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Abstract The aim of this study was to develop the

methodology for collection and analysis of radon from a

natural gas pipeline. Activated charcoal was used as col-

lection media. Two methods were designed for collecting

radon gas samples from onshore and offshore production

sites. For onshore sites a continuous gas sampling method

from the pipeline was developed. In case of offshore sites,

a batch sampling method was designed. Gamma spec-

troscopy was utilized to determine the concentration of

radon by analysis of radon daughters on the charcoal.
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Introduction

The radionuclides identified in oil and gas streams belong

to the decay chains of the naturally occurring primordial

radionuclides 238U and 232Th. These parent radionuclides

have very long half-lives and are ubiquitous in the earth’s

crust with activity concentrations that vary depending on

rock type. Radioactive decay of 238U and 232Th produces

several series of daughter radioisotopes of different ele-

ments that have different physical characteristics such as

the half-lives, modes of decay, and types and energies of

the emitted radiation [1–3].

Radon (Rn) is a radioactive noble gas that occurs in the

uranium and thorium decay series (222Rn for uranium

series and 220Rn for thorium series). It is chemically inert

and is preferentially partitioned into a gas phase relative to

water [4]. 222Rn, which is one of the important radionu-

clides in the 238U decay chain, forms directly from the

alpha decay of 226Ra. This radioactive gas has a half-life of

3.8 days, making it the most likely radon source for

exposure of the general public. Since radon is an inert

radioactive gas, it does not react chemically with other

elements. The burning process will not cause the radon to

oxidized or change its form or radioactivity. Moreover if

the gas is inhaled, it will mostly be exhaled out of the body

without causing direct health effect. Nevertheless, the

hazard of radon comes from its radioactive decay products

such as polonium, bismuth, and lead. These products are

solid and fine radioactive particles that once inhaled may

reside within the lung. In the petroleum industry, it has

been known for over 40 years that radon (222Rn), a

radioactive gas, is present in natural gas [5–7]. There were

some studies that have potential effect to the human. The

issue of radon has gained increasing interest after Res-

nikoff reported possible human exposure to radon in the

natural gas used in household settings [8]. In this study,

radon at the wellhead could be transported through a nat-

ural gas pipeline to the gas distribution centers and then to

households if distance between the source and the user

point is not too far.

Since radon is a decay product of 226Ra, typically, to

calculate radon levels it is necessary to know the concen-

trations of 226Ra [8, 9]. As the commercially available

automated radon-in-air analyzer cannot be directly

employed for measurement of radon inside the natural gas

pipeline because its detector and other components are

sensitive to hydrocarbon which is the main composition of

natural gas. This research therefore aims to develop method

and system for indirect measurement of radon in a natural
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gas pipeline by utilizing the activated charcoal as collec-

tion media.

Activated charcoal

Radon can be trapped into a certain material via a physical

process that involves long-range but weak interaction

between the radon molecule and the surface [10]. While

not a chemical absorption process, radon trapping can

occur at ‘‘adsorption sites’’, only when the radon molecule

dissipates sufficient amount of energy on the surface. This

process releases around 17 kJ mol-1 of radon. Factors that

affect radon trapping from a flowing stream of radon gas

onto charcoal include (a) the properties of the charcoal

used such as granularity, material type, and porosity;

(b) the concentration of water or other competing mole-

cules in the gas; (c) the rate of movement of the gas

through the charcoal; and (d) the half-life of the radon

isotope being evaluated.

For a given specific adsorption bed and gas composition,

the dominant variable that was expected to control 222Rn

collection effectiveness was the linear flow velocity

according to the model by Blue [11]. To characterize the

collection efficiency, we ran some controlled experiments

to investigate the effect of gas flow rates that are expected

to be used during actual operation.

Materials and methods

Radon analysis

All sample tests were analyzed for radon concentration using

a high purity germanium (HPGe) gamma spectrometry sys-

tem following the standard guidelines published in ORNL/

TM-6782 (ORNL 1995). The amount of adsorbed radon in

the activated charcoal was measured by counting the gamma

emitted from 214Bi (609 keV) in a high resolution (1.85 keV

at 1.33 MeV), high relative efficiency (80 %), and low

background HPGe spectrometer (ORTEC’s system). The

values obtained from measurement are corrected to the time

of sample collection.

Trapping efficiencies

Experiments were setup with the goal of creating a data set

that directly represented the collection efficiencies of

activated charcoal at various flow rates and radon con-

centrations of interest. Since the trapping ability of char-

coal for radon should be relatively insensitive to radon

concentration [12], a series of measurements were per-

formed on a fixed concentration of radon (about

500 Bq m-3) from a radon standard source: Pylon elec-

tronics (RN-1025), source activity 98.138 kBq (6

September 2006). The apparatus (Fig. 1) is a closed system

of fixed volume composed of a sample cell.

Radon collection tests under various flow-rate conditions

were carried out in using a 100 L radon gas standard chamber

made of stainless steel. The charcoal used for these tests was

Calgon Carbon PCB-6916. The activated charcoal was

coconut shell-based with a 6 9 16 mesh sizing and the bulk

density was measured to be 0.44 g cm-3. The pore space

volume was estimated to be 0.72 cm3 g-1. Two cylindrical

charcoal PVC canisters, each has a dimension of

8 OD 9 5 cm are arranged in series and connected to radon

the gas supply. The diameter of the canister is the same as

diameter of the HPGe detector. Each canister contains 80 g

of charcoal. The air pump model. R500 siebeta was used to

control the gas flow rate to the canister cell. The arrangement

of the charcoal canister is shown in Fig. 1. During bench-

scale tests, the gas flow rate was varied between 0.5 and

4.0 L min-1 by flowing gas through the series of charcoal

canister for 15–30 min. Then, each charcoal canister was

sealed tight by capping the canister inlet and outlet nozzles

by rubber cap and tape, respectively and kept it in the air tight

plastic Ziploc bag for at least 3.5 h to allow radioactive

equilibrium between 222Rn and 214Bi before all measure-

ments were performed. The theoretical equilibrium curve

between 222Rn and 241Bi is shown in Fig. 2.

The activity of radon was calculated by the following

equation,

A ¼ NL

e � Pc � V � t
ð1Þ

where A is sample activity concentration in Bq m-3, NL is

net counts measured under the photo peak, e is system

detection efficiency, Pc is absolute transition probability by

gamma decay for the selected energy, V is sample volume

in m-3, t is counting time in seconds.

For the radon collection efficiency of charcoal canister

A, the following equation was used,

Efficiency ¼ 1 � activity of radon in chacoal canister #B

activity of radon in chacoal canister #A
� 100

ð2Þ

This equation is valid under assumption that the efficiency

of charcoal in both canisters is the same and is sufficiently

large so that most radon is absorbed after passing through

second canister. Table 1 shows the radon adsorption effi-

ciency on activated charcoal under five different flow rates.

To test whether the radon adsorption efficiency in the

natural gas samples is the same as in air, we carried out the

experiment in a 20 L plastic chamber. The chamber was
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filled with radon mixed with methane to mimic the com-

position of natural gas. We choose methane as a mixture

because it is the highest composition (65–70 %) in the Thai

natural gas [13]. During this test, a gas flow rate of

2 L min-1 was used to flow the gas through the two

charcoal canisters for 30 min. The result of the experiments

is shown in the last column of Table 1.

Field experiment

The field experiment was carried out at two petroleum

companies to determine the amount of radon contained

within the production lines mixed with natural gas that may

enter the downstream processors and distributers. The

volume of gas sample required for analysis should be more

than 18–20 L with a sampling flow rate of 2–4 L min-1.

The same gamma spectroscopy technique, used for the

laboratory experiments was utilized to determine the con-

centration of radon on the charcoal. Due to the difference

of gas processing scheme between the on shore and the off

shore petroleum fields, two different methods were

designed for proper collection of radon gas samples.

For the onshore case, a direct continuous gas sampling

method from the pipeline was used. The test was done at

the natural gas processing plant. The arrangement of gas

sampling is shown in Fig. 3. Two sampling points were

chosen before and after the methane (C1) and ethane (C2)

separations. Since the boiling point of radon is -61.7 �C,

which is between the boiling points of ethane at C2

(-88.5 �C) and propane at C3 (-42.1 �C), then we

expected to find more radon in the downstream of the C3

reservoir.

The offshore case the samples were done at three dif-

ferent natural gas production platforms, which imposed

additional constraints in terms of space and time for con-

ducting the experiment. Thus, a batch sampling method

was designed and employed. The gas sample was collected

in an industry-approved sample container (bomb) capable

of direct sampling from high-pressure (60–140 bar) dis-

tribution lines, and then transferred to the offshore

Fig. 1 Sketch of the experimental setup for determination of adsorption efficiency of activated charcoal

Fig. 2 The theoretical equilibrium curve between activity ratio of
214Bi and 222Rn with elapsed time

Table 1 Radon collection efficiencies of activated charcoal under

various flow rates

Flow rate

(L min-1)

Rn absorption

efficiency (%)

(pure air)

Rn absorption

efficiency (%)

(methane mixed)

0.5 97.8 –

1.0 96.2 –

2.0 93.1 88.4

3.0 88.1 –

4.0 82.7 –
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laboratory facility to be discharged into the charcoal can-

ister apparatus. A gas regulator was used to control the flow

rate of the gas in order to estimate the volume of the gas

that passed through the charcoal canister. The charcoal

apparatus was transferred to Chulalongkorn University

laboratory for radon analysis on the same day of the

sampling.

Table 2 shows the 222Rn content in natural gas samples

obtained in this study.

Results and discussions

In this study, a methodology for collecting and analyzing

radon gas from a natural gas pipeline was developed. A set of

charcoal collection devises was setup for this study. The

trapping efficiency of charcoal was first determined. The

result was that for the flow rate between 0.5 and 4 L min-1

the adsorption efficiency of the charcoal was in the range of

about 98–83 %. To avoid disturbing the plant’s operation

during gas sampling, we reduced the sampling time as much

as possible. The flow rate of 2 L min-1 was selected for the

field experiment. It was experimentally found that the radon

collection efficiency of the charcoal was around 88 % inside

the methane-air mixture. This was lower than the efficiency

in pure air. Accordingly, the measured radon activities were

divided by 0.88 to obtain the actual values.

The analysis of radon concentration in the natural gas

processing samples for onshore site revealed that the

average 222Rn quantity sampled before the methane (C1)

and ethane (C2) separation points was lower than the radon

quantity collected after the C1 and C2 separation points.

This finding agreed with our expectation that during the

separation process of C1 and C2, radon was not separated

out since the boiling point of 222Rn (-61.8 �C) was higher

than that of ethane (-88.5 �C) at the C2 separation point.

Therefore, the quantity of 222Rn was found accumulated in

the downstream reservoir of C3 (propane, -42.1 �C) and

C4 (butane, -11.73 �C). C3 and C4 are the main compo-

sition of liquefied petroleum gas (LPG) which is widely

used for heating and cooking [14]. The results of the field

measurements show that our developed methodologies are

sufficient and efficient for determination of radon concen-

tration in the natural gas pipeline. However, the compar-

ison of our results of radon found in Thai natural gas with

the other reports [15, 16] revealed that the radon content in

Thai natural gas production was in the same range of other

countries.

Fig. 3 Gas sampling points at

on shore gas field

Table 2 Radon concentration from natural gas at petroleum sites

[15–18]

Sampling location Rn concentration (Bq m-3)

Thailand (this study)

On shore plant

Before C1and C2 separation 354

After C1and C2 separation 1222

Off shore plant

1. Plant I 47–197

2. Plant II 16–39

3. Plant III 65–151

Algeria—Ref. [15] C2 300–2650

UK—Ref. [16] 522

Netherlands—Ref. [17] 300–18,000

Algeria—Ref. [15] C3 1085–5800

UK—Ref. [16] 940

Netherlands—Ref. [17] 150,000–380,000

Ref. [18]

USA

Colorado, N. Mexico 37–5920

Texas, Kansas, Oklahoma 37–52,650

Texas, Panhandle 370–1924

Colorado 407–1665

California 37–3700

China Beijing—Ref [16] 49–88
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