsorption of water on the EPA charcoal
(Increased weight percent by initial weight)

Time Relative Humidity in the Ambient Air (%)

(Day) 21-27 33-44 50-55  58-62 62-77 78-84 95-98
1 -0.9 -0.2 1.7 2.3 5.0 6.0 8.0
2 ~1.0 0.2 2.6 4.0 9.2 11 14
3 -1.1 0.5 3.9 5.6 12 15 20
4 -1.1 0.6 4.4 6.7 15 19 25
5 -1.1 - 5.0 - - 22 -
6 -1.3 ~ 5.7 - - 25 -
7 -1.1 - 5.4 - - 26 -
8 -1.3 - 5.4 - - 29 -
9 -1.0 - 5.6 - - 31 -

10 -1.0 - 5.6 - - 33 -

11 -0.9 - 5.8 - - 36 -

12 -1.0 - 6.4 - - 36 -
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3.3.3 Discussion

(1) Adsorption of Water

As given in 3.2.1 (2), previously demonstrated data for
water and organic vapor show good agreement with potential
theory (Reu77, Chi77, Frel?7, Wer84). It seems useful to start
from the Dubinin-Polanyi equation to describe adsorption of
water on charcoal. Egquations (3-15) and (3-17) give adsorbed

volume of water per gram charcoal (cm?/g-charcoal) as follows.

Wv = Wm exp(~ k¢ €2) = Wm exp(- kcR2T21n?(P/Po)) (3-27)

By definition, the relative humidity (RH) is the ratio of the
partial pressure to the saturated partial pressure. P/Po can
be expressed by relative humidity.

Wv = Wm exp(— kcR2T21n2? (RH/100)) (3-28)

Because the measured data of adsorbed amount of water on the
charcoal 1s given in the increased weight percent relative to
initial weight, it is useful to express equation (3-28) in
the same quantity. The increased water content (Wc) is given
by,

We = 100 Wv = 100 Wm pexp(— kcR2T21n? (RH/100)) (3-29)

where, 100 is the conversion factor to express unit in
percent, and p is the density of water (1.0 cm3/g). R is the
gas constant (1.987 cal/mel/ K), and T can be assumed to be
room temperature (298 K) in this experiment. RH is determined
by experimental conditions. Wm and Xkc are the charcoal
specific values.

Werner demonstrated the effectiveness of the Dubinin-
Polanyi isotherm as given in Fig.3-10. Fig.3-21 gives the
Dubinin-Polanyi isotherm plot for ln{Wc) and €2. The data for
exposure times of 2nd day, 4th day and 12th day are plotted.
Experimental data fit the Dubinin-Polanyi isotherm. As shown

in equation (3-16), kc can be given as slope of the line, and
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in{Wc)

1n(We)=ln (Wm) - keg2 T+ 2ndday
¥ 4th day
—- 12th day

1ln (We)

-2 t 1 L 1 If 1 T\\\\ \\\\r‘{l\
0 0.8 1 15 2 2.6 3 38 4 4.8
€2 = R2T21n?(RH/100) (x 105 cal?/mol?)

Fig.3-21 Experimental data fit to the Dubinin-Polanvi
isotherm
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Wm as saturated value at €2 = (0. According to Fig.3-21, Wm and

kc can be assumed to be 1.3 x 1073 (mol?/cal?) and 0.46

(cm3/g), respectively. The equation (3-29) can be written as,

We=46exp(-4.6 1ln?(RH/100)) {3~-30)

The equilibrium adsorption capacity of water can be
calculated by equation {(3-30). Calculated wvalues are given in
Table 3-7 and plotted in Fig.3—22; The shape of the isotherm
curve is similar to those given in Fig.3-7 and Fig.3-8.

The next problem 1s the time dependence of water content in
the pre-equilibrium state. According to Fig.3-22, the water
content can be assumed to be proportional to the relative
humidity in the relative humidity range of 50 - 80 %, which

usually represent the indoor condition.

We &< RH (3-31)

Then, a linear relationship between Wc and RH can be assumed.
Fig.3-23 gives the time dependence of differential increase
of water content. Although there are significant variations,
the turnover constant can be assumed to be 0.2 {1/d, half
time = 3.5 d). Using the wvalue of 0.2 (1/d), the time
dependence of water content can be expressed by,

We = 46 exp(—-4.6 1nZ2(RH/100)) (1 - exp(-0.2t)) (3-32)

This equation explains time dependence of increased weight
percent by dry weight of the EPA charcoal.

Because the measurement of adsorbed amounts of water is
given in units of increased weight percent relative to
initial weight, a correction should be made to account for
the initially adsorbed amount of water before the exposure in
the radon chamber. As given in Fig.3-22, adsorption capacity
of water below 30 % humidity is assumed to be zero. Hence,
the minimum weight percent given in Table 3-6 can be assumed
to be the dry weight of charcoal. Using -1.3 % as the dry
weight of the EPA charcoal, equation (3-32) can be re-written
as follows.
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Table 3-7 Equilibrium adsorption capacity of water on EPA
charcoal, as calculated by equation (3-30)

Relative Humidity Increased weight percent (%)

>30 . >0.058
40 0.97
50 5.0
60 14
70 26
80 37
=10] 44
100 46
50
- 40 -
1]
0
=
e
¢ ]
£
3 30 -
z
=
°
a
14
E
=
=
= 10 -
o
]
0 4y T L T T T T
0 20 40 60 80 100

Relative humidity (%)

Fig, 3-21 Maximum capacity of water adsorption on
charcoal
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Fig.3-23 Time dependence of differential increase of water

content
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We =

(47.3exp(~4.6 1n?(RH/100))-1.3) (1-exp(-0.2t))

(3-33)

Equation (3-37) is plotted in Fig.3-24 for typical humidity

ranges together with measured data.

Equation (3-33)

seems to

represent the adsorbed amount of water given in increased

weight percent relative to initial weight.

o
o

48] P
o o
1 1

Increased welght percent by initial weight (wt-%)
N
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1

95-98%

62-77%

. / 70%

100%
90%

80%
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10 1 o
58-62% 50-55%
2 g @ B R B B E
¢m B 50%
33-44%
09 F~E=—r== T = 40%
21-27% 30%
-10 T
o 10 20
Time (Day)
Fig.3-24 Time dependent water content, as calculated

from equation (3-33)
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(2) Adsorption of Radon

The adsorption coefficient may be correlated with relative
humidity or water content. Fig.3-25 gives the normalized
adsorption amount of radon (W/mCo) in terms of relative
humidity (RH). Experimental data represent the linear
relationship between W/mCo and RH as presumed by Strong and
Levins (see Fig.3-13).

However, one-to-one correlations with relative humidity are
not sound theoretically because of hysteresis in the
adsbrption and desorption of water. It i1s more preferable to
correlate the reduction of the adsorption coefficient with
water content of the charcoal (Und86). Furthermore, for
practical application, it is not expected to measure average
relative humidity in homes. The water content of charcoal can
be easily determined by weighing. Correlation with adsorption
and water content should be considered.

As the sampling time becomes large, the normalized
adsorpﬁion amount of radon (W/mCo) can be assumed to be the
adsorption coefficient (k) according to equation (3-6).
Fig.3-26 gives effect of water content on W/mCo of radon.
Considering the equilibrium, data of time after 3 days are
plotted. Fig.3-26 gives the relationship of the adsorption

coefficient of radon and water content as,

k = 4500 exp(- 0.049 Wc) (3-34)

where, Wc is the water content of the charcoal expressed in
the wunit of increased weight percent relative to initial
welght (%-wt).

As given in Fig.3-22, water adsorption is nearly zero below
30 % relative humidity. Then, the normalized adsorbed amount
of radon (W/mCo) of 4,800 (cm®/g) in Table 3-5 can be assumed
to be the maximum adsorption coefficient. Furthermeore, -1.3 %
of increased weight percent can be the dry weight of the
charcoal. Using the maximum k of 4,800 and the dry weight of
- 1.3 %, eguation (3-34) is plotted in Fig.3-27 in terms of
reduction ocf the adsorption coefficient of radon, together
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with that of xenon given by Underhill et al. (Und86). As
noted in 3.3.1 (3), the difference of the curve can be
characterized by the fact that Underhill's curve is given for
charcoal equilibriated with mecisture, and the radon curve is
given for the experiment of simultaneous adsorption.

The next problem is the time dependent increase of the
radon adsorption coefficient. The linear adsorption theory
can be assumed for gaseous materials. The time constant can
be derived by a turnover experiment. As the ambient
concentration of radon, Co, 1s 0 after the exposure period,
egquation (3-2) can be written as,

dWw/dt = - ADC/L {3-35)

Assuming a linear isotherm, equation (3-35) can be integrated

in the same way with equation (3-6)}.

W = Wi exp(-ADt/kmL) {3-36)

where Wi is the initial amount of radon just after exposure.
This equation explains the turnover of radon from charcoal.
As given in 3.3.2 and Fig.3-19, the turnover constant can be
assumed to be 0.58 (l/day). The maximum adsorption
coefficient for 21-27 % of 4,800 gives,

AD/mL = 0.58 x 4,800 = 2,800 (cm3/day g) (3-37)
Then, equation (3-40) can be written as,

W= Wi exp(-2,800 t/k) (3-38)
Using equation (3-34) for determination of k, the turnover of
radon from charcoal is plotted in Fig.3-28. Equation (3-38)
with equation (3-34) shows good agreement with measured data.

Eventually, equation (3-6) and (3-38) give the normalized
adsorbed amount of radon (W/mCo) as,

W/mCo = k (l-exp(-2,800 t/k)) (3-39)

Using egquation (3-34) for the determination of k and the

measured water content {(Wc) in Table 3-6, equation (3-39) is

— 67—
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plotted in Fig.3-29. Because the equilibrium data were taken
into account to derive equation (3-34), the pre-equilibrium
state i1is not necessarily consistent with measured data.

Howevexr, it seems consistent with data in extended sampling
period.
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5. CONCLUSIONS

This study.was compiled during Mr.Asano's tenure in Georgia
Institute of Technology as a visiting scholar in May 1988 -
April 1989. Following three series of equations were
presented in this study to describe adsorption mechanism on

charcoal.

- * Adscorbed amount of water (wt-%)
We = (47.3exp(-4.61n?2 (RH/100)}-1.3) (1-exp(~0.2t))

* Adsorption coefficient of radon (cm3/g)
k = 4500 exp(- 0.049 Wc)

* Normalized adsorbed amount of radon (cm®/g)
W/mCo = k (1 - exp({-2,800 t/k))

Using the above equations, the adsorbed amount of radon is
calculated as functions of relative humidity and time.

In practical situations, the ambient concentration of
radon, Co, is the problem of concern. In the case of the EPA
charcoal, m = 70 g. Wc and W can be determined by
measurement, If the sampling time t is long enough (more than
3.6 days), the charcoal adsorption can be assumed to reach
equilibrium. Then, the ambient concentration of radon is

given by following equation.

Co = W/ (70k (1 - exp(-2,800 t/k}))

Because few data were available to derive above equations,
several factors are assumed tentatively in this report.
Following further studies are suggested to describe more
detail adsorption mechanism of radon on charcoal.

{1} Dry weight of charcoal

Because the dry weight of EPA charcoal was not known, -1.3
% of initial weight was assumed to be the dry weight. Dry
weight of charcoal should be used to correct Table 3-6 and

derivation of equation (3-33).
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(2) Adsorption coefficient of radon in dry weight

Because experimental data are not given for the dry weight
of charcoal, maximum value of the normalized adsorbed amount
of radon, 4,800 cm3/g, was assumed toc be maximum adsorption
coefficient to compare the results of xenon. Adsorption
coefficient of radon in dry weight should be measured to
correct Fig.3-27.
(3) Computer program to solve nonlinear isotherm

In this report, a linear relationship for relative humidity
and water adsorption was assumed to determine time dependent
water adsorption. From the practical standpoint, this may be
acceptable. However, development of a computer program to
calculate the non-linear isotherm will provide a more detail
analysis of water adsorption mechanism.
{4) Long-term experiment

In this study, derivation of a set of equations for water
adsorption is based on the experimental data up to 12 days.
Pepending on the required monitoring period, more long-term
experiment 1is necessary to determine well equilibriated
situations.
(5) Validation study for adequacy of time averaging

According to the studies by Cohen, uncertainties involved
in the time averaging of short-term fluctuations using DBCA
collector was estimated to be 12 % (CohB88). A validation
study should be designed for the EPA charcoal to quantify

uncertainties involved in the charcoal.
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