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Abstract A simple method for the determination of the

air–water partition coefficient (Kair/water) of radon (Rn-222)

was studied using a liquid scintillation counter. In the

present work, the radon activity of groundwater phase in a

closed container was measured and used to calculate the

partition coefficient instead of the radon activity of gaseous

phase in other works. The partition coefficient was deter-

mined for four groundwater samples by using a modified

equilibrium partition coefficient in closed system method.

The effect of temperature on the partition coefficient was

investigated at 0, 10, 20 and 30 �C. Within the temperature

range, the partition coefficients were 1.72–2.03, 2.11–2.28,

2.78–3.92 and 4.93–5.61 at 0, 10, 20, and 30 �C, respec-

tively. It was found that the effect of temperature on the

air–water partition coefficient of groundwater radon was

agreed well with literature values.
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Introduction

Emanation of radon and its entry into buildings have been

of serious concern to public health over the last decades.

Exposure to radon gas is one of the greatest health concerns

related to naturally occurring radioactivity [1]. The

principal health hazard associated with radon is due its short-

lived daughter products [2]. The Environmental Protection

Agency (EPA) has estimated that 20,000 lung cancer deaths

per year may be related to radon exposure [3]. Overall, as a

global average, at least 80% of the radon emitted into the

atmosphere comes from the top layer of ground [4]. The

second most important contributor to outdoor radon is

emanation from groundwater sources. The concentration of

radon in groundwater or well water depends strongly on the

character of the host rock. Because of the solubility of radon

in water, very high levels of radon can occur even at the hot

water [5]. Groundwater is one of the main sources of indoor

radon. When radon containing groundwater was used for

domestic purpose, the radon can be released into living

space. Inhalation of indoor radon leads to deposition of its

decay products such as Po-218, Po-214 on the walls of the

lung, especially in the bronchial region. In the decay of these

atoms, alpha particles are emitted which irradiate the cells of

the lung tissue through which they pass. These irradiated

cells may become cancerous. The adverse health effects of

groundwater radon are largely due to the transfer of radon to

indoor air, where it decays and its short lived radioactive

daughters inhaled, rather than from direct ingestion. Thus it

is important to know the contribution which radon in

groundwater of a given building makes to the radon con-

centration in indoor air [6].

The partition coefficient relating air and aqueous con-

centrations of a volatile substance is commonly referred to

as Henry’s law constant (H) [7]. In general, H is a ratio of

vapor pressure and solubility in a vapor–liquid equilibrium

state at a certain temperature. H is usually expressed as a

dimensionless form and also called an air–liquid partition

coefficient in the environmental literature: H = Ca/Cl,

where Ca and Cl are the gas- and aqueous-phase concen-

trations (mg/L) of volatile organic compound (VOC),
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respectively [8]. Additionally, air- water partition coeffi-

cient of radon in groundwater allow for its use as naturally

occurring aqueous tracers. Respective approaches have

been described for several fields of hydrology [9–14].

Several methods are applied to study the air–water parti-

tioning [15]. Radon partition coefficients are well known

for a wide range of pure substances, few reliable data is

available on radon partitioning into complex materials like

groundwater having various impurities.

In the present work, a modified equilibrium partitioning

in closed system (mEPICS) [7, 8, 16, 17] was improved to

estimate radon partitioning between groundwater and

atmosphere by a LSC (ultra-low-background Wallac 1220

QuantulusTM, Perkin Elmer Co.). To evaluate improved

method, four groundwater samples having high radon

activity were examined at 0, 10, 20, and 30 �C. And then

the relationship between temperature and the coefficient

was compared with literature values.

Experimental

Groundwater samples were taken from four groundwater

facilities having high radon activity. 8 mL of each

groundwater sample was transferred into 22 mL counting

vial having 12 mL of cocktail solution (Optiphase Hisafe

3) to measure the activity of radon by the LSC. Each of the

groundwater was sampled into two 1 L high density

polyethylene bottles without headspace. One bottle was

stored at 4 �C in a refrigerator before use. Another was

transferred into 2 L of glass beaker and boiled for 30 min

followed by purged with argon gas for 10 min with

300 mL/min flow rate. By the boiling and purging treat-

ments, more than 95% of radon was removed from the

groundwater. Activity of Rn-222 in the groundwater was

measured by the LSC. Activity of radon in groundwater

were 10,800 pCi/L for groundwater 1 (GW1), 4,700 pCi/L

for groundwater 2 (GW2), 5,600 pCi/L for groundwater 3

(GW3) and 8,500 pCi/L for groundwater 4 (GW4).

For each groundwater, eight 125 mL serum bottles were

used. Four serum bottles contained 10 mL of boiled

groundwater and 10 mL of untreated groundwater, the

other four serum bottles contained 50 mL of boiled

groundwater and 10 mL of untreated groundwater. The

bottle was sealed with silicon septum and aluminum crimp

cap. The serum bottles were then incubated for 24 h at each

of the temperatures (0, 10, 20, and 30 �C). The bottles were

in inverted position on bottle rack to prevent the leakage of

radon through the septa. At the end of the incubation, 8 mL

of groundwater phase was sampled from the bottles and

transferred into the counting vial containing 12 mL of

cocktail solution. Groundwater phase transferred and the

volume of serum bottle was determined gravimetrically.

The counting vial was shaken for 3 h in upside down

position to dissolve radon into the cocktail solution and to

equilibrate between Rn-222 and its progenies. The radon

activity concentration was then measured by the LSC.

Results and discussion

Air–water partition coefficient of groundwater radon

Several methods are applied to study the air–water parti-

tioning. In the EPICS-method two bottles, into which an

equal mass of VOC is added, but different gas water vol-

ume ratio, are incubated. The air–water partition coefficient

is calculated from measurement of the headspace concen-

tration ratio [7, 16]. The original EPICS procedure is based

upon the addition of equal masses of a volatile solute to

two sealed serum bottles that are identical in all respects

except one: they possess differing groundwater volumes.

The limiting precision was said to be that associated with

attempted delivery of equal solute masses to the bottle

pairs. The original EPICS formulation is modified in an

attempt to improve precision by Gossett [7]. In essence, the

assumption of equal solute masses in the individual bottles

comprising an EPICS system is eliminated. Instead, dif-

ferences in mass due to imperfect, volumetric additions are

accounted for through gravimetric means. Several authors

used this modified EPICS (mEPICS) in measuring Henry’s

law constant (H) for various VOCs [8, 16, 17]. Headspace

concentration of VOC was used for estimation of the H in

their work.

In the present work, radon activity of groundwater

phase, instead of that of gaseous phase was used to cal-

culate the air–water partition coefficient (Kair/water) of

groundwater radon. The total activity (Bq) of Rn-222 (M)

transferred into a serum bottle will be partitioned at equi-

librium according to

M ¼ CwVw þ CgVg ¼ CwVw þ Kair=water � CwVg

¼ CwðKair=water � Vg þ VwÞ ð1Þ

where Cw and Cg are radon activity (Bq/L) in groundwater

and gaseous phases, respectively. Vw and Vg are the

volume of groundwater and gaseous phases in the serum

bottle (L). Kair/water is the air–water partition coefficient of

radon (Kair/water = Cg/Cw, dimensionless). If two bottles are

prepared with differing groundwater volumes, Vw1 and Vw2

then Eq. 1 will hold for each, and we may write

M1 ¼ Cw1ðKair=water � Vg1 þ Vw1Þ ð2Þ

M2 ¼ Cw2ðKair=water � Vg2 þ Vw2Þ ð3Þ

By dividing Eq. 2 by M1 and Eq. 3 by M2 and if
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r =
Cw1=M1

Cw2=M2

ð4Þ

then obtains for Kair/water

Kair=water ¼
Vw2 � rVw1

rVg1 � Vg2

ð5Þ

Knowing the volumes (L) Vw1, Vw2, Vg1, Vg2 and the total

activities (Bq) of the radon M1, M2 by weighing the

transferred groundwater and by measuring the activity (Bq/

L) of radon in groundwater phase, Kair/water can be calculated

using the ratio of Cw1 and Cw2 instead of the absolute radon

activity. The overall error of Cw was 6.1 ± 1.7%. In most

physical and chemical experiments, gravimetric measure is

more precise than volumetric measure. Additionally,

groundwater phase was measured to calculate Kair/water in

this study, instead of gaseous phase in the numerous studies.

Table 1 shows radon partition coefficient between

groundwater and atmosphere at 0–30 �C.

Effect of temperature on air–water partitioning

of groundwater radon

The partitioning of radon between air and water is a

function of temperature. The temperature dependence of

air–water partitioning of radon has been well modeled with

the following equation [1]

1

Kair=water

¼ 0:105þ 0:405 � eð�0:0502TÞ ð6Þ

where T is the temperature in �C. With increasing temper-

atures the quantity of radon soluble in water decrease, i.e.

the partition coefficient raises. Fig. 1 illustrates the influ-

ence of the temperature on the partition coefficient of the

radon of groundwater with that of distilled water calculated

by Eq. 6. As can be seen, Kair/water increases exponentially

with increasing temperature. The results are agreed well

with the reference value [1, 15] for distilled water.

Conclusions

A further development of the EPICS method in order to

measure air–water portion coefficient (Kair/water) of

groundwater radon was conducted by using a liquid

scintillation counting method. Activity of radon in

groundwater phase instead of gaseous phase was used to

estimate the coefficient of groundwater radon. The tem-

perature relationship upon the coefficient of groundwater

radon was well agreed with literature value. The results

show that air–water partitioning coefficient of groundwater

radon can be simply calculated using the activity ratio

between two serum bottles instead of the absolute radon

activity.
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