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PREFACE

This study reviews the possibilities for sampling and monitoring

C-14 in gaseous effluents from nuclear facilities. The work was

commissioned by the Swedish National Institute of Radiation

Protection (SSI, SSI project P 498.88) and has been carried out

by the Reactor Laboratory of the Technical Research Centre of

Finland.

The author wishes to thank Laina Salonen cf the Finnish Centre

for Radiation and Nuclear Safety (STUK) for her job in revising

the manuscript, for filling in the missing data for our own

experimental results and for all the valuable suggestions for

improving the report.
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1 INTRODUCTION

Carbon-14 is produced in LWRs mainly by the following

reactions:

i7O{n.a)ikC 6 th = 0.24 barn

6 th = 1.8 barn

Oxygen is a main component of the moderator and fuel whereas

nitrogen occurs as an impurity in the coolant, fuel and

structural materials. In addition, at some reactors nitrogen is

added as a chemical (e.g. NH3) to the coolant. Different reactor

designs incorporating different construction materials, reactor

coolant chemistry, and nuclear fuel, will produce varying

amounts of C-14.

The production of C-14 in certain nuclear reactors is closely

related to the electric power generated. In principle, the

amount of C-14 produced and ultimately released to the

environment at a nuclear facility can be estimated. However,

regulations on radiation protection may require that the amount

of C-14 released in effluents be determined for the report to

the competent authority.

Special sampling and measuring techniques for C-14 are

required. Such techniques are available and there is already

substantial information on the amounts of C-14 being produced

in reactors, as well as on that being released into air and

water from nuclear reactors and from nuclear fuel reprocessing

plants.

The purpose of this study is to provide information on the

techniques available for sampling and monitoring C-14.



2. CARBON-14 ARISINGS IN LWRs

Apart from the effects of failed fuel pins it can be expected

that only the C-14 present in the coolant water will be released

at the reactor; that produced in the fuel and cladding will pass

on to e.g. a reprocessing plant. Production of carbon-14 from

the moderator can either be a result of a reaction with either

the moderator material itself or impurities contained within it.

The contributions of the separate mechanisms of production to

the rate of C-14 formation depend on various factors. In

particular, the oxygen and nitrogen content and the amount of

"ooling medium in the active core have a substantial effect on

tne rate of formation.

The major source of C-14 production in the coolant is the

activation of O-17 atoms, and the production of C-14 from 0-17

can be fairly accurately calculated. However, production through

the activation of N-14 is difficult to estimate since the

nitrogen concentration in the coolant water can not readily be

estimated. Most published calculations ignore the contribution

from nitrogen in the coolant or assume a low level (1-5 ppm).

According to Bush (1983), at a level of 40 ppm, nitrogen would

lead to a carbon-14 production equal to that from the oxygen-17

content of the water, and levels of a few ppm or more could

therefore be significant.

The calculated C-14 production rates in coolant in LWRs have

been reported to be in the range 175 to 590 GBq/GW(e)»year (4.7

to 16 Ci/GW(e)»year) for BWRs and 120 to 670 GBq/GW(e)»year (3.3

to 18 Ci/GW(e)»year) for PWRs (IAEA 1982). The estimated value

for C-14 production in reactor coolant in a Swedish BWR is,

according to Hesböl (1988) 295.4 GBq/GW(e)»year based on the

reactions of neutrons with oxygen-17 in the coolant.

The C-14 produced in the coolant will be present in the form of

different chemical compounds (e.g. CO2# CO, hydrocarbons)

depending on the chemical environment. Under the influence of

intense radiation fields further chemical reactions may occur.



The predominant form of carbon-14 in BWRs is i'*CO2 whereas in

PWRs the presence of hydrogen cover gas results in a large pro-

portion of reduced carbon-14 compounds, such as hydrocarbons.

3. GASEOUS RELEASE OF C-14 FROM LWRs

C-14 compounds produced in the coolant may mainly be released

together with off-gas and waste water from the coolant purifica-

tion and treatment system. C-14 compounds will also leak from

the primary coolant circuit into the plant ventilation system

and be released there. In reactors the release of C-14 will

occur mainly in gaseous effluents, and only to a small extent in

liquid effluents. According to Gruhlke et al (1986) some C-14

can be found on filter cartridges, filter sludges and ion

exchange resins from LWRs.

According to Kunz (1985) C-14 releases with liquid and solid

wastes are less than 5% of the gaseous release. Detailed measu-

rements at three operating reactors indicated that C-14 gaseous

discharges will range from about 30 to 500 times the amount of

C-14 in liquid effluents (EPA 1971, EPA 1974, EPA 1976). Accor-

ding to the Finnish study (Salonen and Snellman 1986) the amount

of carbon-14 absorbed on resins used for purification of reactor

coolant and condensate is less than 1.5% of the gaseous release.

Results on measurements of carbon-14 emissions are largely from

the USA and the Federal Republic of Germany. Some results are

given in Table 1. Estimates of C-14 in gaseous effluents range

from 93 to 430 GBq/GW(e)-year (2.5 to 11.6 Ci/GW(e)»year) for

PWRs and 260 to 670 GBq/GW(e)-year (7 to 18 Ci/GW(e)»year) for

BWRs. The corresponding values for the Finnish study based on

continous stack sampling were 390 GBq/GW(e)»year (10.5 Ci/GW(e)

•year) for a PWR and 480 GBq/GW(e)»year (13 Ci/GW(e)»year) for a

BWR (Salonen and Snellman 1986). The average stack release for

five measurements in Swedish BWRs was 420 GBq/GW(e)»year (Hesböl

1988).



The releases are generally higher from BHRs as compared with

PWRs. One reason for this might be the larger amount of cooling

media in BWRs» and thus the higher amount of oxygen present and

possibly also the higher amounts of nitrogen impurities

present.

Table 1. Measured gaseous releases of C-14 from LWRs.

Nuclear Power

Plant

USA;

Oyster Creek, USA

Nine Mile Point,

Six USA Reactors

best value

Haddam Neck, USA

Yankee Rowe, USA

Six USA Reactors

best value

FRG;

Wiirgassen

Briinsbuttel

Isar

Bibiis A

Biblis B

Obrigheim

Stade

Neckarwestheim

Unterwesser

Finland;

TVO I

Loviisa 1

Type

BWR

USA BWR

BWR

PWR

PWR

PWR

BWR

BWR

BWR

PWR

PWR

PWR

PWR

PWR

PWR

BWR

PWR

Gaseous

Ci/GW(e)year

18

16

12.4

l-5(a)

5

9.8

15

13

9.6

2.5

6.3

3.6

6.6

6.3

13

10.5

Release

GBq/GW(e)year

670

590

460

37-185

185

360

560

480

360

93

235

135

245

235

255

480

390

Notes (a) The top end range is an upper limit for the gas

streams sampled.

References: USA (Bush 1983), FRG (Winkelmann et al 1984),

Finland (Salonen and Snellman 1986)



Stack releases from LWRs generally correspond well with the

estimated production rate of C-14 in the coolant, but for some

reactors the estimated production rate and measured release

rate differ. The fact that observed releases are sometimes

higher than calculated values might be associated with the

presence of nitrogen in the coolant water and the lack, of

knowledge on the exact content of nitrogen -a the coolant and

thus the definite amount of carbon-14 produced from nitrogen.

Detailed measurements of reactor releases are complicated by the

existence of a number of gas streams, some containing very low

concentrations of carbon-14. To strike an accurate mass balance

all flows must be measured simultaneously, and this is very

difficult in practice.

3.1 BWRs

In a BWR carbon-14 may be discharged from all of the gaseous

release pathways in the BWRs (Fowler et al 1976):

main condenser air ejector off-gas

- turbine gland seal

containment building (incl. drywell) purge

turbine building ventilation

radwaste building ventilation

Gaseous C-14 will be expelled with the steam and arrive in the

off-gas at the turbine condenser. In BWRs the condenser (or

steam jet) air ejector contributes the major C-14 source term,

about 98% of the total C-14 (Fowler et al 1976). According to

the IAEA report (IAEA 1982) one half or more of the total C-14

produced in the coolant will be discharged in the form of CO2

together with the filtered off-gas from the turbine condenser.

The il*C gaseous discharge rate for an 850 MW(e) BWR in the USA

was 455 GBq/GW(e)»year (12.3 Ci/GW(e)»year)(Kunz 1982).



Approximately 97% of the gaseous C-14 release was in the form of

off-gas discharge and about 95% as ^CO^ ITable 2). The dischar-

ge rate from the reactor was closely correlated with the reactor

power level. When the reactor was down lHC releases decreased

rapidly to < 0.1% of the operating release rate. According to

the Finnish study (Salonen and Snellman 1986), in a 710 MW(e)

BWR the offgas treatment system accounted for 91% of the stack

release of C-14.

In measurements at 6 BWRs in the United States the proportions

in the form of CO2 were 95-98%. the rest being CO and hydrocar-

bons (Kunz 1982, 1983, 1985). Similar results we-a obtained at 4

BWRs in the Federal Republic of Germany (Winkelmann et al 1984,

Swibach et al 1978).

Table 2: C-14 in the stack gas from James A. Fitzpatrick (850

MW(e), BWR) (Kunz 1983).

Stack gas (Ci/m3)

Collection Date

Chemical
Species

CO**

M C 3 H 8

1 4C4H 1 0

V5/78
AOS*

in Service

1.10 E-07 1

9.1 E-08 •

2.0 E-09 t

•8.5 E-10 ±

5%

5%

27%

13%

12/23/80
AOS*

Out of service

8.0 E-08 1 5%

1.01 E-07 ± 5%

<1 E-10

<1 E-10

10/31/81
AOS*

Ont of Service

3

8

4

.2

.0

.9

7

<2

2

E-07 ±

E-08 ±

E-10 1

E-ll 1

E-ll

E-ll ±

5%

5%

12%

47%

81%

• AOS - Advanced off-gas system



3.2 PWRs

In a PWR carbon-14 may be discharged through the following

systems (Fowler et al 1976):

- gaseous waste disposal system

condenser air ejector off-gas

turbine gland seal exhaust

fuel handling building ventilation

- containment purge

auxiliary building

The main in-plant release pathways for gaseous compounds of C-14

are leakages from the primary water circuit into the containment

air and via the offgas from the degasification of the primary

water.

The off-gas treatment vents are the largest source (~ 70-75%)

with the building ventilation systems making significant contri-

butions (Fowler et al 1976, Bush 1983). According to the Finnish

study the off-gas treatment system accounted for 86% of the

stack release from the PWR (Salonen and Snellman 1986).

In PWRs in the United States over 80% of the release has been

measured as CHH and C2Hb (Kunz 1982). Over a two month sampling

period for the off-gas system in a Finnish PWR the observed pro-

portion of 14tCO2 of the total C-14 stream varied from 0.77 to

10.3%, the average being 3.8% (Salonen and Snellman 1986). In

PWRs in the Federal Republic of Germany chemical forms other

than C02 accounted for 70-98% of emissions (Winkelmann and Vogl

1984, Winkelmann et al 1984, Swibach et al 1978). The average
ll*C02 content of the gaseous ^COj discharge was 20% (Swibach et

al 1978). When measuring the chemical composition of the C-14

releases from a PWR the results showed that 18% of the total

C-14 emission was in the form of carbon dioxide bound C-14. This

value - individual values vary from 7 to 55% - was calculated

from more than 200 measurements (collected weekly or monthly ,

Winkelmann et al 1984). It was shown that older PWRs released a

higher fraction of CO^-bound C-14 than newer reactors.
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In the paper by Wahlen and Kunz (1978) the explanation given is

radiation-induced oxidation of methane to carbon dioxide in the

gas storage tanks. However, an opposite effsct is reported by

Gruhlke et al (1986) who explain that the hold-up of C02 in the

offgas system in PWRs. in the presence of large amounts of H2

and radiation, allows for the conversion of C02 to methane and

other low molecular weight molecules.

According to the study by Kunz (1982, 1985) on the Ginna (490

MW(e)) and Indian Point Unit 3 (1000 MW(e)) PWR reactors, the

gaseous discharge rate for the Ginna PWR was 430 GBq/GW(e)»year

(11,6 Ci/GW(e)«year) (Table 3). Venting of gas-decay tanks

Table 3: Carbon-14 release rate, chemical form and discharge

pathways for 3 light-water reactors (Kunz 1985).

Paranieter

R.E. Cinna
PWR

490 MW(e)

Indian Pt. Unit
PWR

1000 MW(e)

3 J.A. FitzPatrick
BWR

850 MW(e)

Release rate
Ci/GW(o)-yr

Chemical form

14,CH
4. etc.

11.6

Discharge pathway
Gas decay tanks
Containment venting
Auxiliary bldg. venting
Off-gas venting

9.6

10%
90%

42%
23%
35%

26%
74%

7%
78%
15%

12.4

95*
5%

3%
97%

accounted for 42% of the total C-14 released, 35% was discharged

through auxiliary building ventilation and 23 % through contain-

ment venting. The average chemical composition was 69 % l̂ CĤ ,

16% ll*C2H6, 5%
 lltC3Hö and ^C^H^ and 10% ^CO;,. For the Indian

Point Unit 3 reactor the average gaseous discharge rate was 355

GBq/GW(e)«year (9.6 Ci/GW(e) »year) , 11+C02 .nade up 19% of the

total 1"»C with the balance in the form of 1**CHH and other hydro-

carbons (Kunz 1982).



The discharge rate in the PWRs was more variable than in the BWR

studied which is explained by the storage of radioactive gases

in the PWRs before discharge, also resulting in substantial re-

leases during shutdowns.

4. DIFFERENT SAMPLING METHODS OF CARBON-14 IN DISCHARGES FROM

NUCLEAR FACILITIES

Measurements of C-14 in the environment of nuclear power plants

were performed in the USA as early as 1969, but it was not until

the mid 1970's that the significance of C-14 emissions from

nuclear facilities was fully realized.

Since then experimental studies of emission rates of C-14 have

been reported, mainly in the Federal Republic of Germany and the

USA. Within the IAEA coordinated research programme "On

Carbcn-14 from Nuclear Facilities" measurements were performed

in some countries, including Finland, between 1982 and 1987. It

is worth noting that measurements of C-14 emissions are required

by law in the Federal Republic of Germany.

Sampling and measuring techniques for the determination of very

low concentrations of C-14 are well known from dating techni-

ques. In these C-14 is often measured as a gas (either extremely

pure C02 or CH,̂ ) in beta-sensitive gas proportional counters.

The samples of C02 gas are taken by freezing or absorption in

caustic soda solution or using molecular sieves. The CÔ , is

driven off from the samples, purified and fed into the counter.

Many of the methods used in sampling and measuring C-14 in

dating techniques have been adapted for the measurement of C-14

discharges from nuclear facilities.

The oxidation of all carbon-containing species to CO2 is common

to many of the published analytical procedures, it serves both

to remove potential interference from tritium in hydrocarbons

and to facilitate subsequent trapping and purification. The

different carbon compounds (hydrocarbons and carbon monoxide)

and carbon originally present in the form of CO2 can then be

separately sampled.
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Carbon compounds are oxidized under slightly different condi-

tions. A widely used catalyst at various temperatures (400uC to

800uC) has been CuO. The CuO catalyst can be used in a quartz

tube (Gesewsky 1980) or a nickel steel alloy tube (Salonen and

Snellman 1986) in a tube furnace at 800°C. Mixing the CuO with

PbCrO^ allows lower temperatures (600°C) to be used (Gesewsky

1980). Kabat (1978) used specially prepared cupric oxide, be-

cause the commercial product gave unsatisfactory results. A more

active catalyst is palladium used as a combination of PdAl and

PtAl pellets at 600°C to 800uC (Kunz 1982,1983, Salonen and

Snellman 1986). Doyle and Hammond (1980) use a noncatalytic

oxidation, by passing the gas stream through a furnace

maintained at 1000 C with a lining of silica wool to provide a

greater surface area.

Carbon-14 is trapped by adsorption, freezing and chemical ab-

sorption either separately or in combination. To insure quanti-

tative removal of minor amounts of hydrocarbons a carrier gas is

sometimes led into the sampler prior to trapping or the

catalyst.

An aerosol filter and charcoal cartridge are used to reduce

contamination from particulates and radioactive iodine. The

silica gel traps placed before the CO2 traps are used to remove

water vapour, which disturb the absorption of CO^ in the solid

absorbents. The tritium contamination is thus reduced and the

same sampler can be used for collecting C-14 and H-3 because

tritiated water is absorbed in silica gel.

4.1 Sorption methods

Molecular sieves are frequently used for sorption of C02. Kunz

(1973) has used activated charcoal cooled by liquid nitrogen as

a rough separation prior to chromatographic purification. In

addition to these methods fluorocarbon absorption of CO2 has

also been proposed (Brown 1976).
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Molecular sieves

Carbon-14 in the form of ll4CO2 can be selectively adsorbed on a

molecular sieve. Molecular sieves are crystalline synthetic

zeolites whose crystal lattice displays a cage-like structure

with numerous cavities. The cavities are connected with each-

other on all sides by pores with exactly defined dimensions

(0.3, 0.4, 0.5 or 1 nm in diameter according to the type of sie-

ve 3A, 4A, 5A and 13X, respectively). The molecular sieves 3A to

5A have a sodalite structure whereas the sieve 13X has a fauja-

site structure. The molecular sieves 4A and 13X are composed of

sodium zeolite, the molecular sieves 3A and 5A of potassium

zeolite and calcium zeolite, correspondingly. Zeolite adsorbs

only those substances with a smaller "critical" molecular

diameter than the pore size. The critical molecular diameter for

C02 is 0.28 nm.

Extensive literature is available on the adsorption of C02 using

molecular sieves (Winkelmann et al 1984, Momoshima and Takashima

1986, Notz et al 1980, Fernandez et al 1979, Thompson et al

1978, Phillips 1980). Generally a molecular sieve of the type 5A

is used although molecular sieves 4A (e.g. Notz et al 1980) and

13x (Phillips 1980) have also been used. Since water has a grea-

ter affinity for zeolite than does carbon dioxide, water vapour

should be separated by a pre-adsorption step, e.g. with silica-

gel. However, when using molecular sieves it is also possible to

separate water vapour and carbon dioxide simultaneously to an

efficiency of more than 99% (permeated air must not exceed lm0

of air per 100g of molecular sieve, Fernandez et al 1979). Bray

et al (1977) suggest operating the system at a temperature of

-75°C to -78°C to take advantage of the higher bed loading

capability at lower temperatures.

Carbon-14 must be separated from the molecular sieves prior to

measurement. The removal of the adsorbed CO2 is ususally done by

heating the molecular sieve followed by elution with nitrogen

gas or any other dry gas free of C02• Heating the molecular

sieve in a furnace has been performed at various temperatures,

200°C (Notz et al 1980) and 350 C (Bleier 1983, Momoshima and



12

Takashima 1986). After elution with helium or nitrogen gas

carbon dioxide is precipitated in Ba(OH)2 solution.

The collection of carbon dioxide by molecular sieves is very

convenient because no other materials and reagents are necessary

and once absorbed CO2 can be retained on the molecular sieve

until further analysis. Some drawbacks to using molecular sieves

in an automated and continous application is their lack of

specificity. Polar compounds in the stack gases, such as water

vapour, are also adsorbed. One major interference would be HTO,

for example, which should preferably be removed by some other

method prior to adsorption of carbon dioxide on the molecular

sieve (Fernandez et al 1979). The quantity of sodium zeolite

required, the quantity of gas needed for elution of the C02 and

the possible content of C02 in the eluent gas are factors that

need to be analyzed. The use of molecular sieves in the conti-

nous sampling of gaseous discharges from nuclear facilities is

described in more detail in 7.3.

Other sorption methods

A separation system for litre-sized, intermediate-activity

(<10~1* uCi) gas samples has been developed by Kunz (1973)

(Figure 1). With this system both the volume is reduced and

fractions of gases is separated (Ar, Kr, Xe, H2, CHk, C02).

First the gases are adsorbed onto a glass coil of activated

charcoal cooled with liquid nitrogen. The adsorbed gases are

removed with a helium gas flow and subsequently trapped on mole-

cular sieve U-traps, at different temperatures. All the separa-

ted fractions Ar, 02, Kr, C02, CH4 etc. are chromatographically

purified and C-14 activity is measured using a proportional

counter. An aliquot of the sample is also taken for mass spect-

rometric analysis to determine the composition of the gas. The

separation procedure may possibly be extended to include other

gases of interest such as CO, C2H6 and C3HÖ.

Another method which has been developed for carbon-14 separation

from reprocessing off-gases is based on the selective absorption

into fluorocarbon solvents. The method is based on the diffe-



13

ft
FLASK

VACUUM'—X-

T
SAMPLE

ft
II

C
*T

*-< Å

VACUUM X-fc-l—| 1 i-K-

MOL.SCVE
FINGER

JH|U-MAMOMETER

I I
UO.MIIOGEN

DRY ICE
ACETONE

Hf STICK
MANOMCTCRI

: x iiXx L J T
MOL. S IEVE U-TRAPS I

MCUUM

FURNACE

MOCSICVE . CHARCOAl COIL
COH.

SIEVE MASS
MINCER S«CT

Figure 1. Bleed-down system for litre-sized samples (Kunz 1973) .

rent solubility characteristics of the relevant gases in certain

solvents. Two such processes have been developed: one at the Oak

Ridge National Laboratory, USA (Phillips 1980) and one at the

Kernforschungszentrum Karlsruhe, Federal Republic of Germany

(Fowler et al 1976). Both processes are intended for the reten-

tion of krypton-85 and both use the refrigerant dichlorodifluo-

romethane (R-12) as solvent. However, the solubility of CO2 in

this solvent is greater than that of krypton. The possibility

therefore arises of removing carbon-14 from the off-gas stream

in the same plant as is used for krypton removal.

4.2 Membrane permeation

Membrane diffusion has also been suggested as a CO2 removal

technique (Winkelmann et al 1984, Fernandez et al 1979). Accor-

ding to Fernandez this process presents the greatest potential

for continuous on-line monitoring of C-14. This method employs

polymeric tubing through which selected material (C02) quantita-

tively diffuses while other constituents remain in the process

stream. A typical separation device (Figure 2) consists of many

thin-walled polymeric tubes mounted in a common header and

sealed into an outer shell.
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Product

Figure 2: Schematic diagram of a permeation distillation device

IFernandez et al 1979).

A process stream continuously diffuses through the tubing wall

according to the equation:

Flux of constituents = K PAp

where K = geometry factor, a function of tubing

length, wall thickness, and radius;

P = permeability of the polymer to the

diffusing species, a function of the

membrane material, nature of the

diffusing species and temperature;

Ap = difference in the inner and outer bulk

partial pressures of the diffusing

species.

Materials permeable only to C02 are not available but a per-

meation device selective for C02 is possible using a purge gas

of the proper composition. Such a purge gas would model the

sample stream except that it would be C02 free. Thus, diffusion

rates for all process gas constituents would be zero (Ap=O), and
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the diffusion rate for CO2 would be maximized (Ap= max.)- Preli-

minary laboratory data evaluation of this method for tritium

separation showed that llfC/3H separation factors of > 200 are

possible.

The process is still under development and more experience is

needed before it can be applied to reactor off-gas streams

(Winkelmann et al 1984, Fernandez et al 1979). According to

Fernandez et al (1979) it could have potential as an on-line

method for separating carbon-14 in reprocessing plant off-

gases.

4.3 Freezing methods

C02 can be collected in a series of liquid N2 traps under vacuum

(Bush 1983, Voorhees et al 1982). The first trap is to be at

-78°C to remove water and the second and third at liquid nitro-

gen temperature (-196°C) to remove CO^. The frozen CO2 is then

transferred to a single N2 cold trap under vacuum (i.e. redis-

tilled) and pumped to a good vacuum (< 10~3 torr). The distilla-

tion and pumping are essential to eliminate entrapped heavy

gases (i.e. oxygen). The C02 can then be allowed to sublime into

a standard volume and then used for mass spectrometric analysis

or for ilfC activity measurement in a gas proportional counter.

A cryogenic distillation process would take advantage of the

widely different boiling points of krypton, xenon and carbon

dioxide. At atmospheric pressure it can be used to remove carbon

dioxide from the gaseous effluent streams. The CO., could be

frozen out prior to the Kr-Xe removal since its triple point is

some 30°C higher (-79°C) than that of either Xe (-107uC) or Kr

(-153UC). The carbon in the system would be converted entirely

to carbon dioxide and removed by caustic scrubbing (Swibach et

al 1978). The freezing point of C02 is also a triple point which

means that the standard liquid to vapour fractionation cannot

normally be performed. Problems arise if the C02 freezes out on

the distillation equipment where it will hinder heat transfer or
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system flow. For this reason, CO2 has to be processed in a pre-

cooling step using freeze-out coils or in parallell with molecu-

lar sieves. The freezing process is, however technically deman-

ding and must be constantly controlled which does not make it

very promising for routine use at nuclear power plants.

4.4 Chemical absorption methods

The chemical methods are based on absorption of C0 2 in alkaline

solutions or solids.

4.4.1 Alkaline solutions

The C02 may be trapped by passing the sample gas stream through

either alkali or alkaline earth hydroxide solutions. If alkali

solutions are used the sorption step must be followed by the

addition of calcium or barium ions in order to obtain a carbo-

nate precipitate. Alternatively the metal carbonates may be

precipitated directly by absorption of carbon dioxide into a

solution of barium or calcium hydroxide. The carbon dioxide is

then precipitated as carbonate.

The so-called direct alkali process is based on the reaction

M(OH)2 + C02 •* MCO3 + H2O (1)

where M is Ca, Sr or Ba.

Reaction (1) can be carried out with dilute solutions, with

slurries of the hydroxides in water or with solid forms of the

hydroxides. As the process is associated with plugging problems

due to the formation of carbonate precipitates in the sampling

vessels, the most frequently '.sed process has been the so called

double alkali process which can be represented by equations (2)

and (3):

2 NaOH + C02

Na2CO3 + M(OH)2 -> 2 NaOH + MCO.,

(2)

(3)
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In the first step Na 2CO 3 is formed through the reaction of C O 2

with NaOH. In the second step sodium carbonate is allowed to

react with an alkaline earth hydroxide in a separate vessel and

BaCO 3, for example, is formed. The most frequently used method

is, however, adsorption in sodium hydroxide solution and the

precipitation as BaCO 3 is performed by addition of BaCl 2 to the

solution.

Alternatively CO., can be released from the sodium carbonate

solution by addition of 40% H 2 S ( \ (Figure 3 ) . The released C 0 2

can then be cleaned in a charcoal column or by gas chromato-

graphy prior to counting its activity.

M

H

ip
T1

(-78«C)
T2

(-195«C)

T2: C02 coM trap (*taH«ts stert pressure contonrr. Swogftaktitting all
nwiol. prnsure «otvc: Nupro SS-(l2»*flBW )

C : WOO glass bulb with 100ml C :<op4lory for M20 . vapor
«01 . M2SO* (low control

H :firat<r TI H20 told trap
A lObtarptan column with TOOnt V :vocuum pump

«n fM)H •carbenat« (retoling) M

Figure 3: Extraction system for atmospheric C02 samples (Levin

1980) .

When sampling carbon dioxide-bound C-14 in sodium hydroxide so-

lution, the inactive carbonate content must be taken into consi-

deration. In order to absorb carbon dioxide from 1 m3 air (car-

bon dioxide content 330 ppm), for example, 125 ml of 1 M NaOH

solution is sufficient. This will produce 2.7 g barium carbona-

te. The inactive carbonate content of the NaOH-solution -even at
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purity level p.a.- will yield approximately 0.3 g barium carbo-

nate (Winkelmann et al 1984). Also the CO2 in the water used for

preparation of NaOH solution will increase the amount of BaCO3

formed. Therefore the water has to be boiled or degassed with

nitrogen prior to preparation of the NaOH solution.

The chemical reactions (1), (2) and (3) are, of course, very

well known. However, the following aspects have to be considered

in order to get an efficient sampling of 1'*C ; (1) the absorp-

tion capacity of the alkaline solution must be sufficient, (2)

high radiochemical purity of the sample must be achieved, (3)

the contamination of the sample with CO2 from air or escape of

^hCO2 from the sample has to be avoided at all stages, (4)

enough precipitate (BaCO3) must be formed for measurement, e.g.

when hydrocarbons are sampled.

The sampling system used in continuous sampling from nuclear

power plant effluents is described in section 7.1.

At ORNL scrubbers containing slurries of calcium hydroxide,

magnesium hydroxide, barium hydroxide and sodium hydroxide have

been tested for simulated HTGR fuel reprocessing off-gas (pure

C02 to 5% C02, Phillips 1979, Notz et al 1980). The feed gases

were brought into contact with the hydroxide in a single-stage

agitated contactor (Figure 4) with a quiescent slurry volume of

6.7 1. DFs of > 10** (DF = mol C02 in influent gas/mol C02 in

effluent gas) were feasible by operating stirred contactors in

series. The DF was virtually independent of temperature over the

range studied, but varied with impeller speed and impeller

diameter. The DF also varied with slurry concentration, gas flow

rate and the concentration of C02 in the feed.

Under equivalent operating conditions the DFs for C02 increased

by the same order as the solubilities:

Mg(OH)2 << Ca(0H)2 << Ba(OH)2 • 8 H20 < NaOH (IN sol.)
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Figure 4: Cutaway view of stirred-cell contactor (Notz et al

1980).

4.4.2 Solid alkali hydroxides

The desire for a technique which would allow sampling for

extended time periods, preferably without operator attention,

and without the problems associated with the caustic property of

sodium hydroxide solution and the possible loss of liquid during

sampling, as well as the problems associated with transportation

of radioactive liquid samples from the sample site to the labo-

ratory, has often led to the selection of a solid adsorbent.

Several solid adsorbents are available which will retain C0 2.

However, in all cases moisture in the gas stream decreases the

effective capacity of the adsorbent. It is therefore required

that a dryer be included in the sampling system prior to the

adsorbent.

hydroxide absorbents are used for reaction with C02 to

form carbonates. Interaction with solid hydroxide has potential

advantages for dilute gas streams, since smaller reaction

vessels and higher flow rates can be used.
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Solid Ca(OH)} has been used to trap carbon dioxide in stack gas

at a nuclear reactor and it was found to have high efficiency

for reactions in the temperature range 35OUC to 450°C (Kabat

1978). Adsorption of CO2 with solid Ca(OH)2 formed through

reaction of CaO with H20 to a solid material (10-20 mesh size)

has been used by Kabat (1978). For releasing CO2 the absorber

has to be treated at 900-950°C. lHCO2 can be measured in a

proportional counter or Ba^COj is measured in a liquid scin-

tillation counter. The process is already suitable for routine

use but there are some difficulties in handling of the material

at the high temperature required (IAEA 1982).

In the USA the use of barium hydroxide octahydrate in fixed beds

has also been proposed (Notz et al 1980). Fixation of C02 on

beds of Ba(0H)2 hydrate is superior to many other solids, most

notably CaO or Ca(OH)2, as the reaction has been shown to be

kinetically possible at ambient conditions with final reactant

conversions in excess of 99%. Carbon dioxide removal to concen-

rations below 100 ppb has been observed routinely (IAEA 1982).

However, due to the overall stochiometry of the reaction,

Ba(OH)2 8 H2O C02 -• BaCO3 + 9 H2O, (4)

nine water molecules are released for each C02 molecule that

reacts. Therefore, in the treatment of a C02~rich gas stream,

the feed gas will quickly become water saturated. The reaction

is exothermic and cooling capabilities or dispersion of the

reactant will then be required in large-bed applications to

avoid melting of the reactant (Notz et al 1980). The barium

hydroxide octahydrate process is thus only applicable to gas

streams of low carbon dioxide content, and requires very careful

control of the gas humidity (Bush 1983).

An alternative alkaline trapping method is the absorption of

carbon dioxide on sodium asbestos (Ascarite). Adsorption with

ascarite (solid soda lime) has been successfully run both in the

USA and Finland. The ascarite contains NaOH on a solid support
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material to react with the CO^ forming Na2CO3. Water vapour must

be removed prior to passing the gas over the ascarite since the

water v>ouid be absorbed and dissolve the NaOH clogging the tube

and also contaminating the lHCO^ sample with tritium. To measure

the i'*C in the sample, COZ is first evolved by acidifying the

ascarite, followed by chromatographical purification before gas

proportional counting. Alternatively the evolved CO^ is carried

by a gas flow into an NaOH solution and precipitated as barium

carbonate. The sampling and treatment methods are described in

more detail in section 7.2

4.4.3 Organic bases

In addition to these methods other chemical separation methods

such as ethanolamine scrubbing have been proposed (Phillips

1980). Phenyl ethyl ami ne and ethanolamine have been widely use.i

as absorbents for CO2 when
 ilfC containing organics are prepared

for counting by different combustion techniques.

In stack effluents of nuclear power plants the concentration of
1 4CO 2 compared to CO^ is too low to be absorbed in ethanolamine

because only a small amount of ethanolamine can be put into a

liquid scintillation vial. Furthermore, the process is subject

to malfunction due to loss of solvent, and causes problems in

liquid scintillation counting due to auto-oxidation to oxalic

acid and glycine and colour quenching (Winkelmann et al 1984,

Phillips 1980). In addition interfering isotopes might be

absorbed in the organic solution. For these reasons, it has not

been used in nuclear power plants (Phillips 1980).

5. DIFFERENT COUNTING MKTHODS

Direct measurement of the beta emitter carbon-14 in the gaseous

effluents in the stack of a nuclear power plant is hardly pos-

sible since the activity of radioactive noble gases is generally

1 to 2 orders of magnitude larger than that of carbon-14. It is

therefore necessary to separate the C-14 from the gas stream and

from other isotopes by the methods described in section 4. C-14
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is a low energy beta emitter ( E » 158 keV) and thus its detec-

tion limit is high for samples containing interfering radionuc-

lides.

Low, natural, concentrations of carbon-14 are measured by radio-

carbon dating techniques. The measurement methods used are

internal gas-proportional counting, liquid scintillation coun-

ting and direct ion mass spectrometry. In the effluents from

nuclear facilities the concentration of carbon-14 is generally

considerably higher than natural levels. Using a typical release

rate of 185 GBq/year and a stack flow rate of 3000 m3/ min for a

LWR, the average concentration of i'*C in the stack gas would be

120 Bq/m3. This is more than three orders of magnitude higher

than the natural level of C-14 in air (0.05 Bq/m 3). Thus the

carbon-14 dating technique is not necessary.

The two main measurement techniques currently employed for

carbon-14 in the effluents from nuclear facilities appear to be

gas counting and liquid scintillation counting. In special app-

lications solid samples may be counted by low-level beta coun-

ters and gaseous compounds may be determined by ion mass spect-

roscopy and laser absorption spectroscopy. In all these methods,

when the low betas of ll+C are counted, care must be taken in

order to avoid contamination with other radionuclides such as
3H, 1 3 1 I , ö5Kr and 1 3 3Xe.

5.1 Gas proportional counting

Gas proportional counters combine the advantages of high coun-

ting efficiency with pulse height discrimination. The propor-

tional tube can be filled with C0 2 or CH.̂  or a mixture of carbon

dioxide and hydrocarbons with a non-radioactive counting gas

such as 90% CH^ and 10% Ar. Tube volumes range from several cm3

to a few litres. When proportional counting is carried out using

anticoincidence detectors and multichannel analyzers counting

efficiencies as high as 95% and low background count rates can

be achieved. Cryogenic or gaschromatographic procedures are used

prior to counting in order to purify the sample gas.
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In continous sampling the quantity of C02 trapped may be too

large for chromatographic purification. Large quantities of C02

can be purified according to the reaction with Ca(OH)2 at 350
u

to 450uC to form CaCO3. Other gases are removed by evacuation of

purging N2 or He, and the C02 is subsequently recovered by

heating to 900uC. ..950uC to decompose the CaCO3 (Kabat 1978).

For high concentrations of C-14 the purified CO2 can be passed

through a flow through proportional counter while samples with

low concentrations can be sealed in proportional tubes and the

counts integrated over extended periods. For online applications

where a constant flow of purified C02, CH^ etc. can be obtained

and sample handling has to be minimized, a gas flow proportional

counter has obvious advantages, combining, as it does, high

efficiency with energy discrimination.

For proportional counters sensitivity has been reported at the

10"11 Ci level (0.37 Bq)(Matucha and Smolkova 1976). Using

equipment containing a plastic scintillator, an anti-coincidence

guard counter and a gamma shield, the background has been

measured at levels of 1 cpm and 3 cpm (Matucha and Smolkova

1976).

5.2 Liquid scintillation counting

At present liquid scintillator counting is one of the most

powerful methods for low energy j3 emitters. The development and

improvement of the liquid scintillation technique has led to

routine measurements of C-14. Regardless of the physical or che-

mical form the sample must be purified from other radionuclides

and the measurement must be standardized. The counting efficien-

cy vary considerably depending on the composition of the sample

that is dissolved in or mixed with the scintillation solvent.

The conversion of C-14 to benzene (C6Hb), which is easily mis-

cible with scintillator solvents, results in a counting effi-

ciency of around 80% and this is used in radiocarbon dating.



24

Applying this method, limits of detection ranging from 0.04 to 4

mBq can be achieved (Winkelmann et al 1984). This equipment is,

however, very demanding to use and is not suitable for continous

sampling of discharges from nuclear facilities. The method is

very sensitive and is suitable for low activities of the natural

level. The higher activities normally present in the effluents

from reactors make the use of methods with lower counting effi-

ciencies acceptable in most cases.

Good reproducibility has been obtained by using absorption of

C02 in base and subsequent precipitation as BaCO3. Proper prepa-

ration of the sample is essential for liquid scintillation

counting efficiency. To reduce contamination nonradioactive

carriers of Cs and I can be added prior to BaCO3 precipitation

to avoid coprecipitation of Cs and I. Up to 2 g of the preci-

pitate can be mixed with 20 ml of scintillation solution, trea-

ted for several minutes e.g. with an ultrasonic vibrator to

obtain homogeneity prior to counting. The precipitate is washed,

filtered and dried prior to quantitative transfer to the coun-

ting vial and mixing with the scintillator solution. Washing

removes any impurities or tritium present in the sample. Carbo-

nate impurity in the base and stable carbon in the air will add

carbon to the precipitate. According to the experience of

Salonen and Snellman (1986) a large amount of the BaCO3 precipi-

tate is due to carbonate impurities in the absorbator and to
12CO2 in air.

The choice of an appropriate scintillator solution for the samp-

le is essential for sample preparation for liquid scintillation

counting. Solid samples of materials that are insoluble in

liquid scintillation mixtures may be counted by suspending the

material as a powder in the liquid scintillant. However, reliab-

le results are obtained when a gelling agent is incorporated

with the liquid scintillant to prevent settling. A good scintil-

lator solution for BaCO3 would be 10% of Al-stearate mixed with

a liquid scintillation solution (e.g. Lipoluma) used for coun-

ting of organic solvents. Alternatively, BaCO3 mixed with Luma-

gel or Instagel cocktails can be used. A rigid gel is made by

mixing water with the cocktail (1:1).
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With an initial maximum weight of 3 g barium carbonate in a

counting vial (corresponding to 0.1 g carbon or the normal con-

tent of carbon dioxide in 1 m3 air) and successive measurement

as gel in a liquid scintillation counter, a detection limit of

about 0.07 Bq/m3 can be achieved at 80% counting efficiency

(Winkelmann et al 1984). Rudolph and Weiss (1976) reports a de-

tection limit of 0.02 Bq/m3 air for 3 g barium carbonate. The

counting efficiency was 30% and the background very low (4.5

cpm). In the Finnish study (Salonen and Snellman 1986) a sub-

sample of the precipitate (~ 1 g BaCO3) was added to a 20 ml

scintillation cocktail (10ml H20 + 12 ml Luma-gel). The lower

limit of detection was 0.09 Bq/m3 when the counting time was 2

hours. The counting efficiency was 56% and the background 26

cpm. The counting efficiency varied depending on the amount of

BaC03. The efficiency ranged from 45% to 63% when the amount of

BaCO3 varied from 2.0 g to 0.5 g (Salonen and Snellman 1986).

Liquid scintillation counting of BaCO3 can be performed by sus-

pending the solid material in the scintillation solution by

various means. However, counting efficiency, reproducibility and

accuracy may to some extent depend on particle size and suspen-

sion method. It has been reported that in gel suspensions of

barium carbonate -li*C, the counting efficiency decreases with

increasing sample weight. This has been suggested as being due

to the increasing opacity of the suspensions to the light

emitted by the scintillant, e.g. in White and Helf (1956). The

effect of the particle size of the suspensions has been investi-

gated by several workers. Two apparently opposing effects have

been suggested in that, with increasing size of the particles,

more self absorption occurred but less scattering and loss of

light occurred because the suspensions becoma less opaque

(Cluley 1962). On the other hand according to Gordon and Curtis

(1968) diffusing white materials increased counting efficiency

because light losses due to total internal reflection in the

counting vial were reduced. According to Angel (1968) more self

absorption is present in BaC03 suspensions with larger particle

sizes, as indicated by changes in the channels ratio of the

samples. According to Angel it is necessary to prepare fine par-
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tides for C-14 measurements. According to Turner (1969) medium

range powders (up to = 0.5 mm diameter, lightly crushed with a

spatula) of BaC03 are entirely suitable for accurate counting

work.

5.3 Solid source counting

There has been increasing interest in developing solid scin-

tillators as an economic alternative to liquid scintillators.

Solid carbonates such as BaC03 and CaCO3 can be pressed into a

tablet or dispersed on a planchet and measured for il4C with a

thin window p counter. Due primarily to self-absorption correc-

tions this method is not as precise and has lower counting effi-

ciency than gas proportional and liquid scintillation counting

and cannot be used to measure activities near the ambient level.

If the C-14 levels are sufficient it may be possible to use a

solid scintillation detector (e.g. Nuclear Enterprises flow cell

type NE801). The use of a variation of the solid scintillation

technique, the "phoswich" detector, for C-14 measurements has

been suggested (Fernandez et al 1979). This detector consists of

two dissimilar phosphors optically coupled to a single photo-

multiplier tube and is designed to have a high efficiency for

low energy radiation while the background arising from the high

energy radiation is reduced. However, it has a low efficiency

for counting low energy betas of C-14 and as yet no report has

been seen which describes its use for on-line measurements of

off-gases.

5.4 Direct ion and laser absorption spectroscopy

Both the laser and the direct ion method measure the amount of

C-14 in the sample directly rather than the p radiation emitted.

The direct ion method requires special equipment including an

accelerator and is of interest for radiocarbon dating small

samples (Muller 1979).
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The practical detection limit for conventional infrared spectro-

scopy is ~ 1 ppm (Baronavski et al 1981, Chen et al 1982). In

addition, it is doubtful that this equipment can distinguish

from 12CO2 .

Long path-length infrared tunable diode laser absorption spect-

roscopy is being developed as a technique for monitoring several

low energy beta-decay radioisotopes associated with nuclear was-

te off-gases (Baronavski et al 1981, Wahlen et al 1977). Absorp-

tion coefficients have been measured for ll4CO2 and a detection

limit of 1.3 »10b Bq/mJ (3.5 •10b pCi/m3) has been estimated.

This method has the advantage of noninterference from other ra-

dionuclides and would be ideal for continous monitoring of stack

release. However, substantial improvements are required in its

sensitivity for measuring A**C02 in the stack gas of I>JRs where

the concentration of il*C02 is about 15 to 150 Bq/m
3 (4«102 to

4«103 pCi/m3).

5.5 Other methods

For real-time monitoring of l"*C in effluents using methods

measuring the p decay it is necessary to remove other racio-

nuclides prior to measuring the 1**C. After selective removal of

CO2 using semipermeable membranes (p. 13) the
 i'*CO;i could be

counted with a flow through proportional counter or an ioniza-

tion chamber. This method is, however, untested and its sensi-

tivity is not known.

Many systems have been described for the continuous monitoring

of radioactivity in the effluents from the gas chromatograph,

such as flow through proportional counters, ionization chambers

and flowing liquid scintillation instruments (Matucha and

Smolkova 1976). Although a slightly higher sensitivity can be

attained by using proportional counters, the ion chamber tech-

nique offers the advantages of being simple, stable and reprodu-

cible.
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According to Baronavski et al (1981) the most reliable instru-

mentation for use at the sub-ppm range of the different carbon

compounds (CO2» hydrocarbons etc.) currently involves use of a

fractionating column with a packed catalyst to convert all car-

bon species to CHH. CH^ is separated from other gases by gas

chromatography and analyzed by a flame ionization detector

(Kabat 1978). This instrumentation has been used to measure car-

bon compounds at the 100 ppb level with an uncertainty factor of

two.

Counting accelerated ions rather than decay events has been

suggested e.g. by Muller (1979) for use in radioisotope dating.

For every decay per minute, there are 4*109 atoms of carbon-14

in the sample. The fundamental idea of the accelerator technique

is to take advantage of this very large number and to estimate

the ratio of ll*C/ii!C in the sample by counting atoms.

The ability of tandem accelerator mass spectrometry (AMS) to

obtain direct 1HC determinations on milligram size carbon

samples is now well established. Tandem accelerators require C~

ions which are produced by a Cs sputter source from a target of

sample carbon atoms. The source can produce C~ ions from almost

any carbon-bearing solid and CO2 gas. Direct successful AMS

counting of C02 has been reported using a very high intensity

Cs+ sputter source. The reduction of C02 to a mixture of

elemental carbon and hydrocarbons is most readily performed when

C02 is reduced by chemical reactions to CH4, C2H2 or CO (Gupta

and Polach 1985).

Comparison of counting methods

A comparison of different counting methods for carbon-14 accor-

ding to Tschurlovits et al (1982) is presented in Table 4.

The amount of carbon counted effects much on the lower limit of

detection. In general, counting larger amounts of carbon results

in lower counting efficiency. Thus the optimum conditions must

be determined experimentally.
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Table 4 : Comparison of methods for measuring C-14 (Tschurlovits

et al 1982).

Internal gas Liquid Sc in t i l l a t ion Solid Source
Proportional Counting Counting
Counting Benzene BaCO, BaCO,

Mount of carbon, ga

Corresponding a i r volunt

Counting efficiency, %

Background, cpm

Lomat detectable
concentration (LDC), p©

1

7
95
23

0.14

1

7
80

40

0.22

0 . 5

4

35
28

0.86

0.125

1

1.8

7

33

The background counts are partly due to the natural concentra-

tion of C-14 in the air. Therefore, the lowest detectable con-

centration, LDC, of C-14 represents the concentration of C-14

that can be detected above the natural level (0.05 Bq il|C/m3 of

air). Table 4 shows that all other counting methods except solid

source counting can be used for measuring C-14 in the effluents

from nuclear facilities. Nowadays, with more advanced liquid

scintillation counters and scintillation solutions the detection

limits are lower than reported in Table 4.

6. SEPARATION OF DIFFERENT CHEMICAL COMPOUNDS OF CARBON-14

Separation of different chemical compounds of C-14 is usuallly

only done by separating C02 from other carbon compounds (CO and

hydrocarbons) by measuring the C02 directly, and after catalytic

oxidation using a furnace. Only occasionally the different hyd-

rocarbons are analyzed by gas chromatograhpy and mass spectro-

scopy.

According to Matucha and Smolkova (1976) gas chromatography (GC)

is virtually the only convenient method for the analysis of ra-

dioactive gases and volatile substances such as hydrocarbons.
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There is one major property of GC that makes it excellent compa-

red with other methods, namely its sensitivity in mass detec-

tion. Only a few applications of GC do not require prior prepa-

ration of the sample, which can be directly injected; examples

are the analysis of CO, CO2, CH4, C2H2, Ĉ jĤ  etc., hydrocarbons

and other volatile substances that do not contain non-volatile

components. Attention must be paid to the carrier gas as trace

amounts of oxygen and moisture can be sources of error. Mass

detectors used in gas chromatography for different hydrocarbons

include thermal conductivity detectors (or microthermistors),

flame ionization detectors, gas-density balance and argon ioni-

zation detectors. The most commonly used detector seems to be

the flame ionization detector.

Gas chromatography has been used, e.g by Kunz (1983), on eff-

luent gas from LWRs in the USA. The chemical species C02, C2H6,

CjHg and ClfHlu were separated by gas chromatography and the C-14

content of each fraction was measured by internal gas proportio-

nal counting.

Mass spectrometry has been applied by Kunz (1982) and van

Konynenburg et al (1987). Van Konynenburg isolated various ra-

dioactive gases sampled in stainless steel bottles by tempe-

rature controlled elution chromatography from activated char-

coal and molecular sieve columns. Known quantities of carrier

gas were added. C02 and CO were identified with the CEC 21-103C

gas analytical mass spectrometer. Kunz used mass spectrometry

for analyses of trench gas from low-level burial sites. The

radioactive gases were separated by cryogenic and chromatograp-

hic procedures and the concentrations of various species were

measured by internal gas proportional counting. The gaseous

species separated were CH4, C2H6, C3H8 and C4H10.

Laser absorption spectroscopy has been applied by Baronavski et

al (1981). Much of the information on C02 measurements with

laser absorption spectroscopy is for il#C16O2 and other carbon

and oxygen isotopic species for C02. The estimated sensitivity
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for particular species using this method of detection is CH^

0.03 ppb, CO 0.01 ppb and CO2 0.001 ppb (Baronavski et al 1981).

Further development work is, however, still necessary to

determine interference and sensitivities for various isotopes.

7. CONTINUOUS SAMPLING SYSTEMS-EXAMPLES

Alternative technologies for monitoring of C-14 from gaseous

streams at nuclear facilities have been proposed. The techniques

which have been used for monitoring purposes are based on

absorption of carbon-14 as C02 and subsequent sample preparation

for counting of the preparate. This type of sampling systems has

been applied both to releases from reactors and to fuel

reprocessing off-gas streams.

In order to carry out reasonable measurements, certain require-

ments must be fulfilled:

sampling must provide a representative sample for the

period considered,

a fairly low limit of detection is required,

the chemical form of the released C-14 has to be taken

into account.

All possible pathways and plant operations must be considered in

obtaining representative samples that can be related to total

discharge. Grab sampling and continuous sampling have been used,

but as it has been shown that C-14 discharge rate can vary with-

in time at nuclear reactors, a continuous sampling over extended

periods seems to be required. Continuous samplers are used to

collect air from the stacks or other significant discharge

points. The reaction of C02 with an alkaline solution or solid

to form a carbonate is the main method used for collecting

gaseous species of carbon in continous samplers. If the total

C-14 is to be measured the sampled gas is passed through a

heated catalyst to oxidize all carbon species to C02 prior to

reaction with an alkali solution or solid to form a carbonate.
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Regardless of the arrangements used, the rate of gas flow

through the sampler and the stack gas flow rate must be measu-

red. If the stack gas flow rate is variable while the sampling

rate is constant an unavoidable error is introduced in deter-

mining the amount of AI*C discharged. Ideally the sample flow

rate would be kept proportional to the stack flow rate.

7.1 Sampling into alkali hydroxides

Most of the continuous sampling systems applied so far are based

on the arrangements shown in Figure 5 (IAEA 1982). In (A) only

C02 is trapped either by bubbling the gas through a hydroxide

solution or by passing the gas over a solid hydroxide absorbant-

To sample for total ikC (B) the gaseous species other than C02

are oxidized to C02 using a heated catalyst prior to adsorption.

In Figure 8 arrangements are also shown for trapping C02 and

other gases separately (C) and for trapping C02 and total carbon

separately (D).

The absorption into hydroxide solutions is mostly performed with

NaOH solution (0.2 to 5 M solutions);most frequently 1 or 2 M

solutions are used. To achieve complete reaction of the CO2 it

is necessary to have sufficient mixing and contact time between

the gas and the C02 absorber. This is achieved by using wash

bottles with frits or Friedrichs bubblers, two or more traps in

series, and an excess absorber. An example of a sampling system

is given in Figure 6 (Salonen and Snellman 1986). According to

Gesewsky (1980) a few drops of n-butanol added to the solution

improves the reaction between C02 and the solution. Levine

(1980) used a glass column which contains a packing of small

Raschigrings (hardglass) to enlarge the absorption surface. The

column (Figure 7) rotates around its axis causing permanent

renewal of the NaOH film on the column packing.

The rate of gas flow through the bubblers used in different

sampling systems range from 16 ml/min to 780 ml/min, depending

on the sampling time and concentration of solution to be used.

Optimum conditions for the sampling performed e.g. in the
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Federal Republic of Germany was chosen as: air throughput 1-2

m3, wash bottles with Friedrichs bubblers containing 100 ml 1 M

NaOH. Depending on samoling time the optimum gas throughput was

chosen as 30 1/h (for 1-day sampling) and 1 1/h (for 1-month

sampling (Swibach et al 1979).

Friedrichs
bubbler
400 wl of
2N NaOH

Figure 6: Sampling system for C02 (Salonen and Snellman 1986).

r1

\

—Dem
•Man

witti Vari 4n HaOH

Figure 7: Absorption system for atmospheric C02 samples with a

rotating absorption column (Levin 1980).
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Continuous sampling from the power plants in the Federal

Republic of Germany has been carried out since 1976 at an ave-

rage rate of 12 samples per year per power plant. The first

samples in the Federal Republic of Germany were taken into plas-

tic bags and pressure bottles, using high pressure compressors

which were found to have a risk of contamination from preceeding

samples. For this reason, from 1977 onwards the method of taking

samples of the effluent gas was changed and gas-tight containers

of 40 1 capacity were used filled by means of a membrane pump,

delivering 1 mJ/h. A methane carrier gas for methane was added.

The gas samples transferred to the laboratory were pumped

through C-14 analysis apparatus at a rate of 0.5 1/min. After

aerosol filtering CO2 was removed in NaOH wash bottles with

frits, CO and hydrocarbons oxidized catalytically (800uC) and

the C02 formed separated in another NaOH wash bottle.

Because the liberation of C-14 in the effluent gas is not con-

tinuous, the measurements by the above-mentioned methods showed

marked scatter in the C-14 concentrations. Therefore a direct

method of sampling C02 from the effluent gas, which would make

it possible to sample over a long period or in continuous opera-

tion was set up. The sampling system consists of NaOH (1M)

bubblers (Friedrich type bottles). A flow rate 100 ml/min was

found to be the optimum for this system for a weekly collection

period. A system for sampling all forms of carbon compounds was

later installed at two PWRs (Obrigheim and Stade). At Stade,

part of the effluent gas is led off at a rate of about 0.5 1/h

(100 ml/min) and monthly samples are obtained. At the Obrigheim

plant a throughput of about 5 1/h for weekly sampling is in ope-

ration.

Schiittelkopf (1977) used a system consisting of 200 ml of 1-5 M

NaOH in a scrubber, with a flow rate of 1 1/min for measurement

of the stack vent air from several research reactors in the

Federal Republic of Germany and in the exhaust air of the

Obrigheim (KWU) and Biblis A Nuclear power stations. C-14 was

precipitated as BaC03, Cs and I carriers were added in order to
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prevent co-precipitation of these elements. A solid source of

BaCO3 (2 g) was measured in a low level beta counter (a methane

flow counter with 0.3 mg Al/cm-1 window thickness and anticoin-

cidence shield). The lower limit of detection was 0.48 Bq

/m3 of exhaust air.

An almost identical sampling system has been used at several

reactors e.g Schriber et al (1980), Joshi et al (1987). Bleier

(1983) used a 0.4 M NaOH solution and a gas flow rate of 0.3

1/min in the sampling system (Figure 8). The organic carbon com-

pounds and carbon monoxide were oxidized in a CuO furnace at

750°C.

€fe»M

=-J-<

CD
»I »imi«i|«r< I

Absorptionsctrecke 1

LÖT]
Absorptlonsstrecfce 2

zum Kamin

AbsorptionsstrccKe 2

(A) ( B )

Figure 8 : A schematic description of the C-14 sampling system

(A) and a detail of the absorption system (B),

(Bleier et al 1983).
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A compact small sampler system containing the conventional

caustic solution absorption of C0 2 has been described by

Cantelow et al (1972). The routine sampling period is 1 week at

a flow rate of 10 cm3/min, giving a total sample volume of

0.1m3. Each week a fresh bottle of bubbler solution 0.2 M NaOH

is installed. An excess of 6 M H2SO4 is added to the solution in

the sample bottle, converting the collected carbonate into C02 .

The C02 released is led directly into a counting vial, which

contains 20 ml of liquid scintillation cocktail with etha-

nolamine. The lower limit of detection is about 0.74 Bq/m3.

Releasing of C02 from the absorption solution and absorption of

the released C02 in ethanolamine are difficult to perform

quentitatively. When the solution is acidified, the gas that is

formed tends to remain dissolved and slowly evolves. About an

hour of bubbling air through the solution was required to

release most of the C0 2.

A sampling system similar to (D) in Figure 5 but using hydroxide

solution instead of solid absorbents has been used by Rudolph

and Weiss (1976).

In Finland the sampling of C-14 from the reactors was initiated

using a sampling system containing a sampler consisting of 400

ml of 2 M NaOH solution in a Friedrichs bubbler (Figure 6). The

weekly samplings were performed from August 1982 to April 1983

from the off-gas system at the Loviisa 1 nuclear power plant.

Because of the problems with solvent loss, possibly the tempora-

ry lack of capacity of the solution, and the inconvenience of

using a liquid absorbent in power plants, this sampler was

replaced by a sampler with ascarite as absorbent. The results

obtained by sampling into NaOH solutions were not used in the

calculations when the concentrations of C-14 in the off-gas

system were compared to that in the stack effluents.

7.2 Sampling into ascarite

Continuous sampling of the stack vents of three nuclear power

plants has been performed in the USA by Kunz (1982, 1983). In
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addition grab samples of stack gas, containment air, off-gas and

gas in decay tanks were analyzed for C-14 content in the form of

specific chemical species: CO2» CHH, C2Hb, CaH8 and C^H^. The

various chemical species were separated by gas chromatography,

and the C-14 measured by internal gas proportional counting.

A schematic diagram of a continuous sampler system used for

sampling total carbon which has been used by Kunz is given in

Figure 9. A sample flow of 100 ml/min is maintained in the

sampler using a diaphragm pump. With this flow rate 2.1 md of

air will have been drawn through the sampler during a two week

sampling period. The sampled gas is drawn through a tube furnace

at 600uC containing palladium-on alumina and platinum-on alumina

pellets to oxidise all carbon species to CO2• From the furnace

the gas flows through a solid absorbent drierite to remove water

vapour, and then through a cartridge containing a solid absor-

bent of 8- to 20-mesh ascarite. Water vapour must be removed,

prior to the ascarite step in order to avoid dissolving the NaOH

and clogging the tube. Kunz (1983) used 25 g of ascarite.

SAMPLE FLOW

H 2 0 ABSORBENT
(ORIERITE)

FURNACE,Pd-Pt CATALYST-600*C

METERING

VALVE

Figure 9: 14C sampler (Kunz 1983).

Normally about 2/3 was expected to be expended following a two

week collection period. The drierite canisters were colour

indicating and contained approximately 400 g of absorbent.
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Continuous sampling of stack vents from the Finnish nuclear

power plants was performed from 1983 to 1985 (Salonen and

Snellman 1986). The sampler used is quite similar to Kunz's

sampler. Only minor changes were made and the absorption

capacity was made higher.

Schematic diagrams of a continuous sampler for sampling total

carbon and for separate sampling of CO2 and hydrocarbons and CO

which has been used in Finland are shown in Figures 10 and 11. A

sample flow of 300-500 ml/min is maintained by the vacuum pump.

The gas flow rate is measured by the flow meter and the sampler

is equipped with a manometer and a constant control flow unit.

The manometer was used for correcting the readings of the flow-

meter if the pressure inside the sampler was not at the normal

level. The use of the constant flow control unit was found

unnecessary. The flow rate could be regulated well with the

needle valve.

When the total carbon is sampled, the gas flow is directly drawn

through the tube furnace prior to water removal and absorption

in the ascarite absorbers (Figure 10). For sampling of C0 2 and

hydrocarbons and CO separately water is removed prior to absorp-

tion of C02. This is followed by oxidation of other carbon

compounds by passing the sample gas through the tube furnace.

From the tube furnace the gas flows through a water trap and

then to the ascarite absorbers.

The tube furnace (Heraues Rok 3/30) contains PdAl and PtAl

pellets at 600°C. The total lenght of the nickel steel alloy

tube is 30 cm, the heated part is about 22 cm. The outer

diameter of the tube is 2.4 cm and the inner diameter 1.8 cm.

Thus the volume of the catalyst is about 55 cm3. In order to

keep the catalyst in place both ends of the tube were equipped

with quartz wool and nickel wire. The catalyst functioned very

well during the 2 years of operation and seemed to be in good

condition even after being taken out of operation. The water

vapour in the system is removed by silica gel; a 2 1 column

filled with silica gel (colour-indicating) which was changed

when necessary, usually every week.
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0.3-0.5
1/min

Flow
meter

Needle 2. absober 1. absorber
Pump valve (ascarlte) (ascarlte)

Constant flow
control unit

exhaust
line 2 1

Ball valve

Tube furnace
(Hereaus)

-11, ,,, ,1 ,,,,;,, ,,rl i,

H.O absorber

(silica gel)

Catalyst at 600 C
(PdAl- and PtAl-pellets)

Figure 10: C-14 sampler used for continuous sampling of to ta l

carbon (CO2,C0 and hydrocarbons)(Salonen and Snellman

1986).

IT

Manometer

0.3-0.5
1/min

Flow
meter Needle 4. absorber 3. absorber

Pump valve (ascarite) (ascarite)

Constant flow 0.08 1 0.16 1 IIConstant flow
control unit

2 1

Ball H2O absorber 1. absorber 2. absorber Tube furnace
valve (silica gel) (ascarite) (ascarite) (Hereaus)

mm
H_0 absorber

(silica gel)

2 1 0.16 1 0.08 1 Catalyst at 600 C
(PdAl and Ptftl pellets)

Figure 11: C-14 sampler used for separate sampling of CO2 and

hydrocarbons and CO (Salonen and Snellman 1986).
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The system was designed for much larger carbon absorption capa-

city than the one used by Kunz and therefore we used one tube

containing 160 g of ascarite followed by another tube containing

80 g of asacrite in order to be sure of quantitative absorption

in all conditions. The i'*C content of both absorbers was always

analyzed. Usually the absorption capacity of the first tube was

sufficient during the two-week sampling period. Only rarely was

some activity observed in the second absorber in the PWRs

sampled.

The sampler included a manometer for correcting the readings of

the flow meter if the pressure inside the sampler was not at the

normal level. An extra ball valve was placed in the inlet tube

of each sampler in order to shut off the air flow when the

joints were checked for tightness after the ascarite and silica

gel had been changed. It is important to check that there are no

leakages through the joints. The flow meter measures the amount

of air which comes from the effluent to be monitored. The amount

of air flowing through the samplers varied from 3000 to 12000

litres in the samplings. The samplers require servicing every

two weeks to change absorbent, however, more frequent checks of

the flow rate and silica gel depletion. The temperature control

of the furnace was maintained by a separate control unit (Herae-

us, Temperature Controller TRAK) which preserved the temperature

very constant.

For analyzing the C-14 in the ascarite, CÔ , is first released by

acidifying the ascarite. The procedure used by Kunz is described

in Figure 12. The 25 g of ascarite are added to 50 ml of water

in a flask attached to the gas flow apparatus, and helium is

bubbled through the mixture. Approximately 50 ml of concentrated

HC1 is added to the ascarite-water mixture and the helium flow

is maintained for 30 min. The helium containing the evolved CO^

is then passed through a cold water condenser and a cold trap at

approximately -60uC to remove water vapour and finally through a

liquid nitrogen cold trap to collect the C02. The volume of

collected C02 is measured (~650 ml for a 2-week sampling

period), and about 50 ml is chromatographically purified and

loaded into an internal gas proportional tube for counting.
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I I COLLECTING
( J FINGER

APPARATUS FOR RECOVERING CO, FROM ASCARlTE

Figure 12: Removal of from ascarite (Kunz 1983).

Salonen and Snellman (1986) took a subsample (approximately

50 g) of ascarite which was treated with an acid for CO2 remo-

val. Before taking the subsample the ascarite was carefully

mixed in a Turbula mixer. CO2 was released from the ascarite

using a 6M HC1 solution. The liberated llfCO2 was carried with

the air or nitrogen flow (during a 3 hours period) into an

absorber (200 ml of a 2M NaOH solution in a Friedrichs bubbler).

From this the 1 4C was precipitated as Bail*CO3. Both the asca-

rite, NaOH-solution and the air used to carry i'*CO2 into the

absorber solution will add some C02 to the precipitate. In order

tc reduce the contamination from C0 2 in air the molecular sieve

(13X) was used to trap C02 from air or nitrogen gas was used

instead of air. In order to get an C02 free NaOH-solution it

should be prepared as in the carbon-14 dating laboratories. We

only boiled the water which was used for its preparation, and

stored all solutions and chemicals in tightly closed vials. The

preparation of BaCO3 for counting is described on p. 25. The

concentration of C-14 in the stack effluent is calculated on the

basis of results from C-14 activity measurements and on the

amount of air flown through the absorber.
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pump
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Figure 13: Removal of ^ CO., from ascarite (Salonen and

Snellman 1986).

According to Kunz (1983), the analytical uncertainty associated

with the measurement of the concentration of 1 HC in each 2-week

sample is less than + 10%. In determining the quantity of 1X*C

discharged, additional uncertainties are associated with

determining the volume of gas sampled and the flow rate of the

plant vent. Considering these three factors, the uncertainty in

determining the quantity of C-14 released is + 25% (Kunz 1983).

The analytical uncertainties associated with the sampling, sam-

ple preparation and activity measurement in Finland is estimated

to be altogether +15%. This value contains the uncertainties

associated with the amount of air flown through the absorber,

sample preparation e.g. the collection efficiency of C-14 into

the NaOH-solution, and statistical errors. Considering the va-

riation in the flow rate of air through the stack (+ 5%) the to-

tal uncertainty in determining the C-14 release rate is + 20% .
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7.3 Sampling with molecular sieves

A sampling system designed to operate unattended for periods up

to two weeks applied both for tritium and carbon-14 has been

described by Thompson et al 1978. The system allows differen-

tiation between the tritium and carbon present in their fully

oxidized forms (HTO, C02), or as other compounds ( HT, CO,

hydrocarbons) which are oxidizable.

A diagram of the sampling system is shown in Figure 14. The

inlet air may be derived from stacks or duct through sampling

probes, or drawn in directly from the atmosphere. The air passes

through a particulate filter, then through a silica gel column

that absorbs H20 and HTO. The air stream is then split, one part

going through a molecular sieve column and another through a

catalytic oxidizer. The molecular sieve adsorbs C02, CO and

light hydrocarbons and the catalytic oxidizer oxidises alZ

oxidizable species to ll*CO2 (and HTO). A unique feature of the

sampling system is the use of critical flow orifices to regulate

the rate of gas flow through the sampling system. Controlled

flow rates around 80 cm3/min are obtained so long as a vacuum of

at least 300 Torr is maintained at the pump side of the orifice.

Use of these orifices eliminates the need for rotameters and

metering valves in the sampler.

SGI

MSI

CFO Pmp

pF • Particulate Filter
SGI • First Sil icagel Ttower
MSI • First Molecular Sieve
CDC • Catalytic Oxidizer
SG2 • Seconä Si l icagel
MS2- Second Molecular Sieve
CFO • Critical Flow Orifices

F i g u r e 14 : S c h e m a t i c f o r 3H a n d ; " C. s a m p l e r ( T h o m p s o n e t a l

1 9 7 8 ) .
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The absorbent columns are constructed of aluminium and inter-

connected with stainless steel tubing. Each column contains

about 250 g of adsorbent (6-16 mesh silica gel, for tritium) or

4A molecular sieve beds (8-12 mesh) confined in a close-packed

bed by means of screens and snap rings. The catalytic oxidiser

contains about 14 g of Pt-Pd catalyst on alumina pellets in a

tube furnace at 550°C. Air is drawn through the sampler by a

vacuum pump.

After the desired amount of air has been processed through the

sampler (ususally about 2.5 m3 in a two-week period), the mole-

cular sieve columns are sealed and returned intact to the labo-

ratory for analysis. The molucular sieve column cylinder is

heated in a tube furnace for about 4 hours at 350°C with a dry

He gas in order to remove the absorbed CO2• Exit gases from the

cylinder pass through an ice-cooled trap to remove any water

vapour and then through the spiral traps at liquid nitrogen

temperature in which the CO2 is condensed. The C02 is expanded

into a bulb of calibrated volume and its pressure is measured

thus allowing the amount of CO2 to be calculated. A portion of

the sample is transferred into a glass vial which is attached to

the vacuum line and which contains 3 ml of ethanolamine. After

the adsorption of C02 the vial is removed and prepared for

counting by adding methanol and Insta-gel. The sensitivity for

C-14 is on the order of 0.04 Bq/m3 of air.

The sampler has failed to operate as designed when used to

sample a stack which contains appreciable quantities of NOx (500

ppm). The NOx competes for adsorption sites on the molecular

sieve with the C02.

A schematic diagram of a device for sampling carbon-14 with a

molecular sieve which has been used in the Federal Republic of

Germany (Winkelmann et al 1984) is given in Figure 15. Figure 16

shows the schematic diagram of the device to elute CO2 from the

molecular sieve. Air is first sucked through an aerosol filter

in order to remove particulates. The C02 absorber consists of a

stainless steel cylinder of 500 ml interior volume, equipped
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1

1) Air inlet
2) Particulate filter
3) Piston pump
4) Molecular sieve (volume 500 ml)
5) Selfclosing quickfit
M Pressure valve

7) Air outlet
8) Pressure switch
9) Electronic device

10) Tact counter

Figure 15 Sampling device for carbon-14 using molecular sieve

(Winkelmann et al 1984).

1) Nitrogen bottle
2) Reducing valve
3) Flow rate meter

4) Cartridge with molecular sieve
5) Furnace
6) Water (trap)
7) Bubbler containing Ba(OH)2

solution

Figure 16 : Schematic diagram of the device for eluting

carbon-14 out of the molecular sieve (Winkelmann et

al 1984).
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with a molecular sieve with an operation time of about 1 month.

A pressure valve is attached to the cartridge, keeping the

equipment under a slight pressure. The efficiency of absorption

was tested up to a flow rate of 200 ml/min for the molecular

sieves (5A and 13X) and it was more than 99%.

8. SUMMARY AND CONCLUSIONS

C-14 compounds produced in the coolant may be released mainly

together with off-gas and waste water from the coolant puri-

fication and treatment system. In reactors the release of C-14

will occur mainly in gaseous effluents and only a few percent in

liquid effluents. Reported releases from BWRs range from 260 to

670 GBq/GW(e) x year and from 90 to 430 GBq/GW(e) x year for

PWRs. At BWRs the condenser air ejector contributes the main in-

plant release pathway, whereas in PWRs the off-gas treatment

vents are the main pathway for C-14 release.

C-14 sampling methods depend generally on the C-14 being in the

form of C02. The off-gas discharges from BWRs are mainly in the

form of C02 whereas in PWRs a major fraction of the released

C-14 is in the form of hydrocarbons or carbon monoxide (gene-

rally 80-100%). Sampling systems in PWRs should therefore be

equipped with a catalytic oxidizer to convert all C-14 to C02

be fore t rappi ng.

Having converted the various forms of carbon into C02 three main

processes for trapping are used, either separately or in combi-

nation. These are sorption, freezing and chemical processes.

Sorption techniques described include molecular sieves,

fluorocarbon, activated charcoal cooled by liquid nitrogen and

membrane diffusion.

Molecular sieve adsorption employs a molecular sieve such as

sodium zeolite to bind C02 which is then stripped from the

zeolite by heating thereby producing a more concentrated CÔ ,

gas. This system is simple to operate, but a drawback is its

lack of specifity; polar compounds in the stack gas would also

be adsorbed.
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Fluorocarbon absorption is a different type of technology,

relying on the physical properties of the waste gas components

to separate and capture them using their solubility differences

in solvent-filled columns. Krypton, xenon and iodine can be

captured at the same time, and additional purification is needed

to isolate CO2 from the mixture. The possible solvent release is

another disadvantage of the process.

The absorption of C02 on a glass coil of activated charcoal

cooled with liquid nitrogen is a complex system. In the process

both the gas volume is reduced and fractions of gases can be

separated (Ar, Kr, Xe, He, CHH and C02 ) .

The membrane permeation process employs polymeric tubing through

which C02 quantitatively diffuses while other constituents re-

main in the process stream. The process is still under develop-

ment and more experience is needed.

The cryogenic distillation process simply cools the off-gases to

condense the C02, as well as Xe and Kr. C02, because it liqui-

fies and freezes at the same temperature, poses potential

plugging problems. This technology requires high operating

pressures and needs much power. The freezing of C02 is

technically difficult and must be constantly controlled.

The chemical separation of C02 uses absorption in alkaline

solutions or solids. The double alkaline process removes C02 by

absorption of the gas with sodium hydroxide. The sodium

hydroxide is converted to sodium carbonate and subsequently to

calcium or barium carbonate. The direct alkaline process is

similar, except that calcium or barium carbonate are formed

directly by the reaction of C02 with calcium or barium

hydroxide. The problems associated with the caustic property of

the alkaline solutions and the possibility of loss of liquid

during sampling, as well as the problems associated with the

transport of liquids, has often led to the choice of solid

adsorbents for monitoring of C-14 in nuclear facilities. These

also allow for sampling over extended periods. The most commonly
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used solid adsorbents are ascarite, calcium hydroxide and barium

hydroxide octahydrate.

The main counting methods used for C-14 samples from effluents

from nuclear facilities are gas proportional counting and

liquid scintillation counting. Prior to gas proportional

counting, cryogenic or gaschromatographic procedures are used in

order to purify the sample gas. For on-line applications, where

a constant flow of purified CH^, CO2, etc. can be obtained and

sample handling has to be minimized, a gas flow proportional

counter has obvious advantages (high efficiency and energy

discrimination). Liquid scintillation counting of BaCO3 as a

rigid gel has given good results but, however, the measurements

must be standardized by a correct method.

Generally only C02 and hydrocarbons are monitored. Only a few

cases have been reported where more specific separations have

been carried out utilizing either gas chromatography, laser

absorption spectroscopy or mass spectroscopy. With gas chroma-

tography, both C02, CO and several hydrocarbons can be

separated. CH^, CO and C02 have been separated using laser

absorption spectroscopy . Mass spectrometry has been applied for

analysis of gaseous species of carbon, such as CH,̂ , C2Hb, C3HB

and C1.H1 n•

The continuous samplings performed usually have been from the

stack effluents. For calculating the release rates gas flow rate

in the sampler and also in the stack must be known. Ideally the

sample flow rate should be kept proportional to the stack flow

rate. In order to carry out reasonable measurements the

following requirements should be fulfilled;

sampling must provide a representative sample for the

period considered,

a fairly low limit of detection is required,

the chemical form of the released C-14 has to be taken

into account (BWR, PWR).
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