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Public concern has recently focused upon the presence

of radioactive radon in homes. The Environmental

Protection Agency and others have researched this health

hazard. Radon gas is given off during typical household

water uses such as showering, bathing, dishwashing, and

clothes washing. However, few studies have been performed

on radon released from laundry water. The main focus of

this research project was to determine the amount of radon

released from water into the air as a result of varying

agitation times and degrees. The presence of detergent in

water and its effect on radon release were also

investigated.

The results strongly supported the hypotheses which

stated that radon released from water is affected by

agitation degrees and by agitation times, and that an

interaction exists between these two. The higher the

degree of agitation and the longer the agitation time, the

greater was the radon loss. The t-test analysis supported

the hypothesis that added detergent will not cause

additional radon to be released.
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RADON RELEASED DURING THE SIMULATED
LAUNDRY PROCESS

Chapter I

INTRODUCTION

Public Concern about Radon

Long before the mass media made the public aware of

radon in homes, radon was there in the soil, penetrating

through foundations. Even worse, people have been using

radon-containing water in kitchens, laundry and bathrooms.

In fact, a recent investigation found that some families in

Maine were exposed to more radioactive radon in their homes

than were miners working in ventilated uranium mines (Hess,

& Weiffenbach, 1981).

In 1987, the Bonneville Power Administration completed

a survey of participants in the BPA Residential

Weatherization Program in Washington, Oregon, Montana, and

Idaho and found that one of every 25 houses tested

contained radon above the EPA recommended level of 4

picocuries per liter (pCi/l) of air (Bonneville Power

Administration, 1987). The Environmental Protection Agency

(EPA) carried out a national survey in the early 1980's and

found individual radon water concentration ranging up to

16,000 pCi/1 (Horton, 1984).

Radon gas, a naturally occurring radioactive decay

product of uranium-238, is released from water by any

process that exposes water to air. Surface water supplies
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such as lakes and rivers usually lose radon because large

surface areas are exposed to air. Private and municipal

wells may contain higher radon levels than surface water

due to less exposure to air. Build up of radon can occur

during household activities which aerate water (Horton,

1984). Radon is released from tap water during laundering,

showering, and flushing toilets. EPA scientists estimated

that laundry accounted for approximately 25 percent of the

radon released from water in a four-person household, while

the toilet accounted for 24 percent and showering accounted

for 21 percent ("Laundry can bring radon gas into homes,"

1986).

The radioactive decay of radon is a health concern to

the public. The EPA has estimated that 5,000 to 20,000

lung cancer deaths per year could be caused by indoor radon

and 100 to 1,000 deaths could be caused by waterborne radon

(Environmental Protection Agency, 1987). Thus, doing the

laundry could be hazardous to one's health if the water is

high in radon.

Radiation: A Natural Product

Radiation has existed since the beginning of time.

The earth is totally encompassed by ionizing radiation in

the environment. People are surrounded by varying amounts

of radioactivity coming from both natural and man-made
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sources (Kathren, 1984). According to the National Council

on Radiation Protection and Measurement (1987) the general

population receives 82 percent of its radiation dose from

natural background sources, compared to 18 percent from

man-made sources. Of the 82 percent from natural sources,

55 percent comes from daily radon exposure (both indoors

and outdoors), about 8 percent comes from cosmic rays, 8

percent from terrestrial sources, and 11 percent from

internal sources. From man-made radiation sources, 11

percent comes from medical exposure, 3 percent from

consumer products, and less than 1 percent from

miscellaneous sources. Thus, approximately one half of a

person's exposure to radiation may come from radon,

although this percent may vary greatly. Additionally, the

potential harm from radiation from each of these sources

will vary.

During the disintegration or decay of radioactive

materials, several forms of radiation are exhibited: alpha

and beta particles and gamma rays. Alpha particles which

are emitted by radon and radon daughters are the primary

focus of this study.



4

Chapter II

REVIEW OF LITERATURE

Theories and studies related to the present study on

radon loss during the simulated laundry process will be

discussed under the headings of: Theoretical Framework,

Indoor Air Quality, Radon from Groundwater, Reducing

Waterborne Radon, Lowering Airborne Radon Originating from

Water Sources, and Household Activities Releasing

Waterborne Radon into Air. At the end of this chapter the

research purpose, objectives and hypotheses are stated.

Theoretical Framework: Radon

The Physical Nature of Radon

Radon is a colorless, odorless, and chemically inert

gas, which is sixty times more soluble than oxygen in water

at 10 degrees C (Lowry, 1987). Radon is a decay product in

the uranium-238 series, and radon's decay releases alpha

particles. Uranium-238 has 14 decay products, or

daughters, as shown in Table 1 (p. 5). Uranium-238 and its

decay products are widespread throughout the earth and

contribute a great deal to the earth's background radiation

(Tartaglia, Dinardi, & Ludwig, 1984).
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Table 1

Uranium-238 Decay Series Including Radon-222 (Rn)

Radionuclide Half-Life

Uranium-238 4.50 x 10 9 yrs
Thorium-234 24.10 days
Protactinium-234 1.17 mins
Uranium-234 2.47 x 10 5 yrs
Thorium-230 8.00 x 10 4 yrs
Radium-226 1.60 x 10 3 yrs
Radon-222 3.82 days
Polonium-218 3.05 mins
Lead-214 26.80 mins
Bismuth-214 19.70 mins
Polonium-214 164.00 secs
Lead-210 21.00 years
Bismuth-210 5.00 days
Polonium-210 138.00 days
Lead-206 stable

Radon-222 (often called simply radon) is the only

daughter product of uranium-238 that is released as a gas.

Because it is gaseous, radon is particularly mobile. The

concentration of radon is dependent on a geographic factor,

for wherever there is a higher location of uranium content,

the radon concentration is higher also.

Alpha particles are composed of two units of atomic

number and four units of atomic mass, namely a helium

nucleus. Alpha particles are emitted with considerable

kinetic energy, ranging from 4 to 8 MeV (1 million electron

volts per molecule equals 23,045,000 calories per mole).
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Generally speaking, when the kinetic energy of emitted

radiation is large, the probability of decay of the

radioactive material is also large, with a correspondingly

shorter half-life. Alpha particles, such as those released

by radon, exhibit this pattern.

Radon is an inert gas, so the risk to human health is

not in its chemical toxicity, but rather from its

radioactivity--especially the energetic alpha particles

emitted from radon and immediate radon daughters when

decaying to the subsequent elements. Radon's half-life

(half-life being the time needed for a specific isotope to

reduce to half its quantity) is 3.82 days. Radon releases

100% of its alpha particles at 5.49 MeV. Radon's first

four daughters are polonium-218, lead-214, bismuth-214, and

polonium-214 (Table 1, p. 5). These first four decay

events occur over a very short half-life of under one hour

while the fifth decay event, lead-210, has a longer half-

life of 21 years. The decay eventually continues until the

series ends with a stable form of lead-206. When radon

decays to lead-206, there will be no more radioactive

energy released. In the short one hour time span in which

the greater part of radon's first four daughters decay, a

great amount of radioactive energy is released. This

radioactive energy can cause potential damage to human

tissue when radon-containing air is inhaled. Because radon

daughters are solids, unlike the gaseous radon, the radon
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daughters will stick to anything with which they come in

contact, including dust in the air, room surfaces, or lung

tissues. Researchers at the University of Maine

(Hasbrouck, 1986) estimated that 70 percent of the inhaled

radon would be exhaled, but 30 percent would contact the

air passageways in the lung and adhere to the surface,

potentially causing damage to lungs or disturbing the DNA

reproduction.

Radon Measuring Units

Radon is measured in units of picocuries of

radioactivity per liter (pCi/1). Pico is the prefix

meaning one-trillionth (10-12), while Curie is a unit of

radioactivity. A special unit called the Working Level

(WL) is utilized as the radon exposure unit. A WL is

defined as any combination of radon decay products in a

liter of air which results in a total alpha energy of 1.3 x

10 5 MeV. This is equivalent to the energy released by the

total decay of 100 pCi of radon in equilibrium with its

decay products (Wang, Willis, & Loveland, 1975). Another

commonly used unit is the Working Level Month (WLM). One

WLM is equal to the exposure of 1 WL for a period of 170

hours. The Environmental Protection Agency (1986b)

established the standard for the WL for the public at 0.02

WL (0.02 WL = 4 pCi/1).
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Transfer Efficiency of Radon

The transfer of a gas such as radon from a higher

concentration area to a much lower area is called mass

transfer. Mass can be transferred in a still fluid by

random molecular motion, or it can occur from a surface

into a moving fluid. These two motions of transfer are

referred to as molecular mass transfer and convective

transfer. For example, the radon in bath water must first

diffuse to the surface and then be transported from the

water's surface into the indoor air by air movement (Becker

& Lachajczyk, 1984). The transfer efficiency of radon

water ingress to air depends on two factors. First, the

higher the water-air interface area, the greater the mass

transfer, and thus the higher the mass transfer efficiency.

Household activities that increase the water-air area

(aeration) such as dishwashing, laundering and showering,

would produce a higher rate of radon transfer into air.

The second factor which influences the water-to-air

transfer is the temperature of water involved in the

activities: the higher the temperature, the higher the

transfer efficiency. This was verified by Gesell and

Prichard (1980) in the laboratory by using three degrees of

temperature with unagitated water. Radon loss was slow at

room temperature but increased with higher temperatures.

Agitation was also briefly studied, and after 15 minutes 40

percent radon was lost.
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Indoor Air Quality

Indoor air quality is affected by many variables, such

as ventilation rate, house construction, and household

activities. The average indoor air in the US has probably

become less pure in the past decade. This is primarily

because the price of fuel became more expensive, and in

order to save energy, inhabitants have reduced the

ventilation rate, especially in winter. Radon is one of

several indoor air pollutants of concern. There are many

factors which effect the concentration of radon in houses.

Dominant factors include soil, groundwater, and

construction materials, all of which can be regarded as

naturally occurring sources of radon. Other factors which

influence the levels of radon found indoors include

building design and construction, meteorological parameters

and human activities (Tartaglia et al., 1984). Studies of

meteorological parameters, such as wind, temperature, and

atmospheric pressure, have been conducted. Mowris and Fisk

(1988) found that the rate of radon-222 entry due to

pressure-driven flow was dependent on the magnitude of the

pressure difference which was caused by indoor-outdoor

temperature difference, wind condition, and soil

permeability. Barometric pressure may also influence the

entry of radon into houses; however, the relationship is

not well understood (Stranden & Berteig, 1980).
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Radon from the soil is the major contributor to indoor

radon levels. The tiny spaces between soil particles can be

filled by soil gas. Because radon is a gas, it can diffuse

through spaces between soil particles and into homes

(Hasbrouck, 1986). The amount of radon released from soil

is dependent on geological factors. A study revealed that

the concentration of radon and its progency may span more

than an order of magnitude based on varying geological

factors (McGregor, Vasudev, Letourneau, McCullough, Prantl,

& Taniguchi, 1980). Cohen (1986) found a very low

correlation between indoor radon levels and nearly all

factors other than geological variations--basement versus

crawl space versus slab house, integrity of the barrier

between the ground and the house, sealing of pipe entries,

and use of gas as heat source. Cohen concluded that

geological variations were more important than all the

other factors studied.

Compared to soil and water as radon sources, building

materials show a much smaller contribution to radon.

Masonry materials such as stones and rock may have a high

content of radium-226 and thus may be a source of indoor

radon. (Tartaglia et al. 1984). When uranium mine-tailings

were used as fill for construction sites, significantly

elevated radon concentrations were reported within the

buildings on these sites (Kathren, 1984). Concrete blocks

made with phosphate slag have been reported to contain
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radium concentrations high enough to be an important

problem (Eichholz, Mathemy & Kahn, 1980).

Radon from Ground Water

All ground water contains some radon, although levels

vary greatly. Because ground water is in close association

with soil and rock containing uranium and radium which

decay to produce radon, ground water has the best chance to

accumulate high levels of dissolved radon compared to

surface water. Hess et al. (1981) found values for radon

in water ranged from 22 pCi/1 to 115,000 pCi/1 in Maine.

Many US public water supplies have very low levels of radon

because surface waters are used, rather than ground waters

from wells. Surface waters such as lakes and streams have

already allowed the radon to escape. Even ground water, if

allowed to stand in a water tank or tower for a period of

time before being consumed, can lose radon into the

atmosphere or through decay within that period of time

(Hasbrouck, 1986). Several studies have been conducted to

investigate radon released from ground water to open air

(Stranden & Berteig, 1980; Stranden, Berteig & Ugletveit,

1979; Hess, Weiffenbach & Norton, 1982b).

Currently one of the primary concerns of EPA is the

investigation of radon-containing water supplies, because

they are possible pathways for inhalation exposure (Becker

& Lachajczyk, 1984; Partridge, Horton, & Sensintaffar,
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1979). The presence of radon in household water is,

indeed, a health concern. Currently EPA is considering a

regulatory standard for the concentration of radon-222 in

public drinking water supplies. The EPA has prepared a

criteria document associated with the health risks expected

from the presence of radon in water used in home

(Environmental Protection Agency, 1987). Equivalent doses

of radon delivered to lung tissue and ingested directly

were studied by Douglas and Brown (1987). The results

implied that the risk from direct inhalation of airborn

progeny of radon-222 was significantly greater than the

risk from consumption of water containing radon.

The air-to-water concentration ratio has been studied

to assess health risks associated with radon concentration

in water supplies (Becker & Lachajczyk, 1984). It was

found that the level of radon in water in excess of 1,000

pCi/1 had a measurable impact on indoor air quality. In

another report, Gesell and Prichard (1975) estimated that

the average radon content of a 200 cubic meter dwelling

would be approximately 2 pCi/1 if the water contained

20,000 pCi/1 of radon, the water usage rate was 1000 liters

per day, the ventilation rate was 1 air exchange per hour

and the air to water transfer efficiency were 50 percent.

Also, the value of radon air-to-water concentration in

homes was primarily dependent on the ventilation rate,

spaces in the home, types and diurnal variations in water
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use, and water-to-air transfer efficiency. A report

published by the University of Maine (Hasbrouck, 1986)

stated that the average radon level in the air was

approximately 6.4 pCi/1 in basements, 3.4 pCi/1 in

bathrooms, 3.1 pCi/1 in kitchens and living rooms, 3.0

pCi/1 in bedrooms, and 0.8 pCi/1 in outdoor air. The

Occupational Safty and Health Association (OSHA) has

established a 4 WLM/year workplace standard and the EPA has

set an indoor radon level of 4 pCi/1 in air which equals

0.02 WL (Environmental Protection Agency, 1986a).

Causes of waterborne radon have been investigated.

Because radon is soluble in water, it results in a wide

distribution in ground water. Richard and Cohen (1987)

studied the correlation between radium-226 in soil, radon-

222 in soil gas, and radon-222 inside adjacent houses.

They found that the correlation coefficient was not nearly

large enough to be useful in predicting the value of one

from measuring another. Additionally, the concentration

of radon in soil was higher in the winter, whereas the

radon in indoor air was higher in the summer. A study by

Hess, Weiffenbach, and Norton (1982b) of radon in drinking

water supplies showed an inverse relationship between the

size of water system and radon concentration. However,

Loomis (1987) found the concentration of radon in water was

influenced by geological factor, and the water system size

was not a predictor for exposure to radon.
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Reducing Waterborne Radon

Not only is radon a dangerous problem, it is also an

expensive one. The cost for effectively reducing the radon

level in a house may range from several hundred dollars for

low levels of radon to thousands of dollars for the highest

concentrations. Because we can not stop the natural

production of radon and radon daughters, the best way to

reduce the level of human exposure is by preventing radon

from entering the house and by reducing the radon already

in the house. The EPA has recommended 4 pCi/1 of air as a

safe level for inhabitants (Environmental Protection

Agency, 1986b). When the radon level exceeds this, steps

should be taken to reduce the level.

High radon concentration in household groundwater

supplies are best and most economically treated by granular

activated carbon (GAC) adsorption units. A GAC system may

be a simple fiberglass tank containing a bed of granular

activated carbon, a material that can effectively remove

impurities in water. The water passes through the GAC bed,

where the radon is adsorbed onto the surface area of the

activated carbon particles (Lowry, 1986).

The effectiveness of removing radon from water by

using GAC systems has been studied by Lowry (1987), with

levels of 95 to 99 percent removal. The results showed

that the higher the radon level, the higher the proportion
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removed. Although the removal efficiency of the GAC system

was high, the remaining radon in water may still be a

potential health hazard. That is, for a water sample

containing 18,500 pCi/l, the remaining 1000 pCi/1 of radon

could present a problem.

In addition, other researchers have studied the

feasibility of using granular activated charcoal to control

indoor radon in water (Bocanegra and Hopke, 1987; Prichard

& Marien, 1985; Siegwarth, Newlander, & Siegler, 1972).

Laboratory and field data have shown that GAC systems can

last for many years before efficiency is lowered. However,

radon and its short-lived decay products accumulate in the

GAC bed and thus eventually the GAC bed becomes another

source of radiation. To overcome this disadvantage, the

GAC unit can be located just outside the home, or shielders

may be provided if inside the house.

Lowering Airborne Radon Originating from Water Sources

Radon levels in the air inside homes can be reduced

dramatically by simply opening a window. The relationship

between ventilation and radon level has been reported

(Hasbrouck, 1986). Results showed that there is an inverse

relationship between air-change rate and airborne radon

level. Thus, changing from one air change per hour to one-

half air change per hour results in a airborne radon level

twice as high.
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The efficiency of reducing radon in the air depends on

ventilating certain rooms at certain times (Lowry, 1986).

Airborne radon released in a closed laundry room can be

greatly reduced by opening a window for ventilation, if one

exists. When showering in a closed bathroom, radon can be

prevented from entering the rest of the house by opening

the bathroom window first before opening the bathroom door.

Other researchers have reached similar conclusions

(Tartaglia, Dinardi & Ludwig, 1984; Terilli & Harley,

1987) .

Although changing the ventilation rate by adding fans

to remove radon or by opening windows to reduce the radon

level is the most economical way to increase the

ventilation rate, it is not the most effective way when

construction materials contain radon or when radon comes

directly from soil or gas. And neither of these ways is

good for reducing radioactive levels for "high efficiency"

houses.

No method appears to be the best way to improve air

quality either by removing radon or by preventing radon

entry into houses. The choice of treatment depends on the

volume of the house, the construction of the house, and

other individual considerations.
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Household Activities Releasing
Waterborne Radon into Air

Household activities which aerate water, such as

laundering, dishwashing, showering, bathing, and flushing

the toilet, result in releasing a certain amount of radon

into the home environment and thereby increase the radon

level indoors. Although household activities account only

for a fraction of total radon concentration in open air,

their contributions to radon in indoor air can not be

ignored. It is important to know the concentration of

radon in a water supply and the percent of radon being

released during normal household activities in order to

accurately predict the potential hazards indoors from radon

inhalation. Gesell and Prichard (1980) found that

atmospheric radon levels in an apartment (where water

contained 1,500 to 2,000 pCi/1 of radon) rose dramatically

when the occupants returned from a vacation. They

concluded that domestic water use was the source of the

increased radon. Hasbrouck (1986) estimated that when

water containing radon was agitated, the radon would be

released as much as eight times faster than when not

agitated. Kreissl (1978) found that slow and weak

emanation of radon from water usage such as from sinks,

toilets, and baths can be estimated to be about one-third

of the sources which liberate radon.
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A question which arises when dealing with radon levels

in homes is the time during the day that the peak radon

level occurs. Gesell & Prichard (1980) studied the

contribution of tap water to indoor radon concentrations in

private dwellings. Diurnal averages of radon

concentrations inside two houses showed the same pattern:

8:00 a.m. to 12:00 noon was the first peak and included

laundry time; and 6:00 p.m to 12:00 p.m was the second high

peak and included showering, bathing, and dishwashing.

Studying the release of radon during the laundry

process is important because laundering accounts for a

larger volume of water than any other household activity

(Kreissl, 1978). Several researchers have estimated, but

have not measured, the degree of radon released from water

during various household activities. Gesell and Prichard

(1980) estimated that the radon transfer efficiency was 90

percent for laundering and for dishwashing, 63 percent for

showering, 47 percent for bathing, and 30 percent for

flushing the toilet. Hess, Wieffenbach and Norton (1982b)

estimated that radon transfer efficiency was 90 percent for

laundering, 98 percent for dishwashing, 65 percent for

showering, and 30 percent for bathing.

The only researchers who have actually measured radon

loss from water resulting from various laundry conditions

were Partridge, Horton, and Sensintaffar (1979). Soap was

used rather than a detergent. Today, very little soap is
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used for laundering in the US; instead, powdered and liquid

detergents are used. Length and degree of agitation had a

significant effect on radon release from water. Water

temperature also had an effect on radon loss from water.

The presence of soap added did not have a significant

impact on release of radon from water. Radon released from

a hot wash cycle of 18 minutes with soap was 98.4 percent,

a cold wash cycle of 18 minutes with soap was 93.3 percent,

a cold wash cycle of 4 minutes with soap was 84.7 percent,

and a cold gentle-cycle with soap was 78.7 percent. In

addition, Partridge et al. measured radon release for other

household activities: dishwashing, wash cycle (97.7

percent); dishwashing, rinse cycle (98.5 percent); tub, hot

water (59.7 percent); shower, warm water (71.1 percent);

and warm sink water (28.3 percent).

An investigation of radon released from water during

laundry is needed because there has been only one research

study (Partridge et al., 1979) which used actual

measurements rather than just estimates. It is also

important to document the release of radon over a range of

agitation times and agitation degrees since radon is a

potential health concern. The more this process is

understand, the better it can be controlled.
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Objectives and Hypotheses

Radon levels in homes are highly variable, showing

approximately a log - normal distribution. High

concentrations of radon and radon daughters have been found

in many homes (Hess & Weiffenbach, 1981). Several sources

affect indoor radon concentration, including soil type

under the foundation, water containing high levels of

radon, and certain building materials having high uranium

or radium content. The amount of radon remaining in the

home or building can be lowered by increasing ventilation

or air movement (Radford, 1985).

Radon is given off during typical household water uses

such as showering, bathing, dishwashing, and clothes

washing (Gesell & Prichard, 1980; Hess, Wieffenbach, &

Horton, 1982b; Partridge et al., 1979). Few studies have

been performed on radon released from laundry water. The

main focus of this research project was to determine the

amount of radon released from water into the air as a

result of varying agitation times and degrees. The presence

of detergent in water and its effect on radon release were

also investigated.

Objective 1: To investigate the effect of agitating

water, similar to that which occurs

during laundering, upon the release of

radon.



Objective 2: To investigate the effect of adding

detergent to the water upon

subsequent release of radon.

In order to meet the above objectives, the following

hypotheses were investigated.

An increase in agitation time causes an

increase in the release of radon from

water.

Hypothesis 1:

Hypothesis 2:

Hypothesis 3 :

Hypothesis 4 :

An increase in the degree of agitation

provides an increased release of radon

from water.

As degree of agitation increases and

agitation time increases, the radon

released will increase.

Detergent added to radon water will not

cause additional radon to be released

when the water is agitated.

21
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Chapter III

METHODOLOGY

A laboratory experiment was utilized to examine the

percent radon loss from water samples due to (A) agitation

times, (B) degree of agitation, and (C) the addition of

detergent to water samples.

A three-by-four factorial design was employed for

investigation of factors A & B (Table 2). The experimental

design consisted of four levels of factor A (agitation

times) by three levels of factor B (degree of agitation).

Table 2

Factorial Design for (A) Agitation Times by

(B) Degree of Agitation

(B) Degree of Agitation

(A) Agitation Low Medium High

3 Min n = 4 n = 4 n = 4

5 Min n= 4 n= 4 n = 4

10 Min n= 4 n = 4 n= 4

15 Min n= 4 n= 4 n= 4

Note: 4 specimens per cell = 48 total specimens
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To investigate the effect of presence of detergent on

radon release, one degree of agitation and one time

period were selected. The two levels of factor C were with

detergent and without detergent. This initial

investigation was conceived as a simple pilot study that

might lead to future research.

Radon Counting Utilizing the Liquid Scintillation Counter

A Beckman LS 3100 Series liquid scintillation counter

(LSC) was utilized for the analysis of radon in the water

specimens. A window setting of 500 to 900 with the gain

set at 26 percent (260) was used, based upon analysis of

the spectrum for the 2,000 pCi radium standard. Average

assay time was 50 minutes for a low level count of 300

pCi/l. The LSC printed the counts per minute (CPM) of each

specimen assayed. Radon activity was reported in units of

picocuries per liter (pCi/1), where one pCi/1 equals 1

10
-12 Curie, or 2.2 disintegrations (decays) per minute

(DPM). The counts per minute were converted into radon

activity using the following formula:

Radon Activity, = (SCPM - BCPM) * K * EXP (.000126 * T)
pCi/1

where SCPM = specimen count per minute

BCPM = background count per minute

K = calibration factor

T = elapsed time, sampling to counting,
in minutes
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Liquid scintillation counting is a technique for

measuring radioactivity. Mainly used as a tool in the

biosciences for counting low energy beta particles, LSC has

also been used since the 1960's for detecting alpha

particles. The purpose of the LSC is to measure ionizing

radiation by counting the light flashes (photons) which

result from emitted particles that collide with the fluor.

The photons are detected by the photomultiplier tubes and

converted into photoelectrons which can be counted by the

spectrometer.

Calibration of the Liquid Scintillation Counter

The calibration of the liquid scintillation counter

was achieved by preparing several radium-226 standards,

ranging from 50 pCi/1 to 2,000 pCi/l. The radium-226 was

acquired from Amersham Laboratories, solution number R

6/30/55, with a total activity of 6.48 microcuries. The

staff at the Radiation Center at Oregon State University

prepared the standards. Twenty ml glass vials with poly-

cone lids were used in sample preparation. Each vial

contained 5 ml of fluor (New England Nuclear high

efficiency mineral oil fluor) and 10 ml of distilled water

plus the calculated amount of radium-226 to achieve the

desired activity. The standards were allowed to set for 4

weeks after preparation in order to let radon and radon

daughters ingrow and reach equilibrium with radium-226.
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Two blank standards, each consisting of 5 ml fluor and 10

ml distilled water but with no radium-226, were prepared to

provide a background count. A blank was counted and then

subtracted from each specimen reading, in order to

eliminate the extraneous, naturally occurring radioactivity

read each time by the LSC.

The count of the radium-226 standards, the activity,

and the calculated calibration factor are given in Table 3.

When calculating the radium activity, no compensation for

decay of radium standards was needed because of the long

half-life of radium (1,602 years). The correlation

coefficient was .9997, indicating that the standards were

accurately prepared. The calibration factor (K) was

determined for each radium standard for later use when

calculating the activity of radon in the water.

Preparation of Water Specimens

The LSC procedure for counting radon in water which

was utilized in this project was based upon Prichard and

Gesell's method (1977), modified by Prichard in 1978. The

procedure was simple and provided a good counting

efficiency. The Prichard and Gesell technique has been

used for several major studies. The EPA conducted a

national survey measuring the radon level of groundwater

using the Prichard and Gesell technique (Horton, 1984).

Hess has also used this method to study the radon level of
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groundwater in Maine (1982, 1983, 1985).

The municipal water location (well number 7, Woodburn,

Oregon) which was selected did not treat water with

chlorine or other chemicals, but used the water for

consumption directly from ground water wells approximately

200 feet deep, pumping nearly 1,300 gallons per minute. A

hose was connected to the main faucet at the pump house and

water was allowed to run at least two minutes before

collecting any specimens, in order to obtain fresh water

from deeper within the well instead of from water standing

within the supply pipe.

Table 3

Activity and Calibration Factor of Radium-226 Standards

Ra-226,
pCi/1

Mean CPMa Net CPMb Calibration
Factor (K)c

blank 8.5 OM dole,

50 387.9 379.4 7.6
100 712.9 704.4 7.0
150 1072.2 1063.7 7.1
200 1446.7 1438.2 7.2
500 3543.6 3535.1 7.1

1000 6858.3 6846.8 6.8
1500 10713.4 10704.9 7.1
2000 14174.3 14165.8 7.1

a Mean CPM = average of 3 readings.

b Net CPM = mean CPM - background CPM of 8.5

Calibration Factor (K) = Net CPM
Ra-226, pCi/1
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Water was collected in a glass liter container,

adjusting the flow so that no turbulence occurred. Any

treatment procedure such as agitation was done at this

point, before the specimen was removed by syringe and

placed in the LSC vial.

Twenty ml LSC vials with poly-cone lids were used to

hold each specimen. Prior to collection and treatment of

the water specimen, 5 ml of fluor (New England Nuclear

brand high efficiency mineral oil) had been delivered into

each vial using a Brinkman dispensette (error= ± 0.1

percent). When collecting the specimen, the syringe and 2

inch needle were quickly rinsed by withdrawing and ejecting

5 ml of water. Then to collect the water specimen itself,

the needle tip was placed 1 inch below the water surface to

avoid any air bubbles, and approximately 13 to 15 ml water

was carefully and slowly withdrawn. The syringe was

inverted, the air and excess water ejected, and exactly 10

ml of water was left in the syringe. The vial cap was

removed, the needle tip placed below the fluor layer

already in the vial, generally touching the bottom of the

vial. The water was ejected smoothly without making any

bubbles or mixing the water and fluor. The needle was then

withdrawn and the vial cap quickly replaced and tightened.

A tray was used to hold all the vials upright, to avoid any

mixing during transportation back to the LSC laboratory.

The syringe and needle were used only once and discarded.
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Determining Aging Period for Water Specimens

The vials were aged or set aside for a period of time

before counting, in order for the radon and radon daughters

to reach equilibrium between the water, fluor, and air

layers in the vial. In order to determine the appropriate

aging period, a preliminary study was made using specimens

prepared from the well water. These specimens were counted

every 4 hours on the Beckman LSC.

Agitating Water Specimens

The effects of agitation degree and the length of

agitation time upon the release of radon from water were

investigated. A VWR Dylastir magnetic stirrer and one inch

long stirring bar were used for agitation. Immediately

after agitation, water containing radon was withdrawn from

the beaker with the syringe, ejected into the LSC vial

below the fluor layer, and the vial cap was quickly

replaced. The sequence was repeated for each specimen,

with a total of 48 treated (agitated) specimens (see Table

2, p. 22). Actual collection occurred in replicate sets.

A replicate set consisted of a series of one treatment at

each of the 4 agitation times (3, 5, 10, 15 minutes), all

at one agitation degree. In addition, 2 controls with no

agitation were taken, one at the beginning and one at the

end of each replicate set, for a total of 24 non-agitated
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water samples. Readings of the 2 controls were averaged

and served as the original level of radon activity when

determining percent radon loss. The investigation of

agitation degree and time consisted of 48 treated specimens

plus 24 controls for a total of 72 specimens.

After aging 8 hours or longer to reach equilibrium,

each specimen vial was counted for 50 minutes by the LSC.

The net radon activity (in pCi/l) for each specimen was

calculated before averaging the four specimens within each

cell because each had its individual control count. A

preliminary investigation on effect of sampling days was

made, to determine if replicate sets could be pooled.

Percent radon loss was calculated using the following

formula:

Percent radon loss = (original radon activity, pCi /i -

agitated specimen radon activity, pCi/l) /

(original radon activity, pCi/l) * 100.

where: original radon activity, pCi/1 = unagitated control

specimen mean, pCi/1

Three degrees of agitation were used representing low,

medium and high agitations (using a setting of #2, #4, and

#5.5 on the VWR Magnetic Stirrer). For each degree of

agitation, four agitation times of 3, 5, 10, and 15 minutes

were used. No detergent was added in this portion of

study.
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Agitating Detergent Specimens

The radon loss pattern with detergent present in the

agitated water sample was also investigated for this

project. A commercially available powdered phosphate

detergent was chosen because it was the type most widely

used today in the US (American Association of Textile

Chemists and Colorists, 1986). The concentration of the

detergent was set at 0.3 percent, which was the normal

usage suggested by the manufacturer. Water was collected

from well site #7 following previously described steps.

The 0.3 percent concentration of powdered phosphate

detergent was placed in the bottom of a 1,000 ml beaker and

750 ml water was added. The stirring action of the VWR

Dylastir magnetic stirrer served both to mix in the

powdered detergent and provide the agitation. Five minutes

agitation time and the medium agitation degree (setting #4

on the laboratory stirrer) were selected to study because

previously these conditions had shown a good progression of

radon loss (Simpson, 1988). As before, two controls were

collected, one at the beginning and one at the end of each

replicate time set. The controls had no detergents and

were not agitated. Eleven treated (agitated) specimens (7

with detergent and 4 without detergent) plus 6 controls for

a total of 17 specimens were assayed.
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Two important facts pertinent to this research project

had been established in preliminary methodology by Simpson

(1988). First, the presence of detergents in the radon

water does not quench nor interfere with an accurate LSC

radon count. Secondly, accidental mixing of prepared vials

must be prevented when detergents are present in the radon

water. Thus, agitation of detergent and sample prior to

injecting the "treated" detergent water specimen into the

vial can be done without fear of quenching, but the vial,

once prepared, should not be allowed to tip over,

accidently mixing the detergent water and fluor.

Statistical Analysis

A simple BASIC program was written and used to

facilitate the radon activity calculation (Appendix A, p.

61). A t-test was used to compare the average of similarly

treated replicate specimens collected on different days.

When differences did not exist, the replicate values were

pooled and utilized in further statistical analysis.

A regression line was calculated and plotted based on

the percent radon loss and incremented agitation times, and

a regression equation was also given to estimate the radon

activity for the agitation time periods.

Two plots on percentage loss for agitation time and

degree were drawn. The data were analyzed statistically

using two-way Analysis of Variance for agitation degree,
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agitation time, and the interaction between these two.

Significance level was set at .05. To determine where

differences existed within the groups, multiple range

analysis was utilized for both agitation times and degrees

of agitation.

To answer the question regarding the effect of

detergent upon radon loss, a comparison between agitated

radon water specimens with and without added phosphate

detergent was made using the t-test.



33

Chapter IV

RESULTS AND DISCUSSION

Radon water was agitated in a laboratory setting with

different agitation levels and for various time periods to

simulate the release of radon from laundry water during a

wash cycle. Three agitation levels on the magnetic stirrer

(low setting at #2, medium at #4, and high setting at #5.5)

were utilized, for 4 different time periods of 3, 5, 10,

and 15 minutes. The average of 4 different specimens was

reported for each agitation time and level. Preliminary

investigations on length of aging time needed and effect of

sampling days were made to provide information pertinent to

the project.

Aging Period Needed for Water Specimens

Before specimen vials can be assayed on the LSC, an

appropriate aging period must occur. Aging is the term

that describes the time needed for radon and radon

daughters to reach equilibrium between the water, fluor and

air layers in the vial.

Several different recommendations have been reported

for aging LSC specimens. Prichard and Gesell (1977)

recommended 3 hours of aging, while Wadach (1983) suggested

24 hours aging time. Because of this variation,
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preliminary investigation was made using specimens prepared

from the well water. The vials were counted in the Beckman

LSC at 4 hour intervals. Results are shown in Table 4 and

indicated that more than 3 hours aging needed to occur, but

equilibrium was achieved sooner than 24 hours. Based upon

the reported data in Table 4, specimens were aged for at

least 8 hours before counting.

Table 4

Aging: Radon Activity over Time

Elapsed Hours CPM Net CPMa Radon Activity,
pCi/lb

4.0 23.3 15.2 114.5
8.0 28.0 19.9 147.3

12.0 29.5 21.4 166.6
16.0 31.7 23.6 189.3
20.0 28.3 20.2 167.0
24.0 26.9 18.8 159.5
28.0 25.0 16.9 148.5
32.0 24.7 16.6 150.4
36.0 23.7 15.6 145.7
40.0 23.0 14.9 143.4
48.0 22.7 14.6 149.3

148.0 11.7 3.6 94.7
152.0 11.0 2.9 82.9

a Net CPM = CPM - 8.1 background count/minute.

b Radon activity, = (SCPM - BCPM) * K * EXP(.000126 * T)

pCi/1

where SCPM =
BCPM =

K =
T =

specimen counts per minute
background counts per minute
calibration factor of 7.1 (Table 3, p. 26)
elapsed time, sampling to counting,
in minutes
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Effect of Sampling Day

Because of the busy scheduling of the liquid

scintillation counter and the 50 minute counting time

needed for each specimen, it was necessary to collect

specimens on different days. A t-test was used to

determine if differences existed between sets of similarly

treated specimens collected from the same well pump on two

different occasions, 21 days apart. The purpose was to

decide whether or not there were any unsuspected variables,

such as barometric pressure changes. Results are presented

in Table 5 (p. 36).

The t-value (t(22) = -.01, p = .992) suggested that

there was no difference between the two sets of data; that

is, it appeared that outside variables were not influencing

factors. Since specimens collected on different days from

the same pumping well source were not significantly

different, the data were combined for further analysis.

Preliminary Study of Agitation Time and Radon Loss

To determine if the expected loss of radon during

agitation more nearly assumed a linear or an exponential

relationship, an initial study was performed with agitation

occurring at a series of time periods incremented by 2

minutes: 1, 3, 5, 7, 9, 11, 13, and 15 minutes. The medium

agitation level (setting #4) was selected because the high
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or low agitation might show extremes in the radon loss

pattern.

Table 5

Effect of Sampling Days upon Radon Activity

Day n Mean Radon t-value Signif.
Activity, pCi/1

First day 12 120.4 -.01 .992

Second day 12 120.8

Note. 12 specimens each day included 4 non-agitated
specimens and 8 specimens at medium agitation (2 each at 3,
5, 10, and 15 minutes).

The results in Table 6 (p. 37) and in Figure 1 (p. 38)

indicate that there was a nearly exponential, rather than

linear, relationship between radon loss and the length of

agitation. This was not surprising because the longer the

agitation period the less radon was available for loss from

the water. The nearly exponential relationship was

expressed by the regression equation: Radon Activity = EXP

(5.62395 - 0.219708 * Agitation time), presented in Table 7

(p. 37). The correlation coefficient was -.96 and the

calculated R-squared value was .9133, indicating that for

this analysis, agitation time accounted for 91.33 percent

of the variation in radon loss.
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Table 6

Radon Loss from Water at 2-Minute Agitation Intervals

Agitation Mean CPM Net CPMb Mean Radon % Radon
Times Activity, pCi/1 Loss`

Control 36.1 28.1 218.2
1 min 35.6 27.6 210.8 3.0

3 min 27.1 19.1 146.5 32.8
5 min 21.0 12.8 99.1 54.6
7 min 16.1 8.2 63.1 71.1
9 min 13.8 5.7 44.4 79.7
11 min 12.0 4.8 31.2 85.7
13 min 11.5 3.5 27.2 87.5
15 min 8.6 0.6 4.7 97.8

a Agitation degree was set on medium for all times.

b Net CPM = Mean sample CPM - Background CPM; where
background was 8.5 CPM for first set of data and 7.6 CPM
for second set, with difference due to variability of
naturally occurring interference.

c Percent radon loss = control - treated * 100
control

Table 7

Regression of Radon Activity on Agitation Time

Parameter Estimate SE t-Value Signifi.

Or*

Intercept 5.62395 0.22 25.29 0.001

*It
Slope -0.21971 0.03 -8.59 0.001

**
p <.001, r = -.96, R-Squared = 0.9133
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In the exponential regression line in Figure 1 (p.

38), the point most removed (that is, not fitting a

straight line) was the 15 minute agitation time period

(radon loss of 97.8 percent). When later data (reported on

p. 45) from a 15 minute period at medium agitation (89.7

percent radon loss) were substituted for that point, the

exponential fit was much stronger, as shown in Figure 2 (p.

40). An unknown error was possibly involved in the 15

minute specimen collection.

The relationship between radon activity and agitation

time in an actual laundry process, compared to the

simulated laboratory procedure, also is expected to be

nearly exponential rather than linear.

Agitation Time

Agitation time was a significant factor (p <.001) in

the amount of radon released, as shown by the analysis of

variance reported in Table 8 (p. 41). Radon loss increased

as agitation time increased, supporting hypothesis #1. The

original mean radon activity was 207.9 pCi/1 and after 3,

5, 10, and 15 minutes agitation the average radon

activities were 146.0, 121.1, 82.3, and 72.8 pCi/l,

respectively (Table 9, p. 41). From the multiple range

analysis for radon activity by agitation time, it appeared

that counts of 3 minutes and 5 minutes were in a

homogeneous group, and counts of 10 and 15 minutes were in
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Table 8

Analysis of Variance for Radon Activity Due

to Degree of Agitation and Agitation Time

Source of
Variance

SS df MS F Signif.

Main Effects 355665 5 71133 200.3 .001
**

**

Degree of 313952 2 156976 442.1 .001

Agitation

Agitation Time 41712 3 13904 39.2 .001
It

2-Factor
Interaction 235695 6 3928 11.1 .001

**

Residual 12783 36 355

Total 392018 47

ta,

R <.001

Table 9

Multiple Range Analysis for Radon

Loss by Agitation Time

Agitation n Mean Radon % Radon Homogeneous

Time Activity,pCi/1 Lossa Groupsb

Non-Agitated 24 207.9 A
3 minute 12 146.0 29.77 B

5 minute 12 121.1 41.75 B

10 minute 12 82.3 60.41 C

15 minute 12 72.8 64.98 C

s Percent radon loss = control - treated * 100
control

b Means with same letter are not significantly different

at p=.05.



42

another similar group. At 5 minutes 41.75 percent radon

was lost, while doubling that time to 10 minutes accounted

for a radon loss of 60.41 percent loss of radon. At 15

minutes, only slightly more radon was lost (64.98 percent)

and the amount was not statistically different from that

lost at 10 minutes. A similar outcome was reported by

Partridge et al. (1979) in which more radon was lost in the

18 minute wash cycle (93.3 percent radon loss) than in 11

minute (91.4 percent radon loss) and 4 minute wash cycles

(84.7 percent radon loss). Partridge et al. reported a

larger loss (84.7 percent) at the shorter agitation time

than was reported in this study (41.75 percent). Reasons

may be that a more vigorous agitation occurred in the

washing machine than in the simulated laboratory setting,

or that additional radon loss may have occurred during the

filling of water into the washing machine before the

washing cycle began.

Degree of Agitation

The degree of agitation was an influencing factor upon

the release of radon into the air as shown in the two-way

analysis of variance reported in Table 8 (p. 41). The mean

radon count for no agitation, low, medium, and high degrees

of agitation were 207.9 pCi/l, 214.2 pCi/l, 82.2 pCi/l, and

20.3 pCi/l, respectively (Table 10, p. 43). The multiple

range analysis indicated that the radon activity for the
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low agitation degree was not significantly different from

the non-agitated control. The small difference of 3.03

percent at low agitation was not significant and within the

standard deviation. However, the activity for the medium

and high agitation degrees were different from the non-

agitated control and from each other (Table 10, p. 43). At

medium agitation 60 percent of the radon gas was lost into

the air, while at high agitation 90 percent was lost. This

supported hypothesis #2 which stated that release of radon

is positively related to the degree of agitation.

Table 10

Multiple Range Analysis for Radon

Loss by Degree of Agitation

Agitation n Mean Radon % Radon Homogeneous
Degree Activity, pCi/1 Lossa Groupb

Non-Agitated
control

23 207.9 A

Low agit. 16 214.2 + 3.03 A
Medium agit. 16 82.2 -60.46 B
High agit. 16 20.3 -90.24 C

Percent radon loss = control - treated * 100
control

b Means with same letter are not significantly different
at p=.05.

This result also verified findings from the experiment

done by Partridge et al. (1979) using an actual laundry

process. Results of their study showed that more radon
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loss occurred in the regular cycle, in which the degree of

agitation was higher, than in the gentle cycle.

Interaction of Agitation Degree and Agitation Time

Results from the two-way analysis of variance revealed

that agitation time and degree were not acting

independently of each other. There was, in fact, a highly

significant interaction (p<.001) between the two factors of

agitation time and degree (Table 8, p. 41). This

interaction supported hypothesis #3.

For the low agitation degree, very little radon was

released (Table 11, p. 45 and Figure 3, p. 46). An

increase in agitation time at the low degree had little

effect on increasing the radon released from water, and

only a 6 percent radon loss occurred with the 15 minute

agitation. As noted earlier (see Table 10, p. 43), the low

agitation group was not significantly different from the

non-agitated control.

For the moderate agitation degree there was a greater

radon loss than when the water was agitated at the low

degree. The moderate agitation degree accounted for a 21

percent loss of radon in only 3 minutes of agitation. When

water samples were agitated for 5 minutes, 38 percent was

lost; with 10 minutes, 85 percent was lost; and with 15

minutes of moderate agitation, 90 percent was lost (Table

11, p. 45). Thus, the longer the agitation time the more
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Table 11

Radon Loss from Water after Various

Degrees of Agitation and Agitation Times

Agitation
Time

Degree of Agitation

Low Agitation

pCi/la SD %Radon
Lossb

Control,
no agit.
3 min
5 min
10 min
15 min

211.3 16.45
221.0 5.52 +4.0
223.8 8.02 +5.9
214.5 6.77 +1.5
197.6 9.50 -6.4

Agitation
Time

Medium Agitation

pCi/la SD %Radon
Loss b

Control,
no agit.
3 min
5 min
10 min
15 min

197.6 18.28
155.4 29.70 -21.4
122.7 44.78 -37.9
30.3 15.45 -84.7
20.3 14.00 -89.7

Agitation
time

High Agitation

pCi/la SD %Radon
Lossb

Control,
no agit.
3 min
5 min
10 min
15 min

215.9 20.73
61.6 25.61 -71.6
16.9 5.96 -92.1
2.2 3.88 -98.9
0.6 1.20 -99.7

a Mean radon activity for 4 specimens.

b Percent radon loss = control - treated
control

* 100
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radon was released. The relationship between moderate

radon loss and agitation time was not a linear one, but

rather nearly an exponential (Figure 3, p. 46).

Data on radon loss at the high agitation degree also

revealed an increasing loss, but at a much greater rate

than for medium and low agitations. When water was

agitated only 3 minutes at the high degree, there was a 72

percent loss of radon. For 5, 10, and 15 minute agitation

periods, the radon loss jumped to 92, 98, and 99 percent

respectively. The relationship between radon loss during

high agitation degree and the length of agitation also was

exponential rather than linear (Figure 3, p. 46).

When summarizing the interactions of agitation times

with agitation levels, the following results were noticed.

For the moderate agitation levels, short time periods of 3

or 5 minutes were effective in keeping radon release low

(21 percent and 38 percent, respectively) while the high

agitation level at 3 and 5 minutes raised the release of

radon to 72 percent and 92 percent respectively (Table 11,

p. 45, & Figure 4, p. 48). At a 10 minute agitation cycle

only low agitation provided small radon losses, but with

medium and high agitations much higher losses of 84.7

percent and 98.9 percent were recorded. Extending the

agitation cycle to 15 minutes revealed a similar loss

pattern to that of 10 minutes, as low agitation at 15

minutes caused a surprisingly small radon loss of only 6.4
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percent, while extremely large radon losses of 89.7 percent

and 99.7 percent were noted at 10 and 15 minutes,

respectively (Table 11, p. 45 & Figure 4, p. 48).

Thus, the greater and longer the agitation, the more

radon was released from water. The low agitation level did

not reveal a significant loss. However, for the moderate

agitation level, there was an increasing loss of radon with

increasing agitation times. At the high agitation degree,

this relationship became even more pronounced. In

conclusion, the data indicated that the radon loss from

water was associated with both an increase of agitation

degree and increase of agitation time and an interaction

existed between the two factors.

Radon Loss Due to Addition of Detergent

A limited investigation of the effect of detergent

upon radon loss was undertaken by adding a commercially

available phosphate-containing powdered detergent to radon

water. Although detergents are known to lower surface

tension of water, it was not known if this changed the

pattern of radon loss. A 5 minute agitation period at a

medium agitation degree was selected for study. The

powdered detergent was added to the water at the beginning

of the cycle. The agitation time period served to mix the

detergent into the water as well as agitate the water. The

results showing percent radon loss with and without
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detergent in agitated water are listed in Table 12 (p. 50).

Table 12

Radon Loss with and without Detergent in Agitated Water

%Detg. Degree of CPM Net Radon Activity %Radon
Added Agit./Time CPM8 pCi/1 Lossb

0.003 Medium/5 28.5 20.1 152.7 30.3

0.003 Medium/5 24.3 15.9 122.4 43.9
0.003 Medium/5 22.3 13.9 107.5 50.7
0.003 Medium/5 24.3 15.9 123.7 43.3
0.003 Medium/5 31.0 23.4 185.8 14.9

0.003 Medium/5 29.5 21.9 174.8 19.9
0.003 Medium/5 21.5 13.9 111.7 48.7
none Medium/5 26.0 17.7 140.4 25.9
none Medium/5 19.1 10.8 88.3 53.7

none Medium/5 30.9 22.4 177.8 19.3

none Medium/5 18.8 10.3 84.2 55.6

a Net CPM=CPM-Bkgd CPM; where background= 8.3 CPM and
8.5 CPM without detergent and 8.4 CPM with detergent

b Percent radon loss = control - treated
control

* 100

To determine if the group means were different, a t-

test was calculated. Results are presented in Table 13

(p. 51) and indicate that the groups were not different

(t(10) = -.27, p<.79). This finding supported hypothesis

#4 which stated that the presence of a detergent in water

does not affect radon loss. The average radon loss of 35.9

percent for agitated radon water with detergent was similar

to the average radon loss of 38.6 percent for those

specimens without detergent, although a rather wide range

of radon loss was noted for both groups. The detergent did
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not have a statistically significant impact on radon

released from water at this degree of agitation and time

period.

Table 13

Analysis (t-test) of Percent Radon Loss with and

without Detergent in Agitated Water

Group n Mean Radon %Radon SD t-value Signif
Activity, pCi/1 Loss

Without 4

detg.
122.7 38.6 18.7 -0.27 .79

With 7 139.8 35.9 14.3
detg.

This outcome supported the findings of Partridge et

al. (1979) that the presence of soap did not change radon

loss. Further research would be necessary to determine if

this were true for other detergent types, agitation times

and degrees.
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Chapter V

CONCLUSIONS

The release of radon from laundry water was

investigated in a simulated laboratory setting. Major

objectives of this research were to study the release of

radon gas from water under varying degrees of agitation and

agitation times. Additionally, an investigation was made

on the effect of detergent in water upon radon loss. Water

containing a low level of radon was collected from a

municipal pumping well. Agitation was provided by use of a

magnetic stirrer and a one inch stirring bar. No

significant differences existed between sets of water

samples which were treated similarly but collected on

different occasions 21 days apart, when analyzed by a t-

test. Thus, outside variables related to collection days

appeared not to be influencing factors.

A preliminary laboratory study investigating the

relationship between agitation time and radon loss found

that there was a nearly exponential loss, rather than a

linear loss. Losses ranged up to 98 percent after 15

minutes of agitation.

Analysis of variance revealed that both agitation

degree and agitation time were significant main effects.

Post hoc analysis showed that low agitation did not

decrease the original radon count, although medium and high
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degrees of agitation influenced the radon loss greatly.

Medium agitation showed a 60 percent average radon loss,

while at high agitation an average of 90 percent radon was

lost.

Agitation time was also an influencing factor in the

amount of radon released. The results revealed that the

longer the agitation, the more radon was lost. The radon

loss was 30 percent, 42 percent, 60 percent, and 65 percent

for 3, 5, 10, and 15 minutes of agitation, respectively.

The interaction of degree of agitation and agitation

time was also significant when radon loss was examined.

Increasing radon loss occurred at medium, and high

agitations degree but not at low agitation. This supported

findings of Partridge et al. (1979) which reported that

increasing the length and degree of agitation increased the

release of radon from water.

When considering actual laundry conditions and the

results of this laboratory study, several recommendations

can be made. For laundry cycles which release lower

amounts of radon into the air, short agitation times of 5

minutes or less should be selected. If clothing items were

not very soiled, shorter cycles could be effective in

cleaning and also give lower radon release. Selecting a

gentle cycle in laundering would be preferred over a

regular laundry cycle in order to reduce radon loss into

the air in the laundry environment, since results of this



54

research showed the greatest radon loss occurred when the

highest degree of agitation was used.

The degree of agitation seemed to have more impact

than agitation time in releasing radon from water. At the

highest agitation degree an average of 90 percent radon was

lost, while at the longest wash cycle time (15 minutes) an

average of only 65 percent radon loss occurred. To achieve

a lower radon release when washing soiled clothing, select

a longer wash cycle at the gentle setting.

The results of the research strongly supported

hypotheses #1, #2 and #3 which stated that radon released

from water is effected by agitation time and by agitation

degree, and an interaction exists between these two. The

experimental results showed that the higher the agitation

degree and the longer the agitation time, the greater was

the radon loss.

The results of the t-test supported hypotheses #4

which stated that added detergent will not cause additional

radon to be released. Although detergents are known to

reduce surface tension of water, this fact apparently did

not play a role in allowing additional radon loss. This

research result supported the findings of Partridge et al.

(1979) that soap did not have any impact on radon released

from water.

Results of this laboratory study provide data useful

in projecting radon loss in an actual laundry situation,
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since similar findings would be expected. Further research

should focus on additional laundry variables which may

effect radon loss, such as aeration of water during filling

of washing machine, water temperature, and addition of

different detergents and other laundry additives. In

conclusion, shorter agitation times and lower agitation

degrees are strongly recommended in order to provide a

lower release of radon into the air within the laundry

area.
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Appendix A

BASIC Program For Radon Activity Calculation

1000 CLS
1001 FOR Z=1 TO 2
1002 IF Z<2 THEN BEEP
1003 NEXT Z
1005 DIM T(20)
1008 DIM CON(50)
1009 DIM COUNT1(50)
1011 DIM NET(50)
1012 DIM SAMPLE$(50)
1013 DIM COLLECT(50)
1014 DIM COUNT(50)
1015 DIM ACTI(50)
1016 DIM CPM(50)
1017 DIM AVECPM(10)
1018 DIM BACK(50)
1040 PRINT
1041 I=1
1043 J=1
1049 CLS
1050 PRINT
1060 PRINT " Please Offer The Following Data In Order "
1061 PRINT " To Calculate The Activity."
1062 PRINT
1063 PRINT "Put the control samples first"
1064 PRINT
1066 INPUT " What is the date ?";W$
1067 PRINT
1068 INPUT " Where did you get you water samples ?";B$
1069 PRINT
1070 INPUT " What degree did you use on Stirrer ?";C
1071 C$ =W$
1072 WHERE$ =B$
1073 DEGREE=C
1097 PRINT
1100 FOR 1=1 TO 100
1102 INPUT " What was the sample number?";AA$
1103 PRINT
1104 INPUT " What was the time sample collected?";B, Bl
1105 PRINT
1106 INPUT " What was the time sample counted?";C, Cl
1107 PRINT
1108 INPUT " What was the CPM for the sample?";F
1109 PRINT
1110 CON(I)=B1
1111 SAMPLE$(I) =AA$
1112 COLLECT(I)=B
1113 COUNT(I)=C
1114 COUNT1(I)=C1
1115 NET(I)=F
1116 INPUT" Is there any data needed to be entered ? ";D$
1117 IF D$="y" THEN 1200
1118 IF D$="n" THEN 1221
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1200 NEXT I
1201 K=I
1210 PRINT
1220 PRINT
1221 INPUT " What was the background counts?";E
1222 BACK(I)=E
1223 INPUT " How many control samples you have?"; M
1224 M=M
1230 CLS
1231 PRINT
1232 PRINT "DATE:";C$
1240 PRINT "WHERE:";WHERE$
1245 PRINT "DEGREE of AGITATION:";DEGREE
1247 PRINT
1250 PRINT "
1251 PRINT " Sample CPM Net CPM Elapsed mins pCi/1
1252 PRINT "
1260 FOR J=J TO I
1270 CPM(J)=NET(J)-BACK(I)
1275 ELAP1=(COUNT1(J)-CON(J))
1280 ELAP-(COUNT(J)-COLLECT(J))*60+ELAP1
1300 ACTI(J)=CPM(J)*7.1*EXP(.000126*ELAP)
1310 PRINT " ";SAMPLE$(J),
1311 PRINT USING"##.#";NET(J),
1312 PRINT " ";

1313 PRINT USING " # #. # "; CPM(J);
1314 PRINT " n;

1315 PRINT USING"#### #";ELAP,
1316 PRINT " n;

1317 PRINT USING"###.#"; ACTI(J)
1320 NEXT J
1321 PRINT " 11

1322 PRINT "* Background counts was";BACK(I);" counts per minute"
1330 PRINT
1338 I=I+1
1339 INPUT " Is there any data set needed to be entered?";G$
1340 IF G$="y" THEN 1049
1341 IF G$="n" THEN 1500
1400 REM the next section is to calculate the radon lost percentage
1500 CLS
1501 PRINT
1502 INPUT " Do you wish to calculate the radon lost based on above data?";H$
1503 IF H$="y" THEN 1588
1504 IF H$="n" THEN 1991
1588 CON=0
1590 FOR N=1 TO M
1591 PRINT N,M
1593 CON=ACTI(N)+CON
1594 PRINT ACTI(N)
1595 NEXT N
1597 CONTROL=CON/M
1598 M=M+1
1610 FOR 0=M TO (J-1)
1620 T(0)=((CONTROL-ACTI(0))/CONTROL)*100
1630 NEXT 0
1650 FOR R=1 TO 5
1660 PRINT
1661 NEXT R
1662 CLS
1663 PRINT "
1664 PRINT " Sample Number % Radon Loss
1665 PRINT "
1680 PRINT " ";"Control";" n;11

1690 FOR W=M TO (J-1)
1700 PRINT " "; SAMPLES(W)," n;

1710 PRINT USING"##.#"; T(W)
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1720 NEXT W
1730 PRINT " 11

1740 PRINT
1750 PRINT
1760 PRINT
1991 INPUT " Quit the system (Y/N)"; C$
1992 IF C$="n" THEN 200
1993 IF C$="y" THEN 5000


