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A method is described for determining the partition coefficient, K, for radon gas

distributed between an aqueous phase and an organic solvent. The method uses

sequential extractions of radon into equal volume aliquots of organic solvent. The

radon-laden organic liquid is then counted on a liquid scintillation analyzer with alpha-

beta separation. The high quench resistance and counting efficiency of alpha particles

by liquid scintillation methods are ideal for counting a variety of aromatic, aliphatic,

and cyclic organic solvent and scintillation cocktail mixtures. Accurate knowledge of

the instrument counting efficiency, quench, and standard solution activity are not

required. Replicate measurements of the aqueous-organic radon partition coefficient on

benzene, toluene, o-xylene, n-hexane, and cyclohexane showed excellent agreement

with theoretical radon partition coefficients derived from Ostwald solubility

coefficients. The method was also used to determine the radon partition coefficient for

several commercial liquid scintillation solutions. Though performed on lighter-than-

water solvents, the method is potentially amendable to solvents more dense than water.

Redacted for PrivacyRedacted for Privacy



Knowledge of radon partitioning plays a significant role in the standard liquid

scintillation counting method for analyzing radon in aqueous samples. Radon is unique

in that it distributes itself between the aqueous, cocktail and gas phases within an LSC

vial. With too little cocktail, the vial headspace becomes a significant radon sink. More

cocktail minimizes radon loss to the vial headspace, but with the potential for higher

instrument background. The effect of cocktail volume on method performance when

analyzing radon in 5.0 mL aqueous samples was investigated by preparing samples

having from 5.0 to 15.0 mL of scintillation cocktail floating atop of 5.0 mL of standard

solution. As predicted, radon partitioning played a direct role in the measured counting

efficiency. In all cases, analyzing 5.0 mL of aqueous sample using 5.0 mL of

scintillation cocktail proved to be the optimum analysis protocol.
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AQUEOUS-ORGANIC PARTITION COEFFICIENTS FOR RADON-222 AND
THEIR APPLICATION TO RADON ANALYSIS BY LIQUID

SCINTILLATION METHODS

INTRODUCTION

Naturally occurring radioactivity can be found throughout the earth's crust.

One of the most abundant sources of naturally occurring radioactivity originates with

uranium-238, the parent to 14 additional radioactive daughters. The various

radioactive members of the 238U chain are all solids with one exception: Radon-222.

Of all the radioisotopes which contribute to the natural radiation background, radon of

which 222Rn is normally the largest contributor, presents the greatest human health

risk. Because of this risk, radon has been studied extensively since its discovery in the

early 1900s. Aside from its role in public health, 222Rn has unique chemical and

physical properties which make it ideal as a tracer of natural and manmade processes.

Radon tracer research has provided valuable information on groundwater flow,

infiltration rates, mixing of fresh and saline waters, and seismic activity. In addition,

new research is emerging on the use of naturally occurring radon as a partitioning

tracer for the identification and quantification of residual nonaqueous phase liquids

(NAPL) in the subsurface. This thesis addresses two aspects of radon measurement

and behavior encountered while investigating the use of radon as a partitioning tracer.

The first paper reports on a simple method for directly measuring radon

partition coefficients for the partitioning of dissolved radon gas between organic and

aqueous phases. The method is a unique adaptation of a multi-equilibration technique
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used to measure Henry's Law constants. The procedure uses sequential extractions of

dissolved radon gas with equal volume aliquots of organic solvent. The radon-laden

organic liquid is then counted on a liquid scintillation analyzer.

The second reports on the optimization of the liquid scintillation counting

method for analyzing radon in aqueous sample volumes of 5 mL. When conducting

environmental sampling for radon analysis, whether related to health effects studies or

use of radon as an environmental tracer, adequate sample volume is normally not a

concern. There are instances when, due the size of bench-scale experimental

apparatus, large sample volumes are not feasible. 222Rn distributes itself between the

aqueous, scintillation "cocktail" and gas phases within an LSC vial. Consideration of

222Rn partitioning between the three phases within an LSC vial is crucial to developing

the most efficient measurement protocol for 5 mL samples.
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A METHOD FOR DETERMINING AQUEOUS-ORGANIC PARTITION
COEFFICIENTS FOR 222Rn

Abstract

A method is described for determining the partition coefficient for radon gas

distributed between an aqueous phase and an organic solvent. The method uses

sequential extractions of radon into equal volume aliquots of organic solvent. The

radon-laden organic liquid is then counted on a liquid scintillation analyzer with alpha-

beta separation. The high quench resistance and counting efficiency of alpha particles

by liquid scintillation methods are ideal for counting a variety of aromatic, aliphatic,

and cyclic organic solvent and scintillation cocktail mixtures. Accurate knowledge of

the instrument counting efficiency, quench, and standard solution activity are not

required. Replicate measurements of the aqueous-organic radon partition coefficient

on benzene, toluene, o-xylene, n-hexane, and cyclohexane showed excellent agreement

with theoretical radon partition coefficients derived from Ostwald solubility

coefficients. The method was also used to determine the aqueous-organic radon

partition coefficient for several commercial liquid scintillation solutions. Though

performed on lighter-than-water solvents, the method is potentially amendable to

solvents more dense than water. Additionally, the method may prove useful in

estimating radon gas solubility in a wide range of water immiscible solvents, whereby

measurements are made using radon dissolved in solution, rather than using gaseous

radon directly.
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Introduction

In their landmark article describing radon measurement by liquid scintillation

methods (LSC), Prichard and Gesell (1977) refer to the ratio of the Ostwald

coefficients for radon in toluene and radon in water as ranging from 50 to 52, and

fairly constant. Parks (1979) also sites the ratio of Ostwald distribution coefficients

for radon in various organic scintillators and radon in water as ranging between 30-50.

In subsequent research, this ratio of Ostwald solubility coefficients has become

identified as the radon partition coefficient while at the same time many radon

Ostwald solubility coefficients are referred to as radon partition or distribution

coefficients (McDowell and McDowell 1994; Bern et al. 1994).

The Ostwald solubility coefficient, L, can be shown to be a ratio of the

concentration of a particular gas in the liquid phase, C, to its concentration in the gas

phase above the liquid, Cg (Clever 1979). Taking the ratio of Ostwald solubility

coefficients for radon in a given solvent, L, to the solubility coefficient for radon in

water, L yields a theoretical radon partition coefficient, K: a dimensionless ratio of

the radon concentration in the solvent, C, to the radon concentration in water, C.

CK=--= (1)
L

A review of the literature indicates few experimentally determined values for

the direct partitioning of dissolved radon gas between aqueous and organic phases.

Hunkeler et al. (1997) determined a water-diesel fuel radon partition coefficient of 40

+ 2.3 at 12 °C by measuring the radon concentration in tap water and then again in tap
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water equilibrated with 18 mL of diesel fuel. Wong et al. (1992) measured a radon

partition coefficient value of 32.4 ± 1.5 for radon distributed between octanol and

water. Neither method relied solely on analysis of radon in the organic phase, while

both utilized different radon measurement techniques with associated detection

efficiencies and calibration requirements.

A popular method for aqueous radon measurement is liquid scintillation

counting which depends, in large part, on radon partitioning between the organic

scintillation solution or "cocktail" and the aqueous sample. Several researchers have

reported Ostwald solubility coefficients (L) related specifically to radon in liquid

scintillation solutions. 1-Torrocks and Studier (1964) determined a radon Ostwald

solubility coefficient of 32 for a toluene based liquid scintillator at -15 °C. As

mentioned above, Prichard and Gesell (1977) cited, but did not measure, a radon

Ostwald solubility value of 12.7 for radon in toluene and 0.255 for radon in water at

20 °C. Parks and Tsuboi (1978) determined a radon distribution coefficient for radon

partitioning between a p-xylene based emulsion scintillator and air of 10.88 at 8 °C,

and estimated a value of 18.87 for a toluene scintillator at 8 °C based on Horrock's

and Studier's data. Lowery (1991) determined a radon partition coefficient value of 23

for radon distributed between a high-efficiency mineral oil based scintillation cocktail

and well water of medium ionic strength. Finally, Collé (1995), in a manner similar to

Lowery, determined a value of 13 for the Ostwald solubility coefficient for radon

partitioning between a 1,2,4 tri-methylbenzene based scintillation cocktail and air.



A simple, accurate method for directly measuring the partition coefficient for

radon distribution between aqueous and organic phases has yet to appear in the

literature. Our interest in the direct partitioning of dissolved radon gas between

aqueous and organic phases stems from current investigations utilizing naturally

occurring radon as an indicator of organic contamination in the saturated zone of the

subsurface (Semprini et al. 2000; Semprini et al. 1998). Knowledge of aqueous-

organic radon partitioning is desirable in order to estimate the extent of partitioning

expected for various hydrocarbon contaminants. Additionally, as the research relies

upon liquid scintillation analysis for analyzing radon in field and laboratory water

samples, a better understanding of radon partitioning and its role in the liquid

scintillation analysis method was warranted.

To this end, a simple method for measuring aqueous-organic radon partition

coefficients was developed. The method is based on a multiple-equilibration

procedure used for determining Henry's Law coefficients (Schwarzenbach et al. 1993;

McAuliffe 1971) and uses sequential extractions of dissolved radon gas from an

aqueous solution using equal volume aliquots of organic solvent. Each extraction

removes a fixed fraction of radon from the solution. The radon-laden solvent is then

added to a scintillation vial containing liquid scintillation cocktail. After sufficient

time to allow radon and progeny to reach equilibrium, the set of extractions are

counted on a liquid scintillation counter. The natural log of the net radon activity

concentration in each extraction is plotted as a function of the extraction number. The

slope of the resulting line is a function solely of the radon partition coefficient and the



accurately measured volumes of the aqueous solution and organic extractions.

Accurate knowledge of the instrument counting efficiency, quench, and standard

solution activity are not required provided each sample in a set of extractions is

counted under identical conditions.

Theory

A distribution or partition coefficient is a dimensionless parameter expressing

the ratio of a solute's concentration in one phase to its concentration in another phase

(Leo et al. 1971; Cratin 1968). Provided there is no significant solute-solute

interaction or strong specific solute-solvent interaction, once the system is in

equilibrium the ratio of the solute concentration in the two phases remains constant

regardless of the relative volumes of the two phases (Leo et al. 1971). Partitioning of

dissolved radon, an inert monatomic gas, between water and an immiscible organic

liquid describes a nearly ideal partitioning system. When an organic solvent is added

to an aqueous solution containing dissolved radon gas, the radon distributes itself

between the two liquid components. Upon reaching equilibrium, the radon

concentration in each of the liquid phases is related by

C

Cw
(2)

where K is the dimensionless radon partition coefficient and C0 and C are the radon

concentrations (activity per unit volume, e.g. pCilmL) in the organic and aqueous

phases respectively. If a series of equilibrations are performed on a solution



containing dissolved radon, the radon concentration in the solvent after the first

equilibration, C0,1 can be expressed as

C0,1 = KC (3)

where C,o is the initial dissolved radon concentration in water (pCi/mL). In addition,

the fraction of radon in the aqueous phase after equilibration, Fw, would be

F= (4)w 00 + W W Ky0 + w

where V and V0 are the volumes (mL) of the aqueous and organic phases respectively

and KC has been substituted for C0. If the solvent were removed and a new volume

of solvent added, the radon remaining in solution after the first extraction, C,,1, would

redistribute itself between the organic and aqueous phases. At equilibrium, the radon

concentration in the second solvent aliquot, C0,2 would be

C0,2 = KC = K[F]Co (5)

For a series of equilibrations, the concentration of radon in the organic solvent after

the "nth" extraction, CO3 can be expressed as

= K[F]C,o = K W lC,o (6)

L Ky0 + v j

Taking the natural log of eqn (6) yields a linear relationship between CO3 and the "nt/i"

extraction of the form

ln[C0,0] = n in1 VW

]

ln[C,o K] (7)
LKVO+VW

A plot of ln[C0,0], the radon concentration in the organic extraction, versus the

extraction number, n, yields a straight line with slope



slope ln[ v 1

KV0+Vj
(8)

which is a function solely of the aqueous and organic volumes and the radon partition

coefficient K. The slope is independent of the absolute radon activity or the dissolved

radon activity concentration. Provided the set of "n" extractions are similar in

composition and counted under identical conditions, there is no requirement for

determining parameters such as measurement efficiency. The only requirement is

accurate knowledge of the aqueous volume and insuring that each extraction is

performed with the same volume of organic solvent.

Liquid Scintillation Analysis

Radioactive decay of 222Rn produces four relatively short-lived daughter

products. After approximately 3.5 hours 222Rn achieves secular equilibrium with its

next four progeny whereby all five of the radionuclides are at the same level of

activity. Decay of the 222Rn and daughters release alpha and beta radiation particles

each of a known kinetic energy. The scintillators and solvent of a liquid scintillation

cocktail convert this kinetic energy into light photons that are detected and amplified

by a photomultiplier tube (PMT). The end result is production of a PMT pulse with an

amplitude or pulse height proportional to the energy of the decay particle that induced

the response. The number of pulses or "counts" induced at the PMT is proportional to

the amount of radioactivity interacting in the cocktail. An analog-to-digital converter

transforms the analog PMT pulse to a digital value and assigns it to a channel in a
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multichannel analyzer (MCA). Most alpha particles are emitted with kinetic energies

between 4 and 8 MeV. However, much of the energy is not directly converted to

scintillation light. This low scintillation yield results, for example, in a 6.0 MeV alpha

particle producing PMT pulses equivalent to those produced by a 600 keV beta

particle. As a result, all alpha particles appear in an LSC energy range of

approximately 200 to 800 keV, the same energy range over which many beta particles

are detected (Packard 1992; Kessler 1989).

In what is frequently termed "traditional LSC" the alpha and beta induced PMT

pulses are collected in a single MCA. Due to the lower alpha scintillation yield, the

100

80

60
C',

C
3
0
0

40

20

0'
100 1000

Channel

Fig. 1. Typical LSC spectrum for 222j and daughters.
The right peak is the 2t4Po alpha particle (7.6 MeV) while

I8the larger peak is the combined Rn (5.5 MeV) and Po
(6.0 MeV) alpha peak. The remaining signal is the beta
particle spectrum from 214Pb and 214Bi.
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alpha and beta spectra overlap in the MCA and can not be effective separated. Fig. 1

shows a typical combined alpha-beta particle spectrum for a radon sample analyzed on

a liquid scintillation analyzer. The two large peaks correspond to alpha particles. The

right peak is from the 7.6 MeV alpha particle of 214Po; the left is due to both the 5.0

and 6.0 MeV alpha particles emitted from 222Rn and 218Po respectively. The broad,

low height peak is the beta spectrum of 214Pb and 214Bi.

Another characteristic property of alpha induced scintillation is their duration.

PMT pulses induced by beta interaction in the scintillation cocktail are shorter in

duration than pulses produced from alpha interaction. This results in an alpha pulse at

the PMT having a different shape than a beta pulse. In the early 1990's commercial

liquid scintillation counters began providing an 'alpha-beta' separation option.

Separation of alpha pulses from beta is achieved through measurement of the PMT

pulse decay and the use of a selectable discriminator. Pulses decaying prior to the

pulse discriminator setting (PDD) are classified beta while those decaying after the

PDD setting are assumed to be the result of alpha scintillation events. Once classified

as alpha or beta, the events are collected in separate MCAs. Fig. 2 shows the previous

radon sample spectrum separated into its alpha and beta components by pulse decay

discrimination. The left spectra were obtained at a discriminator setting of 170. At

right, is the same sample but analyzed at a PDD setting of 200. At the higher

discriminator setting, fewer of the alpha PMT pulses can satisfy the discriminator

setting and are thus classified as beta events. It is important to note that pulse

discrimination does not affect counting efficiency per Se, it only effects classification



100

80

60
(I)

C
0
0

40

20

12

Oh T

100 1000

Channel

100

80

60
C,)

C
0
0

40

20

iN
1,II

Channel

Fig. 2. Radon alpha-beta spectra at two PDD settings. The
spectra at left were obtained at a PDD setting of 170. The right
spectra are the same sample analyzed at a PDD of 200. Notice
the characteristic alpha peak of 222 and 218Po in the 'beta'
spectra obtained at a PDD of 200.

of a pulse as alpha or beta.

Pulse shape discrimination allows quantifying either an alpha or beta emitter in

a sample containing both alpha and beta emitting radionuclides (Kessler 1989). Alpha

spectrum analysis provides two significant advantages. First, pulse decay

discrimination results in separation of the background into alpha and beta components

with the alpha background being up to an order of magnitude smaller depending on the

discriminator setting.

A second advantage in analyzing just the alpha spectrum involves sample

quench. Quench refers to either the reduction in the conversion of a particle's kinetic

energy to photon light or the attenuation of scintillation photons once they are
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produced in the cocktail. Overall, both quenching processes reduce the efficiency with

which the decay particles can be detected. Alpha interaction in the scintillation

cocktail is much more quench resistant than beta interaction. As such alpha particles

are counted with high efficiency even when other chemicals are present in the

scintillation cocktail (McDowell and McDowell 1994; Packard 1992; Yang et al.

1991).

Standards and Sampling

As mentioned previously, secular equilibrium between 222Rn and its next 4

decay daughters is reached in approximately 3.5 hours. Radon-222 gas is itself a

decay daughter produced by the alpha decay of 226Ra. With a 3.83 day half-life, 222Rn

reaches secular equilibrium with its 1600 year half-life parent in approximately 28

days. Dissolved radon solutions were prepared by transferring a known volume of a

1000 pCi/mL 226Ra solution into pre-weighed 100 mL glass volumetric flasks. The

flasks were completely filled with deionized water, capped with a rubber septum, then

set aside for at least 30 days to allow 222Rn in-growth. Accurate knowledge of the

222Rn concentration was not required, however; a total activity of 300 pCi per flask

was targeted. Once aged, a portion of the solution was withdrawn from the flask using

a 2 inch 18 gage needle attached to a 5 mL disposable syringe (Fig. 3). The volumetric

flask was quickly weighed, and then approximately 4 mL of organic solvent was

immediately injected into the flask. The flask was inverted and shaken to disperse the

solvent throughout the bulk fluid, then placed on a rotary mixer at 1 revolution per
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second. After 15 minutes mixing, the flask was removed, re-inverted, and set aside to

allow phase separation. The organic solvent was removed from the neck of the

volumetric flask using a 5 mL glass syringe and transferred to a pre-weighed liquid

scintillation vial containing 10 mL of commercial scintillation cocktail. Another

aliquot of organic solvent was quickly added to the flask and the process repeated.

Glass
Sylinge

Rubber
Septum

Organic Phase
-3-5m1

,___.J L Aqueous Ra
'\Solution

- \ -'iOOm1
'v olumetnc

Flask

Fig. 3. Schematic representation of radon extraction. From 3-5 mL of
solvent is injected into the flask. After mixing and phase separation,
the radon-laden solvent is removed by syringe and transferred to an LS
vial. Another solvent aliquot is injected and the process repeated.

The solvent volume added for each extraction was determined by weighing the

volumetric flask before and after each solvent addition. As a check, the solvent

injection syringe was weighed while loaded with solvent and then again after injection

into the flask. Similarly, the volume of solvent transferred to each liquid scintillation

vial was determined by mass difference and the MSDS listed solvent density. Four
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sequential extractions were performed on a single 226Ra-222Rn standard. Mixing,

separation, and transfer times were kept as identical as possible for each of the four

extractions. A single extraction required approximately 19 minutes, with 15 minutes

for mixing, 3 minutes for separation, and roughly one minute for all solvent transfers.

Background extractions were performed in an identical manner on 226Ra solutions that

had been purged of 222Rn with laboratory air for a minimum of four hours prior to

extraction. The 226Ra and its metal ion daughters prefer the polar, aqueous

environment and are not extracted by the non-polar solvent. The background

extractions served as both the LSC background and accounted for potential 226Ra

carryover from water entrapment in the organic solvent. Multiple extraction

experiments were performed using toluene, o-xylene, hexane, benzene, cyclohexane

and three commercial liquid scintillation cocktails based on di-isopropylnaphthalene,

linear dodecylbenzene, and o-xylene solvents (Ultima Gold F, Opti-Fluor 0 and Insta-

Fluor respectively).

Analysis

After at least a four-hour delay for in-growth of the radon daughters, the four

vials in an extraction set were counted on a Packard TriCarb® 2500A/B liquid

scintillation analyzer. The instrument allows for traditional LSC counting as well as

alpha-beta counting through the use of pulse decay discrimination. Data reduction was

performed on the combined alpha spectrum of 222Rn and its two short lived alpha

emitting progeny 218Po and 214Po. The alpha spectrum was used over the beta



16

spectrum alone, and the combined alpha-beta spectra (i.e. traditional) because of the

high counting efficiency and quench resistance associated with alpha LSC. In

determining K from eqn (8) counting efficiency and quench among the group of four

sequential extractions is assumed constant. Small variations in cocktail volume,

solvent volume, and entrained water could result in minor differences in chemical

composition between the "identical extractions". These variations were expected to

effect the beta counting efficiency and beta spectra more than the alpha spectra. The

alpha counting efficiency is expected to remain high and constant among samples

regardless of water carryover or the solvent being evaluated.

Based on Bem et al. (1994), a PDD of 170 was used for all measurements.

Measurement at this relatively high PDD setting insured discrimination of nearly all

beta events and some alpha to produce a "beta-less" alpha spectrum that would be

resistant to variations between the set of four extractions made from a single radon

solution. Energy discrimination was also used in an effort to reduce background and

increase measurement sensitivity. A counting interval of 350 to 850 channels was

used to evaluate the sample and background spectra and determine the net alpha

activity concentration. Samples were counted for four hours or until gross counts were

acquired equivalent to a 2-sigma uncertainty of 5%. The sample vial gross count rate

(cpm) was corrected for background then decay corrected back to a common time,

usually 5 hours after extraction. The natural log of the normalized net count rate

concentration for the sample was calculated and then plotted as a function of the

extraction number. A sample data reduction spreadsheet is provided in the Appendix.
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Results and Discussion

A plot of the sample count rate concentration versus extraction number for a

set of four extractions performed with hexane and cyclohexane is shown in Fig. 4.

The data is well behaved and typical of the linearity observed for all the solvents and

cocktails. The data was fit with a least squares linear regression and the resulting

slope used for determining the value of K.

7 hexane

5
-J

E
E
0.
U

3
C
C

. cyclohexane

cyclohexane
- .1

l')OO + 6.8817
68

slope = -1.1961x + 6. 5623
I R = 0.9995

0

0 1 2 3 4
Extraction

Fig. 4. Multiple extraction plot for hexane and cyclohexane.
The slope of the regression line is proportional to K. The data
fit is typical for all the experiments.

A rigorous sensitivity analysis was not performed on the experimental

variables however several factors were evaluated for their potential affect on the

measurements. Use of eqn (8) to determine K requires accurate knowledge of the
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equilibrating volumes. For the aqueous solution, the determination was straight

forward and was accomplished by weighing the 100 mL flask and septum when empty

and again right prior to injection of the first solvent aliquot. For the solvent, an

average solvent volume obtained from the four solvent additions was required.

Adding the same solvent volume for each extraction was essential and accurate

reproducibility was acquired through sheer repetition. Similarly, solvent recovery

from the aqueous solution was kept high by practice. Solvent recovery was calculated

as the ratio of the radon-laden solvent removed from the volumetric flask to the

volume of solvent that was injected into the flask. Table 1 shows the solvent recovery

for a set of extractions performed with benzene. The relatively low recovery of the

first solvent aliquot is typical for all the solvents and cocktails. The majority of the

unrecovered solvent in the first extraction appeared to remain in the meniscus in the

neck of the volumetric flask. Though immiscible in water, the solvents have a finite

Table 1. Solvent recovery for benzene. Low solvent
recovery in the first extraction is typical for all solvents tested.

Solvent recovery in each extraction (%)
Extraction Sample 1 Sample 2 Sample 3

First 87.9 83.0 86.0
Second 93.0 93.6 95.3

Third 97.7 98.5 94.3
Fourth 96.0 95.1 96.0

solubility which could contribute to low recovery in the first extraction as the solution

is saturated with the organic solvent. From the results the lower solvent recovery of

the initial extraction is not critical to the method.
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A more significant variable in the procedure was thorough solvent dispersion

and adequate mixing time. An implicit assumption of the method is that equilibrium

conditions exist during each extraction. Mixing was enhanced by the presence of a

small air bubble (- 0.3 mL) within the two liquid phases. A bubble helped to initially

disperse the solvent and greatly aided in keeping the solvent thoroughly dispersed

during mixing. Though technically not a true single phase (liquid) two component

(aqueous, organic) system, the effect of this small gas volume was considered minimal

compared to the mixing benefit. Reproducibility of measurements was seriously

affected without keeping a small air volume in solution (data not shown). One

possible remedy is more vigorous shaking of the flask using a wrist shaker rather than

a rotary mixer. The improved mixing and a single liquid phase system must be

weighed against the potential for formation of an organic-water emulsion within the

solution and its potential negative impact on efficient separation of the two phases.

In extracting 222Rn from 0.5 L samples with 20 mL aliquots of toluene,

Blackburn and Al-Masri (1993) determined five minutes for equilibrium extraction at

laboratory temperature. Bem et al. (1994) used a similar mixing time for the same

system. A study was performed to determine the equilibration time required for our

experimental procedure. Fig. 5, showing measured partition coefficients as a function

of mixing time, suggests equilibrium was not achieved in 5 minutes and that greater

contact time is required to attain equilibrium. Based upon the results, the aqueous-

organic extractions were mixed for 15 minutes to insure near equilibrium conditions.
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Fig. 5. Measured radon partition coefficients as a
function of mixing time. Equilibrium partitioning
of radon between the aqueous and solvent phase
was assumed after 15 minutes of mixing.

The literature contains few radon partition coefficients, thus the method was

evaluated using solvents for which radon solubility data exists. Unfortunately, few

radon Ostwald solubility coefficients exist in the literature for use in calculating a

theoretical partition coefficient. A comprehensive data set was compiled by Clever

(1979) and gives Ostwald coefficients for a number of organic compounds and water

at various ionic strengths, along with an evaluation of the data's reliability. Table 2

lists the average measured radon partition coefficients for the pure solvents and

scintillation cocktails, along with the Ostwald solubility coefficients at 20 °C, and their

theoretical radon partition coefficient if applicable. The measured K values for the

five solvents compare favorably with their estimated values, an exception being that

for o-xylene with a 17% relative error. A plot of the K's measured for the five pure
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solvents as a function of their theoretically derived partition coefficients showed good

agreement between measured and theoretical values and a correlation coefficient (R2)

value of 0.95. One possible explanation for the discrepancy in the o-xylene is chemical

Table 2. Measured and estimated theoretical radon partition coefficients for
selected solvents. Measured partition coefficients are an average of two
measurements for the Opti-Fluor 0 and Insta-Fluor and three for all others. The
uncertainty is two times the standard deviation of the average K. The Ostwald
solubility coefficient for water at 20 °C is 0.285. Densitiesy are from the MSDS.

Density Ostwald Theoretical Measured
20°C solubility Partition Partition

Solvent (g/cm3) coefficient Coefficient Coefficient
n-hexane 0.66 16.56 58.1 56.5 ± 2.8
Cyclohexane 0.78 18.04 63.3 61.0±4.0
Toluene 0.87 13.24 46.5 43.6± 1.5
Benzene 0.87 12.82 45.0 42.9 ± 2.9
o-xylene 0.87 12.75 44.7 37.0 ± 0.5
Insta-Fluor (o-xylene) 0.87 -- -- 38.6 ± 2.6
Opti-Fluor 0 (dodecylbenzene) 0.89 -- 35.3 ± 1.6
Ultima Gold F 0.98 -- -- 32.4 ± 1.7
(di-isopropylnaphthalene)

purity. The estimated theoretical value is for a mixture of ortho, meta and para xylene

isomers and ethylbenzene. The value of 39 detennined for the Insta-Fluor, which is

97-99% o-xylene, compares well with that for the o-xylene solvent. Though

structurally similar, it is plausible the xylene isomers and ethyl benzene are physically

different enough that a pure o-xylene solvent has a lower radon partition coefficient

than a xylene isomers mixture. Overall the partition coefficients compare favorably

with those estimated from solubility data.

No Ostwald solubility data exists for the Opti-Fluor 0 and Ultima Gold F

scintillation cocktails. As an informal check, liquid scintillation counting standards
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were prepared in 20 mL glass scintillation vials using 226Ra standard solution to

Ultima Gold F volume ratios of 5:15, 10:10 and 15:5 (mL/mL). Assuming all the

radon enters via the aqueous phase, the fraction of 222 in the cocktail phase once

chemical and radiological equilibrium has been achieved can be expressed as

K
F =C K+(Vs/Vc)+Vg/Vc)(1/Ljj

(9)

where F is the fraction of radon in the cocktail phase, K is the aqueous-cocktail radon

partition coefficient, L is the radon Ostwald solubility coefficient for water, and V,

V, and Vg are the aqueous sample, cocktail, and gas phase volumes respectively.

Values of L range from 0.250 to 0.285 for laboratory temperatures (Clever 1979).
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Fig. 6. Measured activity as a function of the ratio of aqueous sample
to cocktail volume. The solid curve is the theoretical activity expected
in the organic phase due to radon partitioning between the water,
cocktail (UGF) and gas headspace in an LS vial. Data points are the
average of replicate 30 minute counts on duplicate samples. The
combine alpha-beta spectrum was analyzed over 0-2000 channels.
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Fig. 6 shows the measured count rates and the theoretical fraction of 222Rn expected in

the cocktail phase as a result of partitioning, assuming values of 0.285 and 32.4 for L

and K respectively. The agreement between the measured count rates and the

theoretical activity expected in the cocktail as a result of radon partitioning suggests

the value determined for K is accurate.

Conclusion

Few measured partition coefficients have been reported for the partitioning of

dissolved radon gas between aqueous and organic liquids. A multiple extraction

method was used to measure the aqueous-organic partition coefficients for dissolved

radon gas and five solvents and three liquid scintillation cocktails. The method is fast,

taking approximately one hour to complete a set of four extractions, and accurate.

Excellent agreement was obtained between the measured radon partition coefficients

and theoretical partition coefficients estimated from a ratio of Ostwald solubility

coefficients for the solvents and water. Use of a commercial liquid scintillation

analyzer with alpha-beta discrimination provided a stable automated counting

configuration and minimized the possible effect of variations in solvent volume and

entrained water among sequential extractions. The method is amendable to nearly any

liquid hydrocarbon that is insoluble in water. Though the method focused on lighter-

than-water solvents, it could be modified to accommodate solvents with a specific

gravity exceeding one. In such case, extractions might take place using a glass

separatory funnel with the solvent removed from the bottom of the funnel. Many



solvents are more dense than water as a result of halogen functional groups which are

notorious for significantly quenching the light output and hence counting efficiency of

liquid scintillation cocktails. Alpha counting via pulse separation, however, can

minimize this effect. This and a careful balance between the aqueous and organic

volume used might still prove an erstwhile methodology.
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THE EFFECT OF SAMPLE, COCKTAIL AND HEAD SPACE VOLUME
WHEN ANALYZING Rn-222 IN 5 mL SAMPLES BY LIQUID

SCINTILLATION METHODS

Abstract

Radon measurement in aqueous samples is most frequently associated with the

health affects related to waterborne radon's contribution to indoor radon levels.

However, radon is also an excellent natural environmental tracer that has been used for

determining water body mixing, infiltration rates, and monitoring the remediation of

subsurface contamination. The liquid scintillation counting method (LSC) for radon

analysis requires from 10 to 15 mL of sample. In most circumstances, aqueous sample

availability exceeds that required for analysis. There are instances, however, when

aqueous sample volumes of even 10 mL are not feasible. This is often encountered in

bench-scale work where the size of the experimental apparatus is limited or where

sample volumes greater than several mLs would disrupt other measurements. In such

instances it is important that the LSC protocol makes the most efficient use of the

available sample radon. With sample volumes of 5 mL or less, consideration must be

given to the volume of cocktail used and the resulting gas headspace. With too little

cocktail, the vial headspace may become a significant radon sink. Increasing the

cocktail volume minimizes radon loss to the headspace; however the benefit may

come at the expense of a larger instrument background. Few researchers have focused

on optimizing LSC counting conditions when the aqueous sample size is limited to 5.0

mL. Presented in this paper is an investigation into the radon distribution within an
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LSC vial and the effects that sample, cocktail and gas headspace volumes have on the

radon LSC method. The counting efficiency, background count rates and the figure of

merit for traditional and alpha-beta LSC are reported for five sets of 5 mL 222Rn

standards having from 5.0 to 15.0 mL of scintillation cocktail.

Introduction

Aqueous radon measurement is frequently associated with the health concerns

related to direct ingestion of radon or to waterborne radon's contribution to indoor

radon levels (NRC 1998). However, radon's unique chemical properties and its

natural presence in subsurface fluids make it an excellent tracer of hydrologic

processes. Radon has been effectively used as a tracer of water infiltration and

recharge rates (Hamada and Komoe 1998; Snow and Spaulding 1997; Bertin and

Bourg 1994), monitoring water body mixing (Cable et al. 1996), tracing stream flow

paths (Corbett et al. 1997) and most recently for monitoring the remediation of

subsurface nonaqueous phase liquid contamination (Semprini et al. 2000; Semprini et

al. 1998; Hunkeler et al. 1997). In most of these field applications, logistics or

transportation issues, not adequate sample availability, limits sample size. Sample

analysis size can be a limiting factor. Because of its simple preparation methods, low

detection limits and automated analysis, liquid scintillation counting (LSC) is

frequently used for aqueous radon analysis. LSC analysis is limited to the standard 20

mL scintillation vial. The most commonly cited two-phase radon LSC method

requires 10 mL of aqueous sample be injected beneath 10 mL of scintillation cocktail



though 5 mL cocktail and 15 rnL of sample is used in the standard method (APHA

1996). Either ratio reduces the aqueous sample size to between 10 and 15 mL. When

very low concentrations are expected, such as in infiltration rate studies, radon

extraction from samples of up to 1.0 L is used to concentrate the radon (Homada and

Kornoe 1998; Freyer et al. 1997; Bern et al. 1994).

There are instances, however, when aqueous sample volumes of even 10 mL

are not feasible. This is often encountered in bench-scale work where the physical size

of the experimental apparatus is limited, or where sample volumes greater than several

mLs would disrupt representative flow paths or other analytical measurements. One

facet of radon LSC research has been optimizing the volumes of sample and cocktail

in the counting vial in order to achieve the highest counting efficiency while

minimizing background (Mamoon et al. 1996; Lowery 1991). The underlining

assumption has always been the availability of 20 mL or more of aqueous sample.

Few researchers have focused on optimizing LSC counting conditions when the

aqueous sample size is limited to only 5.0 mL. In such instances it is important that

the LSC analysis protocol makes the most efficient use of the available radon. When

small sample volumes are involved consideration must be given to the volume of

cocktail used and the resulting vial headspace. If too little cocktail is utilized, the vial

headspace has the potential to be a significant sink, reducing the amount of radon

extracted into the cocktail and thus available for counting. Increasing the cocktail

volume minimizes radon loss to the vial headspace; however, the benefit of the

increased extraction efficiency may come at the expense of a larger background count



rate. The situation is further complicated when counting radon and its alpha emitting

daughters by employing pulse decay discrimination (PDD). With PDD, separation of

the alpha induced events from the beta also results in separation of the background

into alpha and beta components. The alpha background is typically 2 to 20 times

lower than the total background. In alpha LSC, the reduced alpha background may

more than offset potential increases in background count rates as a result of an

increased cocktail volume. In addition, the optimum pulse decay discriminator setting

and the overall detection efficiency or conversion factor (cpm per pCi) may be

dependent, in part, on the cocktail-sample volumes and the position of the cocktail-air

meniscus relative to the instrument photomultiplier tubes.

Presented in this paper is an investigation into radon distribution within an

LSC vial and the effects that the sample, cocktail and gas headspace volumes have on

the radon LSC method. The counting efficiency, background count rates and figure of

merit (FOM) for traditional and alpha-beta LSC are reported for five sets of 5 mL

222Rn standards having from 5.0 to 15.0 mL of scintillation cocktail.

Background and Theory

With respect to two-phase LSC, radon is unique in that it distributes itself

between the aqueous, organic (cocktail) and gas (headspace) phases within the LSC

vial. When small sample sizes are involved ( 5 mL) in a standard 20 mL LSC vial,

consideration must be given to the volume of cocktail used and the resulting vial

headspace. The distribution of radon between the three phases within a LSC vial can
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be calculated using an activity balance and the known volumes of the three phases.

Assuming all the radon enters via the aqueous phase, the fraction of radon in the

cocktail phase once chemical equilibrium has been achieved can be expressed as:

K
F

[K + (v, /v )+ (v /v XH)1
(10)

where F is the fraction of radon in the cocktail phase, K is the aqueous-organic radon

partition coefficient (dimensionless), H the air:water partition coefficient (also the

inverse of the Ostwald solubility coefficient, L) for radon, and V, V, and V, are the

sample, cocktail, and vial void (gas) phase volumes (mL) respectively. In a similar

manner, the fraction of radon in the vial void or headspace, F, can be expressed as:

H
F=

{H+(v/v)+(v/v)KJ
(11)

Values of H typically range from 3.5 to 4.5 Ostwald solubility coefficients of 0.225

to 0.285 and are dependant on the ionic strength and temperature of the water (Lewis

et al. 1987; Clever 1979). The magnitude of the aqueous-organic radon partition

coefficient K is dependent on the base solvent used in the scintillation cocktail.

Reported values range from 45 for toluene based scintillation cocktails (Prichard and

Gesell 1977) to 23 for a high efficiency mineral oil (long chained aliphatic

hydrocarbons and psuedocumene) cocktail (Lowery 1991). A value of 32 at

approximately 20 °C was measured in our laboratory for an 'environmentally friendly'

scintillation cocktail based on di-isoproplynaphthalene (Cantaloub et al. 1997). Using

eqns (10) and (11), and values for K and H, the fraction of radon in the cocktail,

headspace and aqueous phases can be determined for any sample:cocktail ratio. Fig. 7
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shows the radon fraction in the gas and cocktail phases as a function of the sample to

cocktail volume ratio for 5.0 mL of sample and from 5 to 15 mL of scintillation

Volume of Cocktail, mL
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Fig. 7. Theoretical distribution of radon between the cocktail and
gas phases in a 20 mL LSC vial. The curve assumes 23.5 mL
total vial volume and values of 32 and 4 for K and H respectively.

cocktail. The curve was developed assuming a total vial volume of 23.5 mL and

values of 34 and 4 for K and H respectively. As the curve demonstrates, with a low

cocktail volume the gas headspace becomes a significant radon sink. With 5.0 mL of

cocktail, nearly 25% of the radon can be expected to occupy the 13.5 mL void space

above the cocktail. As cocktail volume increases more radon resides within the

cocktail until at a cocktail volume of 15 mL, more than 95% of the radon is expected
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expected in the cocktail phase. No more than 2% of the radon would be predicted to

remain in the aqueous phase for any cocktail-headspace combination. This is

anticipated with the low 5.0 mE sample volume and the highly polar aqueous

environment being the least preferred phase for the non-polar radon atom. While Fig.

7 suggests that minimizing the headspace radon sink is the most efficient sample to

cocktail ratio, no conclusions as to the actual measurement efficiency or background

count rates are possible. One expects the larger cocktail volume acting essentially as a

larger detector, results in larger background count rates (Arcos and Barquero 1995).

However until measurements are performed, it is not certain how large an effect an

increased background will be to the overall method sensitivity.

Materials and Methods

Standard and background vials were prepared with cocktail volumes of 5.0,

7.5, 10.0, 12.5 and 15.0 mL floating on top of 5.0 mL of aqueous sample. Radioactive

standards were prepared by transferring 5.0 mL of a NIST traceable aqueous 226RaCl2

solution into pre-weighed 20 mL glass scintillation vials followed by the appropriate

volume of a di-isopropylnaphthalene based liquid scintillation cocktail (Ultima Gold

F, Packard Instrument Company). The 226Ra solution activity was 100.2 ± 1.2 dpm/mL

and contained 20 ppm BaNO3 carrier and 0.5 M HC1. Background counting vials were

prepared in an identical manner from a de-ionized water solution prepared to a similar

ionic and acidic strength. Five standards and five matching background vials were

prepared at each cocktail volume (Table 3). Auto-pipettes were used for all liquid
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transfers, however sample and cocktail volumes were determined by mass difference

using a Mettler Type H6T analytical balance and the appropriate density. Once

completed, the vials were capped with white urea, polycone lined caps and placed in a

laboratory refrigerator to reach chemical and radiological equilibrium. None of the

vials were shaken.

Table 3. Average liquid volume and sample activity for the five cocktail
sets. Alpha sample alpha activity is the supported 222Rn in equilibrium with
218Po and 214Po daughters; total sample activity includes 214Pb and 214Bi.

Aqueous Cocktail Total Sample Alpha
Sample to Volume Volume Activity Activity

Cocktail Set (ml ± 2) (ml ± 2) (dpm ± 2) (dpm a ±2)
5-5.0 5.07±0.01 4.94±0.11 2538±3 1523±2

5-5.0 bkgd 5.04 ± 0.03 4.99 ± 0.09
5-7.5 5.06 ± 0.01 7.44 ± 0.04 2535 ± 2 1521 ± 1

5-7.5 bkgd 5.03 ± 0.02 7.43 ± 0.03
5-10.0 5.06 ± 0.02 9.94 ± 0.03 2535 ± 5 1521 ± 3

5-10.0 bkgd 5.03 ± 0.01 9.94 ± 0.04
5-12.5 5.06±0.02 12.43±0.04 2538±7 1523±4

5-12.5bkgd 5.02 ±0.01 12.44 ±0.04
5-15.0 5.06 ± 0.01 14.89 ± 0.06 2533 ± 2 1520 ± 1

5-15.0 bkad 5.02 ± 0.02 14.88 ± 0.04

After sufficient time for equilibration the vials were counted on a Packard Tn-

Carb® 2500 TR/AB liquid scintillation analyzer having an attached chill unit

operating at 15 °C. The liquid scintillation analyzer has the option for counting

samples in the traditional mode or in the alpha-beta mode using pulse decay

discrimination (PDD). In traditional mode, all scintillation events are combined into a

single spectrum. Alpha-beta mode takes advantage of the fact that alpha induced



34

scintillation's differ physically from beta induced events, hi alpha-beta mode,

scintillation events are classified as either alpha or beta based upon the lifetime of the

negative pulse produced at the photo-multiplier tube (PMT). PMT pulses decaying

prior to the selectable pulse decay discriminator setting, are classified beta while those

present after the PDD are classified alpha. Each is collected into separate alpha and

beta multi-channel analyzers (MCAs).

The five 226Ra supported 222Rn and five background vials in each set were

counted in a single rack in alternating positions (odd-background; even-standards) to

better estimate the background over the sample counting interval. The samples were

allowed a minimum of three days temperature equilibration on the detector deck

following transfer from the refrigerator, and an additional 5 minutes for dark

adaptation. Sample quench was monitored for 60 seconds using the instrument's

external standard tSIE quench parameter. The cocktail sets were counted in the alpha-

beta mode at 17 PDD settings over a range of 100 to 200. Background samples were

counted for 60 minutes while the 222Rn standards were counted for 60 minutes or until

a 2 relative uncertainty of 1% was reached in the alpha MCA. Alpha and beta MCA

spectra from 0 2000 channels were saved for each sample and transfened to a

personal computer for analysis. The spectra were converted to cpm per channel from

which a five-vial average spectrum for the background vials and the 222Rn samples

was created.
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Results and Discussion

Radium-226 supported 222 standards provide for a long-lived radon counting

standard. Once in equilibrium, the cocktail phase contains 222 and its next four

progeny all in secular equilibrium with the 226Ra parent which remains in solution. A

total of five decay particles are available for counting; the three alphas of 222 (6.0

MeV), 218Po (6.5 MeV) and 214Po (7.4 MeV), and two energetic beta with various

endpoints (214Pb and 214Bi).

LSC is known for a nearly 100% counting efficiency of alpha particles and

energetic beta particles. Assuming all the decay particles interacting in the cocktail are

counted with 100% efficiency, the net count rate recorded in both the alpha and beta

MCAs from 0-2 000 channels should be an accurate reflection of the radon distribution

between the cocktail, water, and gas phases. Fig. 8 shows the average measured

sample efficiency (cpmldpm) for each cocktail set plotted with the theoretical radon

partition curve from eqn (10). The data shows good agreement for the 15.0 and 12.5

cocktail volume samples, however, the measured counting efficiencies for the 10.0,

7.5, and 5.0 mL are greater than partitioning alone predicts. One possible explanation

is the magnitude of the aqueous-organic radon partition coefficient. A value of 50 for

K fits the 5.0, 7.5, and 10.0 data better, but results in the 15.0 and 12.5 mL

measurements being below the predicted values. A partition coefficient of 50,

however, for the di-isopropylnaphthalene solvent is not consistent with previous

research (Cantaloub et al. 1997). As the samples were counted at approximately 15 °C

and the value of 32 was measured at 20 °C, a K of 36 or 40 may be warranted
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Fig. 8. Measurement efficiency as a function of cocktail volume.
Measured points are the average for five samples measured 18 times.
Solid data points represent measured efficiencies while hollow date
points the same values corrected for air luminescence. The
theoretical Rn fraction assumes values of 32 and 0.225 for K and H
respectively.

A second possibility is interaction of the gas phase 222Rn and daughters with

the liquid scintillation cocktail. Prichard and Gesell (1977) assumed 25% of the gas

phase radionuclides contributed to the observed count rate by interacting at the

cocktail-air meniscus. Murase et al. (1989) reported a counting efficiency of 42% for

radon and its daughters in an empty LS vial as a result of air luminescence. Both

imply that when a large headspace volume exists in the vial the measured count rates

reflect both the radionuclides in the cocktail phase and some of the 222Rn and

daughters within the headspace. The fraction of radon in the gas phase for each
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sample:cocktail volume ratio can be calculated from eqn (11). If the 222Rn and

daughter decay particles are counted with 42% efficiency, then a 'cocktail only'

corrected sample count rate and efficiency can be determined as:

CPfllCOeCted = CPfllmeaSUred O.42F dpm (12)

cpmmeasured 0.42F dpm cpmfl,easuredefficiency = 0.42F (13)
dpmSd dpmSd

where cpmmeasured is the measured net count rate, dpmd is the calculated disintegration

rate for radon and its daughters in the standard, and F is the fraction of radon expected

in the vial headspace. The air luminescence adjusted values of eqn (13) are plotted as

open data points in Fig 8 and agree well with the theoretical radon distribution

expected in the vial as a result of partitioning. Even with air luminescence, the data

clearly demonstrates the increase in sample counting efficiency as the vial void is

filled with cocktail. The larger sample counting efficiency doesn't necessarily make

for the most sensitive protocol. The signal to noise ratio or figure of merit (FOM) is

frequently used in comparing radiation measurements system and is defined as:

[(cpmmeasured /dpmSd ). i00JFOM= (14)
bkgd

where bkgd is the background count rate in cpm calculated over the same channel

interval as the efficiency. Table 4 shows the 0-2000 channel full energy spectrum and

the energy window optimized background count rate, sample counting efficiency and

FOM for each sample:cocktail set for traditional LSC. The FOM is roughly the same

for each cocktail set when analyzed in the full open window. While the increased

cocktail volume raises the overall sample counting efficiency, the additional cocktail



also increases the background counting rate though not as much as might be

anticipated. A three-fold increase in cocktail volume from 5.0 to 15.0 mL resulted in a

background count rate increase of roughly 5 cpm from 32.3 cpm to 38.4 cpm in the

Table 4. Average background, sample counting effleincy, and FOM for the
five cocktail sets. Each value is the average of 17 measuresments for the
five vials analyzed in the traditional LSC mode.

Full Window Optimized Window
0-2000 channel 150-700 channels

Bkgd Efficiency FOM Bkgd Efficiency FOM
Set (cpm) (cpm/dpm) (cpm) (cpmldpm)
5.0 32.26 0.84 219 2.84 0.61 1310
7.5 34.08 0.89 232 3.52 0.60 1023

10.0 35.63 0.92 238 4.10 0.60 880
12.5 36.36 0.93 238 4.74 0.60 843
15.0 38.38 0.95 235 5.27 0.66 817

full open window. When energy discrimination is applied, a more pronounced

correlation between cocktail volume and background is evident. The 5.0 mL cocktail

samples have a background count rate approximately two times lower than the 15.0

mL sample. The higher FOM for the lower volume cocktails is due almost solely to

background. Though the low cocktail samples had a substantial increase in sample

efficiency due to air luminescence, these counts occur in a low energy range of less

than 18 keY and are excluded in the energy optimized window of 150 to 700 channels.

Overall, the 5 mL cocktail and 5 mL of aqueous sample and the lower total sample

counting efficiency that results from radon partitioning into the vial headspace is

compensated for by lower background count rates and a higher figure of merit when

energy discrimination is utilized.
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As mentioned previously, in the alpha-beta count mode, pulses at the PMT are

separated into separate MCAs depending upon the pulse duration and the selectable

PDD setting. This not only separates true alpha and beta events, but also separates the

background into alpha and beta components with the alpha background being up to a

factor of 40 times lower than the beta background. Fig. 9 shows the alpha

backgrounds as a function of cocktail volume over a range of PDD settings. Again, a
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Fig. 9. The alpha MCA background as a function of cocktail
volume and PDD. Each datum is the average of 5 samples
counted for 60 minutes and evaluated from 0-2000 channels.

strictly proportional relationship between cocktail volume and background is not

evident, but a linear relationship between the two exists at all PDD settings. As PDD

increases, not only does the magnitude of the alpha background count rate decrease,

but the difference between background count rates for each sample set also becomes



smaller. Overall, the magnitude of the alpha background is significantly lower than

the background. This background reduction is one of the key benefits in performing

radon LSC with pulse decay discrimination.

The optimum PDD setting for a given sample depends upon the cocktail

solvent and overall sample chemistry. With a mixed alpha-beta sample such as 222Rn,

the optimum PDD setting can be determined by plotting the alpha MCA counting

efficiency as a function of PDD setting. The mixed 222 sample contains three alpha

emitters and two beta emitters. At the optimum separation, 60% of the acquired signal
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Fig. 10. Alpha MCA efficiency as a function of PDD setting.
Each datum is the average of five samples counted to a 2
relative uncertainty of 1% or 60 minutes. Data evaluated from 0-
2000 channels.

should reside in the alpha MCA and 40% in the beta MCA. Fig. 10 shows the alpha

counting efficiency as a function of PDD setting for each of the five sample:cocktail
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sets. The shape of the curves is primarily a function of the cocktail solvent and is

consistent between the different volume sets and with previously published curves for

this solvent (Spaulding and Noakes 1993). All the samples show a slight 'plateau'

where changes in alpha separation efficiency are relatively small indicating a fairly

stable system. The optimum separation PDD value is almost identical at a value of

130 for each set, the exception being the 5 mL sample which has a slightly lower

optimum PDD setting of 125. Overall, cocktail volume had little affect on PDD. This

is consistent with the fact that sample chemistry plays a more significant role in pulse

separation. In the two-phase radon LSC method, many compounds which might effect

cocktail chemistry remain in solution leaving the cocktail relatively pure and

unaffected. Slight differences in optimum PDD are likely attributable to the position

of the cocktail volume in relation to the PMT tube. In determining the optimum PDD

setting for radon in the above manner, it must be remembered that the optimum PDD

setting is only an approximation since even with a 60%:40% separation of pulses, it is

not possible to determine how many of the alpha MCA events are actually due to

misclassified beta events and vice a versa.

As was the case with the combined alpha and beta spectrum analysis, the lower

cocktail volume samples provide a higher FOM. The difference in backgrounds and

FOM between the traditional LSC and alpha LSC is clearly evident in the data of

Table 5 which shows the full open and optimized energy window FOMs for the

cocktail sets. The advantage of pulse decay discrimination is clearly evident with the
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Table 5. Average figure of merit for each cocktail set at selected
PDDs. Open window is 0 2000 channels. Optimum window varies
for each sample but is generally between 150 and 700 channels.

PDD-140 PDD-160 PDD-180
Set ODen Ontimum ODen Ontimum Onen ODtimum
5.0 2567 21080 6602 50412 10062 75572
7.5 3525 17444 5662 28150 5270 42624
10.0 3469 16025 4843 22757 4603 26306
12.5 3099 14270 4611 18604 3999 22304
15.0 2816 11756 3741 15189 3803 16723

full open window FOM at each PDD setting nearly a factor of 3 greater than the

energy window optimized values from the combined alphabeta spectrum. At a PDD

of 140, the alpha separation efficiency is approximately 58% while at 160 the 50%

alpha separation results in a nearly 'pure' alpha MCA spectrum. With the higher PDD

setting an increasing number of true alpha events are misclassified as beta. The result

are FOMs ranging from 15,000 to 50,000 with an energy window optimized counting

efficiency of approximately 60%.

Conclusion

When analyzing for radon in small volume aqueous samples by LSC methods,

the distribution of radon between the cocktail, aqueous sample and gas headspace

phases must be considered. The interaction of headspace radon causes an increase in

the measured counting efficiency over that predicted by partitioning theory when the

vial headspace volume is large. Though overall sample counting efficiency increases

with increasing cocktail volume, use of 5.0 mL of cocktail with 5.0 mL aqueous
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samples resulted in the most sensitive analysis protocol in both traditional LSC and

radon alpha LSC with pulse decay discrimination. The decreased performance with

increasing cocktail volume, as indicated by the FOM, is directly linked to background.

In traditional LSC, energy optimized FOMs ranged from approximately 1300 for 5 mL

of cocktail atop 5 niL of sample, to around 820 for 15 mL of cocktail. In alpha LSC at

a PDD of 160, FOMs ranged from approximately 50000 to 15000 for 5 mL and 15 mL

of cocktail respectively. In all cases, using a smaller cocktail volume resulted in a

more sensitive counting protocol.
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SUMMARY

Of all the radioisotopes that contribute to natural background radiation, radon

presents the largest risk to human health (NRC 1998). At the same time. radon

possesses unique physical and chemical properties that make it an excellent tracer of

environmental processess. One active area of radon research ongoing at Oregon State

University is the use of radon as a partitioning tracer for the detection and monitoring

of subsurface organic contamination such as from fuel oils and solvents.

Understanding radon's partitioning behavior is a key step in its use as a partitioning

tracer. The method developed for measuring aqueous-organic radon partition

coefficients is both fast and accurate. The measured partition coefficients compared

quite favorably with theoretically derived values. Though applied only to solvents

which were less dense than water, it is easily amendable to working with solvents that

are more dense than water. Many of the solvents of environmental significance are

more dense than wate as a result of chlorine functional groups which are significant

quenching agents. A careful balance of solvent and cocktail volumes along with the

use alpha liquid scintillation counting should allow the determination of partition

coefficients for these compounds.

Ironically, radon's behavior in its application as a partitioning tracer is identical

to its behavior during analysis by liquid scintillation methods.. The LSC method for

radon analysis depends on radon partitioning. As an analyte in the LSC method, 222Rn

is unique in that it distributes itself between the aqueous, organic, and gas headspace

phases contained in a liquid scintillation vial. Understanding radon partitioning
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between the aqueous, organic and gas phases in the subsurface and within the liquid

scintillation vial is important. Consideration of 222 partitioning between the three

phases within an LSC vial is crucial to developing the most efficient measurement

protocol especially when small volume samples are involved such as with bench scale

work. Though radon LSC can be performed without knowledge of radon partitioning,

knowing the partition coefficients allows better understanding of the process and the

insight into optimizing the analysis.
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APPENDIX: DATA REDUCTION SPREADSHEET

Title Radon Extractions 13 Mar97
PLirpose: Extractions of Radium standards: Ru

Mixed 30 seconds by hand, 15 minutes by machine

Extracted with o-xylene Counted in 10 mIs UGF
Pre-Extractioii Data

SN,1 = Sample number, extraction number Extrantant o-xylene
Da Ta = Date and time extract added ME Mass of extractant added
M8' = Mass of standard before extractant added p E = Extractantdensity (g/ml) = 0.87

= Mass of standard after extractant added
SN Da Ta M5' Error M' M8F Error MSF ME Error ME
(#) m/d/y h:m:s (gram) (gram) (gram) (gram) (gram) (gram)

P11,1 03/13/19977:25 188480.05 172.47 0.05 3.99 0.071
Ru ,2 03/13/1997 7:45 188.85 0.05 172.53 0.05 3.58 0.071
R113 03/13/1997804 18883005 17237005 3540071
R11,4 03/13/19978:24 168940.05 172.53 0.05 3.59 0.071

Volume of Standard for Equilibration
SN M std (empty) Error M Mstd (Full) Error M (Equlib)) Error Vol std Error

(gram) (gram) (gram) (gram) (gram) (gram) (ml) (ml)
Rh 67.02 0.05 172.41 0.05 168.15 0.050 101.13 0.071

Post Extraction Data
SN,1 = Sample number, extraction number MvF = Mass of LSC vial final

De Te = Date and time sample extracted ME v = Mass of extractant added to vial
Mj = Mass of LSC vial initial ME Check = ext. mass via vol. flask mass differences

SN De Te M') Abs Error MvF Abs Error ME v Abs Error ME Check
(#) m/d/y h m s (gram) (± gram) (gram) (± gram) (gram) (± gram) (gram)

P11,1 03/13/1997 7:43 25.97 0.05 29.48 0.05 3.51 0.071 3.82
P11,2 03/13/19978:03 25.23 0.05 29.84 0.05 3.61 0.071 3.70
P113 03/13/1997823 2624 005 2956 005 332 0071 343
P11,4 03/13/1997 8:42 25.98 0.05 29.41 0.05 3.43 0.071 3.55

Extraction Summary
VE (eq) = Volume of extractant equilibrated ER = Extraction recovery = V(rec)N(eq)
YE (rec) = Volume of extractant recovered VE(rec)NE(eq) =

SN V (eq) Abs Error V(rec) Abs Error ER(%) VeqNrec Error
(ml) (± ml) (ml) (±ml) (%) (ml) (± ml)

P11,1 4.586 0.081 4.03 0.081 88.0% 1.14 0.031
P11,2 4.230 0.081 4.15 0.081 98.1% 1.02 0.028
P11 ,3 4.089 0.081 3.82 0.081 93.8% 1.07 0.031
R11,4 4.125 0.081 3.94 0.081 95.5% 1.05 0.030

Average 4.253 3.986
Std 0ev 0.232 0.141

4.253 ml ± 0.232 Average VolUme Extractaiit
101.13 ml ± 0.07 Volume of Standaid Equilibrated



52

Title: Radon Extractions 13-Mar-97

Counting Data
SN = Sample or Standard Number Cbkgd = Background Count Rate (cpm) 11.46
Dc Tc = Date and Time sample aquired Error Cbkgd = %2 sigma error in count rate 1.01
Ct = Sample count time Tbkgd Time background counted (mm) 2251
Te = Elapsed Time C net = Net Count Rate of sample
Cm = Measured sample count Co = Decay Corrected Net Count Rate (min 300
Error = 2 sigma error of count rate in region [Co] = Activity Concentration
Quench tSIE instrument quench idication

Counting Interval 200-850
PDD 170

First Count
SN Dc Tc Ct Te Cm Error C net Error Cnet Quench

m/d/y h:m:s (mm) (mm) (cpm) (%2 a) (cpm) (%2 a) tSIE
R11,1 03/13/1997 13:37 716 350.420 1320.67 2.06 1303.213 2.084 739.43
R11,2 03/13/199714:06 17.52 354.240 537.25 2.05 619.789 2.119 735.59
P113 03/13/1997 15 02 4524 376380 20842 206 190964 2250 74217
P11,4 03/13/199716:58 102.45 444.775 94.54 2.03 77.086 2.503 727.64

736.183

SN Co Error Co [Co] Error [Co] ln[CoJ E ln[Co]
(5 hours) (%2 a) (cpm/ml) (cpm/ml) ln(cpm/mI)

R11,1 1312 2.084 325.077 9.423 5.78 2.9%
P112 523 2119 126127 3639 484 29%
P11,3 193 2.250 50.526 1.585 3.92 3.1%
R11,4 79 2.503 19.912 0.646 2.99 3.2%

From Least Squares Linear Regression
Value Error

M = Slope ln[Vw/(K\/o +Vw)] -0.9293 0.004217
X exp(M)Vw/(KV0 +Vw)= 0.394832 0.001665
K= (VwNo)(1I(- 1) = 36.44695 2.0
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Title: Radon Extiactions
Purpose: Extractions of Radium standaids

Plot Data and Regiession for First Count of Ru
Extraction

1 5.78 5.78
2 4.04 4.84
3 3.92 3.92

4 2.99 2.99

SUMMARY OUTPUT

Regression Statistics
Multiple P 0.999979409
P Square 0.999958818
Adjusted F 0.999938228
Standard E 0.009429407
Observatio 4

ANOVA
df 55 MS F 'gnificance F

Regressior 1 4.317946103 4.317946 48563.33 2.06E-05
Residual 2 0.000177827 fl.09E-05
Total 3 4.318123931

Coefficients Standard Error t Stat P-value Lor 95% Upper 95%.ower 95. O°Apper 95. 091
Intercept 6.707033337 0.011548618 580.765 2.96E-06 6.657344 6.756723 6.657344 6.756723
XVariable -0.929295013 0.004216959 -220.371 2.06E-05 -0.94744 -0.91115 -0.94744 -0.91115




