THE DEVELOPMENT AND APPLICATION OF AN ANALYTICAL
METHOD FOR THE DETERMINATION OF TECHNETIUM-99 IN THE
AQUATIC ENVIRONMENT

KALIAPERUMAL RAJENDRAN, M. Sc., M. Phil.

Thesis presented for the Degree of Doctor of Philosophy

UNIVERSITY
of
GLASGOW

Scottish Universities Research & Reactor Centfe, East Kilbride, G75 OQF,
Scotland.

December 1996.

©K. Rajendran, 1996.



34-

"tHS% $

*( )



/@Qf
106673
GF? l

GLASGOW |

UNIVERSITY
LIBRARY



ACKNOWLEDGMENTS

I would like to thank my supervisor Dr Martin McCartney for l;is continual guidance all
through this study. I also like to thank Dr Gordon T Cook and Mr Rob Anderson for
their support and advice on liquid scintillation counting. I am grateful to Dr Angus B
MacKenzie, Dr B.W. East and Professor Roger D Scott for their constructive criticisms

on this study.

I extend my thanks to Ms Margaret Kerr, Ms Irene Hursthouse and Ms Alison Stewart
for their ready help in many ways; and to all other staff members of SURRC for their

extended help during the study period.

I acknowledge the Ministry of Welfare, Government of India for the award of a
scholarship to do this study. I also thank Prof. L. Kannan, Prof. T. Balasubramanian and
Dr A.N. Subramanian, Centre of Advanced Study in Marine Biology, Annamalai

University (India) for their interest in my research career.

I thank my family for their endurance on sending me abroad and my colleagues Gillian,
Richard, Niall, Ulvi, Nouri and Idris for their company during the study period. Finally,
I am always grateful to Ms S. Vijayalakshmi, Mr Kuharajan Venasithamby and Mr
William Degnan for their moral support all through the study period. -



TABLE OF CONTENTS

ACKNOWLEDGEMENTS ....ovvcoooeeeeeveoeeeesseeeeseeesesesessseseseesssssessssessesseesssseesssssssseesenees (i)
1) 10 DF-NSTN & (0) SO (i)
ABSTRACT ..ooeoooee oo eeeoeeseeeeeesesseesssesesesssesesseessesessessssessssesesssesseeseseseesseeeeesssssssoons (i)

CHAPTER 1: INTRODUCTION

1.1 INTRODUCTION. ...cooeiiiiiriiiieiicirceireceee sttt sttt st st ae e e e ne 1
1.2 GENERAL PROPERTIES OF TECHNETIUM. .....ccccceoimiriniiineeireeeieeeie e 2
1.3 SOURCES OF *Tc IN THE ENVIRONMENT - OVERVIEW...........ccocoovvvvmnnn. 4
1.3.1 Technetium in the nuclear fuel cycle. .......cocovveiiiiinii e, 4
1.3.1.1 Technetium-99 production and release rates. ............ccoceeceerverrverveerereennennn. 8
1.3.1.2 Long-term Radioactive waste disposal and R T 9
1.3.2 Nuclear detONAtIONS. ....ccoueieurirrimiriiiinieeeetceeieerreee et erereesieeeeaeeesaeessreeseenens 9
1.3.3 Chernobyl acCident. ..........coccuvivuiiiiiiiiiiic e 10
1.3.4 Nuclear MEdiCINe. ....c..eooveereroreeiieeerreeieeice et ere et saee e 10
1.3.5 Natural Production. .....c...cocucrveemereiieieirceiceceececreee et et 11
1.3.6 Environmental 1eVels 0f “TC. ........ovvrveriereeresseeeeeseeseeee s 12
1.4 BEHAVIOUR OF *Tc IN THE MARINE ENVIRONMENT. ........ccoccoooviverranann., 14
1.4.1 INtTOAUCHION. 1eeeeieeiiiieeereteeeiie e e te st e st e e saee e e et e e s e saneae e nreeeeesasasaaennnnnnns 14
1.4.2 Accumulation of technetium by marine organisms. ........cc.cceceevuererrervereneernnn 15
1.4.3 Technetium in SEAIMENL. ........coeiiririieiriieiericeeeee e 18
1.4.4 Technetium-99 as 2 MATINE tTACET. .....coceerurerieiieee et eeete ettt e e see s 20
1.5 °*Tc AND THE UK NUCLEAR POWER PROGRAMME. ........ccooovvrvommriernannnn. 21
1.5.1 INtTOAUCHION. 1eevtreereeeetette ettt ee sttt e et e et e et e s e e ssnse e e s s essaessneaesnneessaeaeenns 21
1.5.2 Sellafield - Discharge History........ccccceeenue. ettt et e ae e re e e e e e e enatraaaeaaes 23
1.5.2.1 Transfer of Technetium-99 to Man........ccccovieiiiiiiiieiiineeee e 26

1.5.3 Other Sources of Technetium-99 in the Irish Sea. ..... B e ————— 26



1.6 AIM OF STUDY . ceeiioiiiiiiiiiiiie ittt ettt 27

CHAPTER 2: THE DETERMINATION OF *T¢ IN ENVIRONMENTAL
SAMPLES - METHOD DEVELOPMENT

2.1 INTRODUCTION. ...oooitirieieiietenieeeteteeniiereeceneeeee e seeetesnene et sse s saeenesaesanes 30
2.1.1 Classical Technique. oo eeeeeeesssssesesseseseeseeeeeame e s s s s e sse s 30
2.1.2 Radiometric teChNIQUES. ....coveirieeiiieeieetee et 30
2.1.3 Neutron Activation ANaLYSIS........coreeeerrereeeoueeierernirereinrieieeseeseseeseesseessrensesnne 31
2.1.4 MaSS SPECIIOMELTY.....covievieriiriiteriietieiere ettt 32
2.1.5 Summary of Available Techniques...........cccccocevvviiiiiiviniiicce 33

2.2 INDUCTIVELY COUPLED PLASMA MASS SPECTROMETRY - METHOD

DEVELOPMENT . ...ttt ettt ettt et et st et sae st e st sseesaneeeeens 34
2.2.1 Development of ICP-MS. ......ccooooriiii 34
2.2.2 ICP-MS SYSIEIM. ...eeeuiemremeeerenienirteirest ettt et s 36

2.2.2.1 Sample introdUCHON. ........ooieuiviiiiiiiicce e 36
2.2.2.2 Torch and plasma. .......ccoceevviriiniiniirriiiiciiececce e 37
2.2.2.3 TON EXITACHION. .euvieneiiiiereieiieeie ittt 39
2.2.2.4 Quadrupole mass SPECIIOMELETS. .....cceevrvrriiiirrriiiieiiierieiecre e 40
2.2.2.5 Scanning and data aCqUISItiON.........ccccviiuiiiiiiiiniiiiiieeec s 41
2.2.3 Analytical Method Development. ..........cccocvvviiiiiniiiiniiicicccc 42
2.2.3.1 INtrOdUCHON. c.veeeerenieceieeeee ettt e 42
2.2.3.2 Pre-CONCENIIAtION. ..ceourirmeiireeiierieteerreeieeeee e e e etre st esneesresneesneeesnneaes 44
2.2.3.3 PUNfICAtION. .eeeriiiiiiiiiiicee e 55
2.2.3.4 ICP-MS ANALYSIS. .eeveveiiiiiiiniiiiiiiiicciieitct ettt 66
2.2.3.5 SUIMIATY . «euveeveerreenieieiietereereteac ettt et ne et s ete st ne e e saeseneseneenneas 74

2.3 LIQUID SCINTILLATION COUNTING - METHOD DEVELOPMENT.............. 76

2.3.1 The LSC SYSIEIM. .euteuimiriiiiieiereeieceiiee ettt ettt e e 76
2.3.1.1 Scintillation COCKtails........cocceerieriiiriiiieeee e 71
2.3.1.2 The DeteCtion SYSIEIML ..c..eeeuiiiriieiiiieeiiieeiceeett et erreesreesaee e stee e s eeaaeean 77
2.3.1.3 Quench monitoring. .......cccccecvveevenevennee. et et et e 79

2.3.2 Counting CONAItIONS. ....ceriiiiiiieeierieeie ettt st saae s e 80

2.3.3 QUENCHINE. .ottt 81



2.3 A H EFTECL. oo eee e ee e e e oo s e e s e e e ee e eeee e e 82

2.3.5 Dual counting of samples in LSC.......cocooiiiinieee e 85
2.3.5.1 Experiments using SMTC as yield tracer in dual counting method. ............ 85
2.3.5.2 Experiments using #mTC as yield tracer in dual counting method. ............ 86

2.3.6 Comparison of LSC and ICP-MS. .........ooriiieeeeeetes e 88
2.3.6.1 Analysis Of SEAWEEAS. ..c..coovermiruieiieiiiiiieneretecee et 88
2.3.6.2 Analysis Of SEdIMENLS. ......covoiirriiiiriirieeerree et srreee e 88
2.3.6.3 Detection limits in both LSC and ICP-MS. .........ccooirriiiieeeeeee 89

2.4 CONCLUSIONS. ...ttt ettt ettt sttt et s e st e et eaeeeeveeaee 89

CHAPTER 3: TECHNETIUM-99 IN THE IRISH SEA

3.1 STUDY AREA. ...ttt ettt ee et ee et e e eeeeeeeeeeearaes e sssssssenesnmannes 92
3.2 SAMPLING STRATEGY, RESULTS AND DISCUSSION. .....ccoovvvemeieeeeiin, 93
3.2.1 Inter-Species VATIAtIONS. ....c..vecriererreeririererienieereenreereesseeneeseeennensressesseneesaseane 94
3.2.1.1 Variation Within SEAWEEAS. ........coovivvieremmmeiiereeeeeereete e ee et 94
3.2.2 Temporal variations in R0 TSRO 110
3.2.3 Spatial variations in *2TC. .........co..oovviveieereeeeeeeseeeessreseeese e ees s e 121
3.2.4 Sediment Core ANALYSIS......ccovierriiirriirriericrieerreeereeeree e et siees it e 127
3.2.5 79TC iN SAIMATSNES. ©.vevevoveeeeeeeeeeeeeere oo seeesesesesesesesesesesesssenessseseseeseeees 133
3.2.6 P O/ T FALIO. e es e 135
3.2.60.1 INtTOAUCTION. ceveeiieieeeeeeeeeetett e et e e e e e e veress e e een e e eeeeraeeennaens 135
3.2.6.2 Samples & MethOds.......ccooveiiiiiiiiierieirece e 135
3.2.6.3 ReSUltS & DISCUSSION. .eeeeiiiiiieiieeeeee et eeeeeeeeeeareseesasaneas 136
3.2.7 Springfields, Lancashire. ........ccooeeceeeieininiinnieiieeieeeeeee e 146
3.2.8 Capenhurst, Cheshire. .........ccooeeeiieiinneiiiieieeeeece e 148
3.3 THE BEHAVIOUR OF *°Tc IN THE IRISH SEA ....veeoeeeereeeeeeeereeeeeeeeeeee e, 151
CHAPTER 4: CONCLUSITONS ...t e s eeeeaeeras e e reerr e e e e eernesssaenes 153
AAPPENDIX ..ttt ettt et e e e e e e s e eraeeeseansesesseanereseananaeresesenaneesesasnaeeasnnnes 158



LIST OF FIGURES

Figure 1. 1 Different types of nuclear fuel cycles - Schematic diagram showing different stages
(Source: IAEA, 1993). ..ottt s 4
Figure 1. 2 Distribution co-efficient D of TcO4- between the organic phase (30% v/v in n-

dodecane) and the aqueous phase as function of the HNO3 concentration in the

aqueous phase at various concentrations in the aqueous phase (Lieser, 1993). ............... 7
Figure 1. 3 Cumulative #Tc releases calculated from global nuclear electricity production.......... 8
Figure 1. 4 Concentration changes in waste species (Choppin & Wong, 1996). ........ccccocouevenennen. 9
Figure 1. 5 pH and Eh diagram for Tc distribution in the environment (Beasley & Lorz, 1986). ..15
Figure 1. 6 Various nuclear sites in UK. ... 22
Figure 1. 7 Annual discharge rates for *’Cs and *****Pu from Sellafield (1952-1992) (Gray et

AL, 1995). ottt ekttt ae et 23
Figure 1. 8 Annual discharges of ®Tc from Sellafield reprocessing plant (1978-1993)................ 24
Figure 1. 9 Distribution of ®Tc in Fucus vesiculosus from Sellafield area. .........c..coooevvereerrennnes 24
Figure 1. 10 Discharge rates of #Tc estimated (1952-1977) and reported (1978-1995) from

SEIATIELA. . ..ceveeeitieeeree ettt ettt e e b bbbt ae e reen 25
Figure 2. 1 Schematic diagram of typical ICP-MS SyStem. ...........cccooeiiiiininininnnincee 36
Figure 2. 2 Spray chamber (Scott et al., 1974). .......oooiiiiiiii e 37

Figure 2. 3 Schematic of ICP torch, gas flows and the induced magnetic field (Houk, 1990)........ 38

Figure 2. 4 Degree of ionisation versus ionisation energy for singly charged ions in the ICP

(GTaY, 1989). ..ttt et 38
Figure 2. 5 ICP and sampling interface for ICP-MS (Houk, 1986). .....ccoooviiievieieiiieceecieee e 39
Figure 2. 6 Ion lenses from PlasmaQuad. ...........cooooiiioiemiieiiiiiiiiice e 40

Figure 2. 7 Schematic diagram of quadrupole rods showing ion trajectory and applied voltages. .41

Figure 2. 8 Schematic diagram showing anion-exchange column set-up...........ccccoennnnnninn, 46
Figure 2. 9 Rinsing of anion-exchange column - Effect of nitric acid molarity. ..........cccceourirnenen. 48
Figure 2. 10 Elution of technetium - Impact of 8M and 12M nitric acid. .......cocccovvivnnnniininne. 49
Figure 2. 11 Effect of ammonia treatment during ashing on technetium recovery. .........c.c.cco.co... 52
Figure 2. 12 Effect of ashing temperature on both recovery and chemical yield. ........................... 52
Figure 2. 13 Acid dependency of TEVA Spec resin (Beals, 1995). ... 58
Figure 2. 14 Schematic diagram of glass column used in TEVA Spec extraction. ..........c.cccoc.co.e.. 59
Figure 2. 15 Impact of sample molarity on technetium and ruthenium uptake. ...........c.c.cocoooeo 60
Figure 2. 16 Impact of resin volume on technetium and ruthenium uptake. ......cocoveiiiiiiieee, 61
Figure 2. 17 Impact of stirring time on technetium and ruthenium uptake. .........ccccoovviiniennnnnn 61
Figure 2. 18 Effect of nitric acid molarity on rinsing TEVA Spec resin...........cccccoeininiinnnnn 62

Figure 2. 19 Elution of technetium from TEVA Spec resin. .......c.oocoviiinnieiniciii 63



Figure 2. 20 ICP-MS spectrum showing ruthenium at mass 101 (without NaOH precipitation)....64

Figure 2. 21 ICP-MS spectrum of seawater sample after processing...........cccoceevevreeiernieeirencnninen. 64
Figure 2. 22 ICP-MS spectrum of seaweed sample after processing. ..........c.cceoeerrierererinniiiinnnane, 65
Figure 2. 23 ICP-MS spectrum of mussel sample after processing. ...........coceeueveveveveiriiinicieinnnnnen. 65
Figure 2. 24 ICP-MS spectrum of sediment sample after processing..........ccceevviineirvsneirinnernnan. 65

Figure 2. 25 Relative signal response of ICP-MS for *Tc at mass 99 with U, Bi, In, Co and Be. .68

Figure 2. 26 Calibration using 2% Nitric acid...........ccceeveverreieririiiiicc 69
Figure 2. 27 Calibration using Seaweed digest.........ccovrriiirieriiieiiiiniiii e 69
Figure 2. 28 Inter-element contributions at mass-99. .........cccoveiieiiiiinnnie 70
Figure 2. 29 In-house seaweed standard analysis during the present study. ......c.cccocoveveriiininnnnen. 71
Figure 2. 30 Raw counts at mass 99 from 2% nitric acid blank runs. .........cccocoviiniinnnn, 72
Figure 2. 31 Schematic diagram of analytical method. ...........coooemiiiiii 75
Figure 2. 32 Liquid Scintillation ProCess. .......cocouiviiiiiiiiniiciiii e, 76
Figure 2. 33 Block diagram showing LS system. .........ccooeiiiiiii 78
Figure 2. 34 PTc Counting efficiency (%) versus tSIE - Quench curve. ..., 82

Figure 2. 35 Spectrum showing technetium and tritium counts with open window (0-160 keV)...84
Figure 2. 36 Spectrum showing less tritium counts with optimum window (10-87 keV)............... 85

Figure 2. 37 Plot showing linearity between tracer (95mTc) counts obtained from Ge(Li) and

LSC (at 95% confidence level) methods. ...........oooiioiiiiiiiiiiii e 86
Figure 3. 1 Map showing the predominant residual surface currents in the Irish Sea..................... 92
Figure 3. 2 The study area and sampling sites - Irish Sea............cccocooniiiiii 93
Figure 3. 3 Pelvetia canaliculata - abrown alga. ..........c.ccccoiiiiiiiiniiii, 95
Figure 3. 4 Fucus spiralis - abrown alga. ...........cocoeeiininmiiiiinnce 95
Figure 3. 5 Dictyopteris membranacea - a brown alga............ccocooviieiiiiiiiiiiii 96
Figure 3. 6 Ascophyllum nodosum - a Brown alga. ..........c.ccovvviiiiimiiniiiiiciee 96
Figure 3. 7 Fucus vesiculosus - abrown alga. ...........cccoioveiiiiiiiiiii 97
Figure 3. 8 Parts of a typical seaweed (€.g. Fucus veSiCUlOSUS). .........ococovvveiriiiieiiiieniiiiiiin 97
Figure 3. 9 Fucus serratus - abrown alga. ........ccccocoeiiiiiiiiiiiniiini 98
Figure 3. 10 Inter-seaweed species variations in *Tc accumulation - St. Bees Head. .................... 100
Figure 3. 11 Inter-seaweed species variations in ®Tc accumulation - Seascale..............cccooernnn.... 100
Figure 3. 12 Inter-seaweed species variation in ®Tc accumulation - Ravenglass. .............ccoo......... 101
Figure 3. 13 Inter-seaweed species variations in ®Tc accumulation - Whitehaven. ....................... 101
Figure 3. 14 Composite diagram showing PTc activitiesin Seaweeds. ..........coo.vvrvvveververreserennnnn. 102
Figure 3. 15 Life cycle in SEaWeedS.........ccccocviiiiiiiiiniiiiicecee e 107
Figure 3. 16 Enteromorpha linza - a green alga. ..........ccooeeriiiriiiiiiiceccce 107

Figure 3. 17 Chondrus crispus - ated alga..........ccoovvrmiiiiiii i 108



Figure 3. 18 PTc activities in seaweeds-temporal variations (Whitehaven). ........cccccceeevvrvvviennenn.. 112

Figure 3. 19 ®Tc activities in mussels - temporal variation (Whitehaven). ..............cco.cvevvrerueeeen.... 112
Figure 3. 20 *Tc activities in winkles - temporal variation (Whitehaven). ............o..ocoveerereveerenn. 113
Figure 3. 21 #Tc activities in seaweeds - temporal variations (Ravenglass). .........co.oooveeeeenrnee, 114
Figure 3. 22 ®Tc activities in mussels - temporal variation (Ravenglass). .............ooc.ovveeeeverrue. 114
Figure 3. 23 ®Tc activities in winkles - temporal variations (Ravenglass). ..............cooocoeeverveeneen. 115
Figure 3. 24 ®Tc activities in seaweeds, mussels and winkles - Whitehaven. ...............cccooeven...... 115
Figure 3. 25 *Tc activities in seaweeds, mussels and winkles - Ravenglass. ..............ccc..ccoevunvnn. 116
Figure 3. 26 Morphotype (Mollusca) - Cross SECHON. ........cccoueuivuiuciiiriniiieicieeniee e 117
Figure 3. 27 Periwinkle - Littoring littoreq. ...............cccoccoeciiiniiiiiniiciiciiiiiicciniccvciceieeene 118
Figure 3. 28 Radula (WINKIES).......ccoruimmmiiiiiiiiiciciiciiece s 119
Figure 3. 29 Mussels - Bed. ..ot 119
Figure 3. 30 Gills (MUSSEIS). ...ovvririiiiiiiiiiiiiiiiicincrce st 120
Figure 3. 31 ®Tc activity in seaweeds - spatial variations (1989)..........c...coevverrrvrerrvermsersrsriraenins 123
Figure 3. 32 #Tc activity in seaweeds - spatial variations (1994)...........ccccorveevorrreerererienrnrrerennenn. 124
Figure 3. 33 ®Tc activity in seaweeds - spatial variations (1995)............cooveererrereerrrerrrssrerrrerronn 124
Figure 3. 34 *Tc activity in Fucus spiralis - spatial Variation. ............cc.e..eeveereeereresrinsioerennnne. 125
Figure 3. 35 Spatial distribution of ®Tc during 1989, 1994 and 1995. ...........ccooevvvrmrrirrurrerennrrnne. 126

Figure 3. 36 Map showing sediment core sampling site (Solway Firth, South-west of Scotland)..128
Figure 3. 37 Sediment 137Cs, ' Am and #*?**°py activity profiles versus depth (cm) (MacKenzie

EL AL, T994). oottt ettt ettt na e e 129
Figure 3. 38 Sediment Tc activity profile of the core versus depth (CIm)............ccoovvverrerverrnne. 130
Figure 3. 39 Comparison of temporal variation in *Tc annual discharge rates (TBq) with

observed *Tc profile in the sediment core (Bq kg dry Wt.) .....cccoovvvvevereeeieieeceeicrenan, 131
Figure 3. 40 *Tc/'¥Cs activity ratios normalised to their corresponding ratios in annual and

integrated disCharge Tates. ......c.cccciviriirieoieec e 132

Figure 3. 41 #Tc/?**%py activity ratios normalised to their corresponding ratios in annual and

time integrated diSChArZe FALES. ......cccvcruiriiiieriiiiec e 133
Figure 3. 42 Composite diagram showing P7Cs activities in seaweeds. ........c..coooeevreeeveereerereeann. 138
Figure 3. 43 Temporal variations in 37Cs/*Tc activity ratios (Whitehaven)...........c.ccovvveverennn. 139
Figure 3. 44 Temporal variations in B7Cs/®Te activity ratios (Ravenglass).........co.cocovueeerrevennane 140
Figure 3. 45 '¥'Cs/*Tc activity ratios in annual discharge rates from Sellafield (1989-1995). ......141
Figure 3. 46 Spatial variations in 1Cs activities during 1989, ........oveveevrveeeeeeeeceeeeeeeseseeees 142
Figure 3. 47 Spatial variations in P7Cs activities during July 1994, ...........cooooiimvereeeeeeeerceeee, 142
Figure 3. 48 Spatial variations in PCs activities during July 1995. .....oooovvmrveeeeereeeeeeereeeeeeeas 143
Figure 3. 49 Spatial variations in 7Cs/®Te ratios during 1989........oocvevveeeeeeeeeeseereseseeeseseeen. 143

Figure 3. 50 Spatial variations in BTCs/™Tc ratios during 1994.........cveeeevveeeeeeeeeeeeeseeseeevesenenn. 144



Figure 3. 51 Spatial variations in P7Cs/”Tc ratios during 1995.........c.evverveeeveereeeeeenrsseer e 144

Figure 3. 52 Spatial variation in 7Cs/PTc activity ratios (1989, 1994 and 1995). ........cccovvenane. 145
Figure 3. 53 Map showing sampling sites and PTc activity in sediment from River Ribble. ......... 146
Figure 3. 54 Map showing sites and *Tec activity in algae samples from Capenhurst area. ........... 149

Figure 3. 55 Map showing sampling sites and ®Tc activity in sediments from Capenhurst area. .. 150



Table 1.
Table 1.
Table 1.
Table 1.
Table 1.

Table 1.
Table 1.
Table 1.
Table 2.
Table 2.
Table 2.
Table 2.
Table 2.
Table 2.
Table 2.
Table 2.
Table 2.
Table 2.
Table 2.
Table 2.
Table 2.
Table 2.
Table 2.
Table 2.
Table 2.
Table 2.
Table 2.
Table 2.
Table 2.
Table 2.
Table 2.
Table 2.
Table 2.

LIST OF TABLES

1 Technetium ISOTOPES. . c.vieciiiiieriierieere ettt stte ettt e et st e e e esane e e aeaeeaneas 2
2 Main physical properties of technetium. .........ccccccooiiiiininiiricce e, 3
3 Yield of Technetium from Fission of *’Ul..........ccourvviimmrrronnsriiisssesesesosesee e 5
4 Technetium-99 yields from fission of various nuclei. ........ccccevvevveveecreeeieeeciieeieene, 5
5 Main constituents of High Level Liquid Waste per ton of spent fuel (3.3% enriched

U) burned up to 33, 000 MWd/MTU at 30 MW/MTU in PWR (*Total). .......cccoereneenee. 6
6 Concentration of **Tc in seawater from different coastal Waters. .................cc......coo...... 14
7 Annual *Tc discharge rate from Springfields works (1991-1995). ......oeveeueerreieereenn. 27
8 Annual *Tc discharge rate from Capenhurst works (1989-1995).........coveueuvrreruereennn. 27
1 Recent references on *Tc determinations using ICP-MS. .......oo.vueviereeeereeereeereseenns 33
2 Limits of detection for the determination of “Tc........ccc.covurveerieeriereerereeessesresieseeneane. 34
3 Various tracers available. ..........cccoiveiiiiiiiiiiicc e 42
4 Levels of Tc and Ru - in column and filtrate..........ccoecoeveviinienienininieiecee e, 47
5 Final recoveries of Tc and Ru from anion-exchange method............cc.ccoveeienieeernnne. 49
6 Technetium-99 extraction from sediment (**Tc Bq kg dry wt.) - Experiment. ............ 53
7 Technetium-99 extraction from sediment (**Tc Bq kg dry wt.) - Single leaching. ......54
8 Selective extraction of technetium using cyclohexanone..........ccccccceevvrrnerrrivenieieencens 56
9 Back-extraction of Tc into aqueous phase using CCly + HyO. ...eeovevvvveiiviicieeeeee 57
10 ICP-MS Operating Conditions...........cocevteruerueemeniiiiiniienieeeecseeierere et 66
11 NPL Standard *Tc measured against Amersham Standard RS VTR 67
12 Possible inter-element interference at mass 99........cocccoveveiviniiiiiiinncncene e 70
13 IAEA intercomparison Sample analysiS......c.ceeueereerienuieierienientenreetenieeneneseeeneeseveeseenns 73
14 Intercomparison between SURRC & WRI *°Tc ng g'] dry W) oo, 73
15 Comparison of results of present study with previous study (*Tc Bq kg dry wt.) ... 74
16 Analytical method - Important parameters. ...........ccooueveveeiienenenncne e 74
17 Effect of quenching on *Tc counting efficiency (%) and tSIE.............cccocvviiinnnniee, 81
18 Tritium counting with technetium Spike...........cocviriiriiiniiiee e, 82
19 Tracer (°™Tc) contribution at 10-87 KEV..........courvueuerieeieeeeeeeeeeeeeseeesee oo, 87
20 Tracer (*°™Tc) contribution at 10-87 keV after a month decay period. ......coeeeeeienene, 87
21 Tracer (™Tc) contribution at 10-87 KEV. ......c.ooovueereereeeeeeeeeeseeeee oo 87
22 Tracer (P™Tc) contribution at 10-87 keV after a month decay period. ................ R 88
23 Tracer yield (%) obtained from LSC and Ge(Li) methods. ......c..cocceveeieeniincnnenccnnnne 88
24 Analysis of *Tc in seaweed samples by LSé method. ....ooooiviiii 89
25 Analysis of Tc (*®Tc Bq kg dry wt.) in sediment by ICP-MS and LSC methods. ...90



Table 3. 1 *Tc activities in various seaweeds (QUIY 1995)..ciieeeeieteeter e 99

Table 3. 2 ®Tc activity in seaweeds relative to FUCUS SPIFALLS. ..........cooveeevereeereeeereeeeeeeeeeeee, 102
Table 3. 3 ®Tc activity relative to Fucus vesiculosus (Holm et al. 1986b). ..........coccvvvveeererrernnn 103
Table 3. 4 *Tc concentrations in seaweeds from French Coast (Jeanmaire et al., 1981). .............. 104

Table 3. 5 Technetium uptake (CFs) by green, red and brown algae (*data based on Field

studies) in Laboratory studies - earlier Studies. ..........ccovcueviviiinciicniininincnis 105
Table 3. 6 Technetium-99 uptake (CFs) by green, red and brown seaweeds at Ravenglass site

(*CF's = dry wt. basis) - present StUdY. ....c.ccoeevrecrimeeneniniennenninineecresenreseeeeeeseesae e 106
Table 3. 7 Observations on the life span of macroscopic algae (Source: A.D. Boney, 1966). ....... 109
Table 3. 8 Temporal technetium-99 (kBq kg dry wt.) distribution in seaweed, mussel and

winkle at Whitehaven site (NA = not analysed; BDL=below detection limit). ................. 110

Table 3. 9 Temporal technetium-99 (kBq kg" dry wt.) distribution in seaweed, mussel and

winkles at Ravenglass site (NA = not analysed). ......cccocevvveneniniiiiiinicnieeeiee e, 111
Table 3. 10 *Tc activity (kBq kg™ dry wt.) in seaweeds - 1989. ........coo.ovmvveveeeeeeireeeereeeeeen. 121
Table 3. 11 *Tc activity (kBq kg™ dry wt.) in seaweeds - 1994. .........coo.ovvmvmremvomreeeeeeeeeseeeeeeen, 122
Table 3. 12 *Tc activity (kBq kg™ dry wt.) in seaweeds = 1995. .........ooeoveremeemeeereeeeeeeeeerseeeeeeen 122
Table 3. 13 Levels of *Tc, *’Cs, 2’ Am and ?***Pu in Sediment core (Bq kg dry wt.).............. 130
Table 3. 14 ®Tc activity in saltmarshes (BDL = Below Detection Limit).........cccccovveverrinririis 134
Table 3. 15 IAEA Reference samples measurement for '*’Cs (Bq kg dry wt. +1 sigma error).....136
Table 3. 16 '¥'Cs & *"Cs/®Tc activity ratios in different seaweeds - 1995. .........coocovvevvvverveernnnnn. 137
Table 3. 17 *’Cs activity in seaweeds relative to Fucus spiralis (*relative to Fucus

VESTCULOSUS ). ..ottt et et et e st e ettt s ere e ante e e bt e sate e e anteesnnnreeennneaean 138
Table 3. 18 Temporal variations in '>’Cs/*Tc activity ratios - Whitehaven. ...............cc.cccoooo....... 139
Table 3. 19 Temporal variations in P1Cs/®Te activity ratios - Ravenglass. .......c.ccccovvvrvevveeeenecnn... 139

Table 3. 20 Annual discharge (TBq) levels of '*'Cs, ®Tc and *’Cs/*Tc discharge ratio from

Sellafield (1989-1995). ...t 140
Table 3. 21 'Cs & '¥'Cs/*Tc activity ratios in seaweeds (Bq kg™ dry wt.) - 1989. .......oovvenvcnn.. 141
Table 3. 22 "*'Cs & "*"Cs/*Tc activity ratios in seaweeds (Bq kg™ dry wt.) - 1994, ...................... 141
Table 3. 23 *Tc activity from the River Ribble sediment. ...............coovvvoveeeeeeeeieeeeeeeeeean. 147

Table 3. 24 *Tc activities in algae and sediments from Capenhurst environment. ....................... 148




%

()

2

# *

* *

(D 1 #

D

& (!-

%

#

#
#

# $
#

*



ABSTRACT

PTc is a high yield fission product with a long half-life (t2 = 2.1x10° years) and
relatively high solubility in natural waters. Consequently, it is of potential radiological
concern if released to the environment either in the long term from a high-level nuclear
waste repository or as an immediate result of nuclear fuel reprocessing. The
environmental chemistry of e is not, however, well characterised since there are no
stable isotopes of Tc and the analyses of **Tc is difficult due to a combination of its low
concentration in the environment, its long half-life and the relatively low energy of the
beta-particle emitted in the decay. Recent advances in analytical techniques coupled
with increased *°Tc levels in Irish Sea, however, should now provide an ideal
opportunity to study the behaviour of **Tc in the marine environment. The aims of this
study were: 1) to develop an analytical method for the determination of **Tc in the
marine environment, and 2) to study the initial response of the Irish Sea environment to

the increased discharges of #Tc from Sellafield.

An analytical method, based on Inductively Coupled Plasma Mass Spectrometry, has
been developed. Pretreatment of samples was necessary to concentrate *Tc and reduce
the level of potential interferences (in particular ruthenium - *Ru natural abundance,
12.7%). This was achieved by a combination of ion-exchange, ashing, leaching,
precipitation and selective extraction chromatography, using a short-lived technetium
isotope (e.g. #mTe or *™Tc) as a yield monitor. Decontamination factors of 10° - 10°
were obtained for Ru and a detection limit of 13 Bq kg'1 was achieved for routine
analysis. The chemical procedure could also be used to provide samples suitable for

analysis by liquid scintillation counting.

Technetium-99 levels in the Irish Sea were found to vary between species (seaweeds >>
mussels > winkles > sediments) and within seaweed species (brown algae >> green algae
> red algae). ®T¢ accumulation in seaweeds, mussels and winkles has also varied
temporally. For example, *Tc levels increased from 2.33+0.3 to 75.68.7 kBq kg (dry
wt.) in seaweeds (Whitehaven harbour) between. 1989 and 1995. Saltmarsh plants
collected from Newbiggin, have also shown a similar increase in *Tc levels. During this
time period discharges from Sellafield increased from 6 to 190 TBq y™'. Increases in **Tc

levels in seaweeds have also been observed outwith the Irish Sea. A general increase in

i1



B37¢Cs/PTe activity ratios with distance from Sellafield in 1995, however, indicates that
these sites are yet to be exposed to the highest PTc discharge levels. Data obtained from a
sediment core suggest that historical levels of *Tc in the Irish Sea environment may have
been far higher than would have been expected from discharge estimates. Contributions of
#Tc to the Irish Sea from other nuclear establishments (Capenhurst and Springfields) were
found to be insignificant, although, at a local level, could result in relatively high
environmental levels (e.g. 30 kBq kg‘1 (dry wt.) in green algae from Rivacre Brook,

Capenhurst area).
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CHAPTER 1: INTRODUCTION

1.1 INTRODUCTION.

The name Technetium comes from the Greek word ‘fechnetos' meaning 'artificial'. Its
existence was first demonstrated by Perrier and Segré (1937) when the isotopes %™Tc and
9TmT¢ were found on a molybdenum plate that had been bombarded with deuterons. Since
then, 21 isotopes along with their various isomers have been produced, ranging in mass
from 90-110 (Rioseco, 1987). All isotopes of technetium are radioactive, and are presented
in Table 1.1 (Long & Sparkes, 1988). All primordial technetium isotopes will have
decayed as the longest lived isotope, *Tc, has a half-life of 4.2x10° years and the age of

the earth is approximately 4.5x10° years.

Of the three technetium isotopes with half-lives greater than a year only Tc is of
environmental concern. > Tc is a high yield fission product and although it is a weak beta
emitter (Emax = 292 keV), it is of radiological significance due to its long half-life and

relative ease of mobility in the aquatic environment.

Discharges of T¢ to the environment are quite low at present. This together with its low
specific activity and problems associated with its radiometric determination means that
environmental data are relatively scarce. As *Tc emits no gamma radiation it has been
historically neglected by the nuclear industries, and hence, in many radiological
assessments. It is also known, from the two international symposia conducted on
technetium (Cadarache, France (1984) and Seattle, USA (1986)), that the behaviour of
technetium in the environment is very complex. Certain aspects like, the ultimate ‘sink’
for Tc in the environment and its bioavailability are not yet sufficiently well documented.
Most *Tc will end up in high level waste and it is thought that it will make a very
significant contribution to the long-term dose from this source. Indeed, it is recognised as
one radionuclide that will not be adequately contained by the forthcoming UK NIREX
repository. Considering these points, much more work is required into understanding the

complex behaviour of Tc in the environment.



Isotope |Half Life |Type of decay
“Tc |50 B*
“Tc 1795 B*

“'Tc  |3.14m |B*+EC,y
ITc 33 m B*+EC, y
“Tc  |44m B*+EC, y
“Tc  [2.7h EC +B*, 7
"¢ [435m  |IT,EC,y
*"Tc |53 m B*+EC,y
“Tc  |49h EC+B"y
“Tc  |20h EC,y
»mre |61d EC +B%IT, 7, ¢
CTc  [4.3d EC,v, e
*mre [52m IT, EC, B*, v, €
e |91d IT, v, &
“Tc |2.6x10°a |EC

®Tc  [4.2x10°a [B,y

“Tc  [2.1x10°a |~

#mre  [6.0h IT,y, e
P1c [15.85 B,y

OTc  [14m By

"%Tc 163 m B,y
05mTe 143 m B, IT2, y
"®Tc {505 B,y

c |[18m B,y

®Tc [76m  [py

%Tc  [365 B,y

e |21 By

"®Tc  [5s B,y

"PTc |1 B

"Tc  0.8s B,y

Table 1. 1 Technetium Isotopes.

1.2 GENERAL PROPERTIES OF TECHNETIUM.

Technetium is a silver-grey metal which tarnishes in moist air. It is similar to its closest
analogue rhenium in crystalization. Technetium is useful in superconductive applications
at low temperatures. The critical temperature T, i; approximately 8K (Picklessimer &
Sedula, 1962), which is one of the highest for metals. A summary of the main physical

properties of technetium is given in Table 1.2.



Atomic Number 43

Melting point 2200°C
Boiling point 4700°C
Atomic radius 1.358 A
Density 11.50 gm™

Critical temperature | 8 K

Table 1. 2 Main physical properties of
technetium.

Technetium is a group VII element, residing between molybdenum and ruthenium in the
second transition series of the periodic table. It is closer to rhenium, as a result of
lanthanide contraction, than its other analogue manganese. Technetium metal may be
prepared in two ways, a) by reducing pure technetium sulphide or ammonium
pertechnetate electrolytically (Flagg and Bleidner, 1945) and, b) by electrodeposition of
technetium in the presence of small quantities of fluoride (Boyd et al., 1960). The metal
can be dissolved in concentrated sulfuric acid, nitric acid and aqua regia, but does not
dissolve in hydrochloric or perchloric acid. Technetium heptoxide (Tc,05), produced from
the burning of technetium metal in oxygen, is very soluble in water, forming pertechnetic
acid. The dioxide, TcO, which may be produced by reduction of pertechnetate, is more
volatile than the heptoxide and can be oxidised to the heptoxide by oxidising agents, such
as nitric acid or hydrogen peroxide. Technetium reacts with chlorine at 400°C to form
technetium hexachloride or tetrachloride and with fluorine to form technetium
hexafluoride. At higher temperatures, (about 1000°C) technetium will also react with
carbon to give TcC (CRC Handbook, 1983).

Technetium can exist in oxidation states ranging from -1 to +7, in common with
manganese and rhenium. The most important oxidation state is +7, being more stable than
any of the others and tending to be associated with technetium complexes. It forms the
pertechnetate ion producing many compounds (K(TcOg) Cs(TcOs), Rb(TcOy), Li(TcOy),
Ag(TcOy4), TUTcO4), (CeHs)sAs(TcO4) and NHa(TcO4)) of which ammonium

pertechnetate (NH4 TcOy) is the most water soluble. ‘
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In the ‘once through’ fuel cycle, spent fuel is not reprocessed but is stored on site until
disposal in a repository is possible. Alternatively, this fuel can be reprocessed into new

fuel elements as in the ‘thermal reactor cycle’ and the ‘fast breeder cycle’.

Technetium is produced in large quantities during thermal fission of 35U (Table 1.3). The
major isotope produced is technetium-99, with a yield of approximately 6%, though other
isotopes of Tc are also produced with smaller yields. Technetium-99 is also produced in
significant amounts from fission of other isotopes presents in nuclear fuel (Table 1.4)
(Cartledge, 1955). Several mechanisms exist for production of #Tc aside from direct

fission, including (n, ) reaction with *®Mo as shown below:

99mT C

B e
%Mo (n.y) Mo ——— 6h| IT _
67h B

99
Ru
Do —

2.1x10° y

Isotopes Yield, %

“Tc 6.06%

1oe 5.6

1021¢ 43

1%1c 3.0

1%%1c 1.8

1%1¢ 0.9

7¢ 0.19
Table 1. 3 Yield of Technetium from Fission of
235U.

Isotopes |Yields, % |Neutron Energy

“u 4.8 Thermal

2y 6.1 Thermal

Py 16.3 Fast

py 5.9 Thermal

22Th 2.7 Fast
Table 1. 4 Technetium-99 yields from fission of various
nuclei.



Tc releases from the nuclear fuel cycle result from reactor operations, nuclear fuel
reprocessing, UFg conversion, uranium enrichment, U fuel fabrication, high-level waste

solidification, high-level waste disposal and low-level waste disposal.

Globally, Sellafield (UK), Cap de la Hague (France) and Trombay (India) are the major

reprocessing facilities that release radioactive wastes into coastal waters.

In reprocessing, spent fuel is dissociated in nitric acid and Jenkins & Brown (1984) have
reported that some metallic particles containing Mo, Tc, Ru, Rh and Pd may remain after
dissociation. These particles can enter the environment as highly active wastes. Kubota
(1993) has discussed the likely constituents of HLLW (High Level Liquid Waste) and has
estimated that 771 g or 0.49 TBq of Tc is produced per ton of spent fuel (Table 1.5).

Nuclide |Half-life |Quantities (cooling time, 5 years), g (TBq)
Pu-239 [2.4x10%y [25.1 (0.06)
"Pu 44.0 (18.46)
Np-237 |2.1x10°y |444 (0.01)
"Np 444 (0.01)
Am-241 432y 289 (36.74)
"Am 370 (37)
Cm-242 |162.8d  [0.007 (0.89)
Cm-244 [18.1y 17.9 (55.5)
*Cm 19.1 (55.5)
Sr-90 |28.8y 477 (2408)
“Sr 830 (2538)
Cs-137 302y 1.06 k (3411)
“Cs 2.56 k (4440)
Tc-99  {2.1x10°y |771 (0.49)
Ru-106 |367d 4.8 (599)

"Ru 2.17 k (599)
Rh 461 (0.01)
Pd-107 |6.5x10°y {212 (0.004)
Pd 1.34 k (0.004)

Table 1. 5 Main constituents of High Level Liquid
Waste per ton of spent fuel (3.3% enriched U) burned
up to 33, 000 MWd/MTU at 30 MW/MTU in PWR

(*Total).




Reprocessing involves the separation of uranium, plutonium and other highly radioactive
products by a series of solvent extraction stages. An established method of reprocessing is
the PUREX process in which the fuel elements are dissolved in nitric acid. In the PUREX

process TcOy’ is extracted with U due to the equilibrium;
UOz(NO3)2(TBP)2 +TcOy «— UOz(NO3)(TCO4)(TBP )2 +NO;'.

In agreement with this equilibrium, the distribution coefficient of Tc between the organic

and the aqueous phase depends on the concentration of NOs (Figure 1.2).

a o §MUCNO3),
~ a TMUDBZND3p+ 14 NHNOg

43 \ ® IM UQ{NO3ip»ZM NH NO3
2.2 \.\\h\‘_

9.1+

10
{HNO3 ] (moll)

Figure 1. 2 Distribution co-efficient D of TcO,4 between
the organic phase (30% v/v in n-dodecane) and the
aqueous phase as function of the HNO; concentration in
the aqueous phase at various concentrations in the
aqueous phase (Lieser, 1993).

As TcOy present in the complex is bound more strongly than NOs’, appreciable amounts
of Tc will accompany U on removal, even at rather high concentrations of NOs3™ (Lieser et
al., 1981). Tc which is not extracted with U remains with other fission products and
actinides forming highly active waste. If no special precautions are taken, Tc may be
found in all products and waste streams including the U product, the Pu product and in the
wastes from the purification of U and of Pu. It is estimated that 3.7 TBq or 6 kg of
technetium is returned with separated uranium for ftjel fabrication in one year for a 1000
MW (e) nuclear power plant. Prior to enrichment, uranium is converted to volatile

hexafluoride and at this time Tc present can react to form TcFs. Also, in this process, a



small amount of technetium can be released to the atmosphere. In the fuel fabrication

process some %Tc may also be released to the environment.

During reprocessing, many radionuclides (including **Tc) are separated from the uranium
stream and are stored for an extended period on-site as high level wastes (HLW). Medium
level waste (MLW) arising from separation of plutonium from uranium, and delay storage
prior to discharge. Low level wastes (LLW) containing Tc also arise, from these processes

and released into the environment subject to authorizations.

1.3.1.1 Technetium-99 production and release rates.

Luykx and Fraser (1982) and Luykx (1986) have estimated that 1000 TBq of **Tc had
been released to the environment up to 1980. These calculations assumed that up to 1980
10% of nuclear fuel was reprocessed with 100% Tc release. After 1980 the same amount
of fuel is reprocessed, however, with only 10% of Tc being released during reprocessing.
Based on the same approach it can be estimated that 5374 TBq of Tc will be produced in
fuels of which a total 1477 TBq will be released up to 1995. Based on these assumptions
and future electricity production estimates (IAEA, 1995), it can be estimated that 7480
TBq will be produced of which 2743 TBq will be released up to 2015 (Figure 1.3).

Technetium-99 release into the Environment
3000
2500 1 §§§:
AU
2000 + i | aé‘ii
- §§€” ;{i
@ 1500 + : %!i i i
- i i g"” H I3
§§‘ HHHUI "3%; §§
IR
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500 + _Pgs ; %% § E i | i
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0 m%i%;f .3”555% % kLR 1L ga“
D [aV] wn Q haonl < N~ (=) m (] [o)] [aY) wn [s.0] A ad g
Years

Figure 1. 3 Cumulative “Tc releases
calculated from global nuclear electricity
production.



1.3.1.2 Long-term Radioactive waste disposal and *°Tc.

Radioactive waste may be disposed directly or after reprocessing to recover the unburned
fissile material in the spent fuel rod (ca.30%). Currently Japan, France, United Kingdom,
Belgium, Germany and Italy reprocess spent fuel on a large scale. For every ton of
uranium reprocessed, 5 m’ HLW is created with a specific activity of 10’ GBg/m’

(Choppin et al., 1995).

The HLW containing many long lived nuclides including **Tc would require several
millennia isolation for its decay. The toxicity index for HLW presented in Figure 1.4,

highlights the long-term importance of *Te.

Total

mostly

137

241 /“'Once through™ waste

"Reprocessed” waste

243 4

TN

o* 105 105 107
10 szecay Time (years)

Toxicity Index

fg

102 103 104 105 108 107 108 10% 1019 10!

anchy

Figure 1. 4 Concentration changes in
waste species (Choppin & Wong, 1996).

1.3.2 Nuclear detonations.

The detonation of nuclear explosives can produce 9_9Tc by the fission of *°U and *°Pu
(6% vyield) and by the activation of *Mo in the atmosphere, which is formed during the
explosion. The high temperatures experienced during explosions oxidizes elemental *Tc

rapidly combining with atmospheric oxygen to form Tc;07. On cooling with air this may




react with water vapour to form pertechnetic acid, HTcO4. Pertechnetic acid, pertechnetate
and technetium heptoxide can absorbed on particulate matter present in the atmosphere

and precipitate as ‘fallout’.

It was assumed by Holm (1993) that 1 Mt fission energy corresponds to 1.45x10 fissions
and that '*’Cs was produced with a representative fission yield of 5.57%. If the global
stratospheric injection of nuclear debris was about 168.5 Mt and *Tc and "*'Cs are
produced with the same fission yield, the global activity of ®Tc released into the

stratosphere is 140 TBq.

1.3.3 Chernobyl accident.

On the 26™ of March, 1986, an explosion in one of the reactors housed in the Chernobyl
nuclear power station caused a massive release of radioactive debris into the atmosphere.
This accident resulted in the release of approximately 7x10'¢ Bq 1¥7¢Cs (Cambray et al.,
1987). The fallout from Chernobyl was deposited in most areas as a single pulse
according to the rainfall patterns in the following week (de Vries & Van der Kooy, 1986;
Fowler et al., 1987). The activity ratio *Tc/"*’Cs was identified as 1.5x10” in fallout from
the Chernobyl accident (Aarkrog et al., 1988). This is lower than the theoretical ratio
from fission (1.5x104). From these values and reported total releases of ¥7¢s, it was
estimated that about 0.75 TBq of *Tc was released into the environment from the

Chernobyl accident.

1.3.4 Nuclear medicine.

The short-lived isomer ™Tc is one of the most widely used radionuclides in nuclear
medicine because of its favourable properties. It has a short half-life (6.02 hours), a low
radiation dose (99.996% IT; Ey = 142 keV) and the y radiation is easily measurable. #mTe
is obtained from its mother nuclide by radioactive decay.

8-
Mo > 99mT
67 hours

10



In radionuclide generators, Mo is fixed on a column (usually Al,O3) and the daughter
nuclide is eluted with a solution of NaCl. The selective separation of *™T¢ from **Mo

occurs because MoO,4* is more strongly sorbed on Al,O; than TcO4 (Lieser, 1986).

The mother nuclide **Mo can be produced in two ways:

1) by irradiation of Mo:

98Mo(n,q()ggMo (abundance of *®Mo in natural Mo:24%; on,Yy=0.13b)
2) by nuclear fission of U (preferably U highly enriched in 35
B5U(n,H°Mo (M=6.13%).

Trradiation of Mo leads to *Mo of relatively low specific activity that means low loading
of the generator with **Mo and limitation of the activity of “™Tc. By nuclear fission of
25U, ®Mo of high specific activity is obtained and high activities of #™Tc are available.
Radionuclide purity is a major problem in the production of Mo of high specific activity

by nuclear fission of *°U (Hoffmann et al., 1930).

In nuclear medicine, the eluent of the *Mo/**™Tc generators containing **™TcO4 may be
used in the form of a dilute NaCl solution as obtained from the generator, but preferably
Tc is brought into a chemical form in which it is easily carried within the body to the place
of application. %™T¢ has also been used in large quantities at research laboratories for

radiochemical method development and subsequent sample preparations.

The presence of *Tc in ®™Tc-pertechnetate from *Mo generators will also contribute to
the presence of technetium in the environment. The activity ratio > Tc/”™Tc in a Mo
generator used at a nuclear medicine department is (0.1—2))(10‘7 depending on the elution
pattern. All the *Tc generated from the Mo (~108 GBq) will be released to the
environment, i.e., about 200 kBq per year from a nuclear medicine department (Holm,

1993).

1.3.5 Natural Production.
In 1952, Merrill discovered the presence of technetium in certain stars by a spectroscopic
method. Following Merrill’s work, Burbidge et al. (1957) reported that unstable elements

such as technetium were being synthesized by s-process nucleosynthesis in certain stars.
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®Tc occurs naturally in the earth’s crust primarily from spontaneous fission of *®U and
from the slow neutron-induced fission of °U (Curtis et al., 1987; Kenna & Kuroda,
1964). Kenna and Kuroda (1964) compared *Tc activities separated from Belgian Congo
pitchblende (42% U) with ®Tc activities in rain water given by Attrep (1962) and
concluded that the *Tc in pitchblende was being produced by the spontaneous fission of

28U, The activity of #Tc expected to be present in uranium ores is:

Nog Ago = Nosg * Aosge * y (1)

Where Ngg and N,3g are the number of atoms of Tc and 28U, respectively; Agg is the
decay constant of 9PTc; Nasse is the spontaneous fission decay constant of 28y and y is the
fission yield for the mass 99 chain. If we assume that y is about 6 percent, introducing the
spontaneous fission half-life of (8.04i0.3)xlO15 years into Equation (1), we obtain, taking

into account the atomic weight of the substances, > Tc/*®U = 6.6x10" (gram/gram).

1.3.6 Environmental levels of *Tc.

Fallout from atmospheric weapons testing, Chernobyl fallout and discharges from
reprocessing works are the most important sources of technetium to the environment on a
global scale. The environmental levels which can be expected from such sources are now

discussed.

Fallout.

Fallout from atmospheric weapons testing has been primarily detected in rain waters
(Attrep, 1962; Attrep et al., 1971). The average value of 66.7 mBq I *Tc observed for
1961 was found to decrease to 1.3 mBq I *Tc during 1962. Very recent studies, remote
from reprocessing facilities, showed detectable levels of technetium-99 attributable to
fallout from earlier atmospheric weapons tests. Dahlgaard et al. (1995) measured *Tc (5
1Bq I'") in North Atlantic water in 1992. This was claimed as the first published value
(characteristic of 1960’s global fallout) for fallout “background” **Tc in oceanic Atlantic
water. Momoshima et al. (1995) measured levels of technetium-99 (1.0-7.4 uBq l") from
coastal waters of Fukuoka (Japan) and attributed them to the global fallout of technetium-
99. Tagami and Uchida (1995) measured **Tc levels of 0.23 - 0.36 mBq m™ from rain and
dry fallout in 1993 from Nakaminato city, Japan.

12



Hirano and Matsuba (1993) measured *°Tc from a brown seaweed (Sargassum thunbergii)
collected from Kita-Ibaraki city (Japan) coast. The concentrations of *Tc in seaweed (6-

18 Bq kg fresh wt.) are attributable to fallout from nuclear weapons tests.

Chernobyl.

Chernobyl fallout has also been detected in European coastal waters. Holm et al. (1984)
found a **Tc concentration of 3.0+0.3 Bq kg™ (dry wt.) in seaweed from the East coast of
Sweden with a Tc/**’Cs activity ratio of 0.27+0.02 which he attributed to Chernobyl
fallout. **Tc deposition of 540450 mBq m? at 62°N was identified from the analyses of
carpets of mosses, lichens and underlying soils after the Chernobyl accident (Holm &
Rioseco, 1987). Monaco experienced a relatively high concentration of technetium-99
(20,000+2500 mBq l") in rainwater during 1986 (Holm et al., 1988) reflecting the debris

from the Chernobyl accident.

Reprocessing works.

Worldwide reprocessing of nuclear wastes has resulted in ®Tc discharges into the
environment. European nuclear fuel reprocessing plants, Cap de la Hague (France) and
Sellafield (UK) are known as major contributors to anthropogenic radioactivity including
*Tc. Both sources have increased the background level of *Tc and have caused its
concentration within different marine compartments (e.g., seawater, sediments, seaweeds
and other biota). Technetium-99 concentrations found in seawater from various areas are
shown in Table 1.6. With the exception of the Irish Sea and the English Channel, levels of
PTc are close to fallout levels. Significantly enhanced levels, however, can be observed

near reprocessing facilities.
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Sample/Date Place Concentration Reference
(mBg I')
Seawater Irish Sea 15-74 Riley & Siddiqui, 1982
(1981)
Seawater Irish Sea 21-53 Nicholson et al., 1992
(1989)
Seawater North Sea 3.5 Holm et al., 1988
(1981)
Seawater Channel water 20 Patti et al., 1984
(1983) (French coast)
Seawater Baltic Sea 0.07 Holm et al., 1984
(1983)
Seawater Mediterranean 0.05 Barci-Funel et al., 1991
(1984-1986) Sea
Seawater Japan coast <0.225 Hirano & Matsuba, 1993
(1987-1988)

Table 1.

6 Concentration of

G, .
Tc in

seawater from different coastal waters.

14 BEHAVIOUR OF *Tc IN THE MARINE ENVIRONMENT.

1.4.1 Introduction.

The behaviour and effects of Tc in the environment are largely controlled by its source, its
chemistry in soil, sediment and water and its biological interactions. Several reviews have
been written about the chemistry of technetium (Anders, 1960; Wildung et al., 1979; Till
et al., 1979; Pentreath et al., 1980; Coughtrey & Thome, 1983), however its behaviour in

the environment is still poorly understood, mainly due to the lack of any stable isotopes.

Technetium may exist in the valence states Tc(VII), Tc(IV) and Tc(0) (Schulte & Scoppa,

1987), with the Tc(VII) pertechnetate anion (TcO4) being the dominant species in aqueous

solutions and consequently in the environment (Figure 1.5).
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Figure 1. 5 pH and Eh diagram for Tc
distribution in the environment (Beasley
& Lorz, 1986).

The principal form of **Tc discharged into the environment from nuclear fuel facilities is
probably the heptavalent (+VII) pertechnetate ion (TcOs) (Pentreath et al.,, 1980).
Technetium (+VII) may be reduced to its tetravalent (+IV) state by Zn, HC], hydrazine,
hydroxylamine, ascorbic acid, tin (II) chloride and dilute H,SO4 (Anders, 1960). However,
in oxic seawater, reduced technetium is readily oxidised to the heptavalent (VII)
pertechnetate anion (TcOy4) form which shows a very low affinity with particulate matter
(Schulte & Scoppa, 1987). These attributes would appear to make this nuclide an ideal

candidate for use in water movement tracer studies.

1.4.2 Accumulation of technetium by marine organisms.

The ability of marine organisms to bioaccumulate seawater pollutants is well known.
Marine organism can remove chemical species from solution, convert them into various
compounds, excrete them and after death decompose thus adding decomposition products
and skeletal remains (organic detritus in the case of plankton) to seawater. The capacity of
marine organisms to concentrate pollutants is characterized by an accumulation

coefficient, K,. (sometimes called an enrichment or concentration factor).

After Dutton & Ibbett (1973) observed the ability of Fucus vesiculosus to concentrate

technetium from the Irish Sea (16 kBq kg~l fresh wt.), laboratory studies on technetium
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uptake by phytoplankton (Gromov, 1976) and other organisms (Fowler et al., 1981) took
place. Phytoplankton were observed to have concentration factors of 7+3x10*. These high
affinities along with those found in Fucus vesiculosus in the Irish Sea (Dutton & Ibbett,
1973) implied that uptake of Tc by marine biota might possibly be of such a magnitude as
to substantially influence the transport of Tc within the ocean and perhaps constitute an
important transport pathway back to man. Further experiments (Fisher, 1982) to verify
Gromov’s (1976) findings failed when phytoplankton were not found to show any marked
affinity for Tc either as TcO4 or in reduced forms. In support of Fisher’s work, Fowler et
al. (1981) and Beasley et al. (1982) also observed virtually no TcO; uptake by a
population of mixed flagellates (mixed plankton) or by Pseudoisochrysis paradoxa
(phytoflagellate). From this evidence, it was suggested that uptake of Tc by oceanic
phytoplankton is not a significant process (Beasley & Lorz, 1986).

In contrast to phytoplankton, certain marine macroalgae do concentrate Tc to a significant
degree (Beasley et al., 1982; Topcuoglu & Fowler, 1984). Experimental studies on
seaweeds (marine macroalgae) showed that technetium was readily accumulated by brown
seaweeds (e.g., Fucus species), however, concentration factors were very low (20) when
compared to concentration factors calculated based on field data (Masson et al., 1989). All
species of red and green algae investigated were found to show little affinity for Tc either

in the +7 or +4 valence state (Beasley et al., 1982).

Routine monitoring of radionuclides in surface and coastal waters has indicated high
concentrations of 99Tc, in Fucus vesiculosus (2,300 - 11,000 Bq kg'1 fresh wt.) from the
Irish Sea (Mitchell, 1975; Hunt, 1979-1989). Distribution of technetium-99 in seaweeds
appears to vary between species. The seaweeds, Fucus vesiculosus (0.71 kBq kg™ fresh
wt.), Ascophyllum nodosum (1.7 kBq kg™ fresh wt.) and Porphyra sp. (0.0015 kBq kg
fresh wt.) collected in 1985 have accumulated substantially different levels of **Tc at St.
Bees Head near Sellafield (Hunt, 1979-1989). This present study intends to further
investigate inter-species variations in technetium-99 accumulation in seaweed species in

the Irish Sea (Chapter 3).

Detailed seasonal variations in **Tc concentrations were carried out using the seaweed

Fucus serratus taken from around the French nuclear reprocessing plant, Cap de la Hague
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(Patti et al., 1990). At 200 km away from the release point, seasonal variations were
observed, with maximum values in summer and minimum values in winter. This is
explained by the fact that technetium-99 accumulation in seaweed is metabolically
controlled being dependent on temperature and light which influences the primary
production. Summer maximums can be attributed to higher metabolic activities at higher
temperatures and more light than in winter. However, a similar seasonal variation study
from the eastern Swedish coast made between 1977 and 1983 (Holm et al., 1986b) found
maximum *Tc activities during winter in Fucus species. This winter maximum was
claimed to be due to higher inflows of contaminated water from the North Sea to the

Baltic Sea, and a higher outflow during the spring-summer.

Technetium fixation by brown algae appears to be an active process rather than one of
simple passive adsorption (Topcuoglu & Fowler, 1984). Uptake is both temperature and
light dependent with rapidly growing parts of the plant showing highest activities per unit

weight.

Next to primary producers (phytoplankton and seaweeds), secondary producers
(zooplankton) are also found responsible for transfer of pollutants from one tropic level to
another. There are few reported data on the biokinetic behaviour of Tc in zooplankton.
Scoppa et al. (1983) showed that uptake of ™TcO, by the brine shrimp Artemia salina
reached an equilibrium concentration factor of 2.7 while Fowler et al. (1983) found
concentration factors near 1 for the euphausiid Meganyctiphanes norvegica. In contrast to
live éuphausiid, dead euphausiid were found to show pronounced increases (CF=50) over
a 7-day period. This was explained by bacterial mediation (reduction or accumulation of
Tc by bacteria living on the surface of dead euphausiid). Further experiments on this are
warranted in particular to calculate the transfer of technetium from surface water to deep
water through this pathway. In marine animals, the uptake of Tc by species of marine
amphipod and crustacea is dependent upon the speciation of the Tc, with reduced Tc(IV)
being accumulated by the animals to a significantly greater extent than the pertechnetate

(Sparkes and Long, 1988).

Molluscs (mussel and winkles) have been observed to have a very low uptake of
pertechnetate. The concentration factor when three different species of mussel (Mytilus
edulis, Mytilus galloprovincialis and Mytilus californianus) were studied never exceeded a
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value of 2 (Fowler et al., 1981; Beasley et al., 1982). Shells of dead mussel have also been
found to accurnulate *™TcOy in levels comparable to that of live animals (Beasley et al.,
1982). This indicates that the low uptake of pertechnetate by bivalve molluscs appears to
be unrelated to any ability of these invertebrates to regulate their Tc content (Beasley,
1981). Dead shells of winkles have also been found to show %m0, accumulation in
comparable levels to live winkles. Winkles fed with seaweed fronds (Fucus serratus)
have been observed to have lower technetium retention when compared to animals that
have been starved (Swift, 1985). The uptake of technetium by limpets was found to be
greater than that for mussels with a metallothionein-like protein being proposed as the Tc
binding site in the soft tissue (Spies, 1975; Beasley et al., 1982). Pentreath (1981)
confirmed that the fish, plaice, (Pleuronectes platessa) also accumulate technetium at very
low levels (CF=9), however, lobster (Homarus gammarus) had a relatively high
concentration factor (CF=1160). Irrespective of the animals, most technetium tends to
accumulate in the digestive glands (including kidneys) and less so in muscle tissue. This
preferential behaviour of technetium in the animal body reduces bio-magnification from

one trophic level to another trophic level.

1.4.3 Technetium in sediment.

The principal form of technetium in the water column, TcOy, is not removed by anionic
colloids and suspended sediments and is, therefore, highly mobile in aerobic sediments
and soils (Wildung et al., 1979; Scoppa et al., 1983). Under oxic conditions, anionic
technetium sorbs poorly onto particulate matter - ion exchange sites in geological
materials being almost exclusively cationic (Higgo, 1990). The fate of Tc in sediments and

soils, however, may be strongly influenced by physical, chemical and biological processes.

Changes in redox conditions can effect the uptake of Tc in marine sediments. Reducing
sediments rich in organic matter retain Tc strongly and may immobilise it as insoluble
TcO,. 2H,0 or Tc(IV) sulphides or co-precipitate Tc(IV) with iron sulphides (Wildung et
al., 1979). Bacterial activity and organic matter probably promote the reduction of Tc(+7)
and the fixation of Tc by consumption of oxygen and maintenance of reducing conditions
in the sediments. Wildung et al. (1986), however, commented that changes in redox

conditions were considered to be more important to Tc mobility than uptake and sorption
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by microbes. A minor change in pH, about 1 unit, may cause a substantial shift in Tc from

one geochemical sink to another (Stalman et al., 1986).

Under anoxic conditions, in soil and sediments, organic matter is likely to be responsible
for stabilizing reduced Tc in complexes with amine, carboxyl, sulfhydryl and hydroxyl
groups (Van Loon et al., 1986). Hence the organic matter fraction in soils constitutes an
important geochemical sink for Tc. While studying soil to plant transfer, Hoffman et al.
(1982a & 1982b) reported that Tc mobility in soils decreases over time. Sediments with a
high organic content can retain the technetium especially under reducing conditions. It has
been postulated that technetium in sediments beneath the depth at which reduction occurs

will remain relatively immobile (Beasley & Lorz, 1986).

The interactions of Tc with various organic compounds in the environment are more
complicated than Tc in pure inorganic systems. Tc(IV) forms complexes with organic
compounds of groundwater or surface waters (e.g. humic acids), similar to those found
with other tetravalent elements and result in the immobilisation of technetium in the
environment. The presence of humic acid causes technetium to deposit under anaerobic
condition (Sekine et al., 1993), and thus technetium in soils and sediments may be
immobilised and made less biologically available by precipitation or association with
humic acid. The remobilization of Tc probably requires the oxidation of the lower valence

state to the heptavalent (VII) state.

The interactions of different chemical forms of Tc with sediments are described by a

distribution co-efficient (Kd).

Activity per unit mass of sediment (Bq kg™)
Kd=
Activity per unit mass of water (Bq kg™")

The Kd values are determined by the nature of the sediment and are higher for fine

particles in muddy sediments than for coarse particles in sandy sediments. Distribution co-

efficients for pertechnetate partitioning between acrobic sediments low in organic matter

and seawater are generally very low (Masson et al., 1981). For example, the Kd values for

sediments from the North Atlantic abyssal planes never exceed 3.5 (Fowler et al., 1983).

Further, the Kd for both Tc (+4) and Tc (+7) were not significantly different in
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experimental conditions, probably due to oxidation of +4 to +7 during these experiments

in aerobic seawater (Aston et al., 1984).

Sediments show very low affinities for technetium-99 present in seawater (Harvey &
Kershaw, 1984). Therefore, pertechnetate is highly mobile under the oxic conditions that
are prevalent in pelagic environments and in the upper layers of many sediments. Support
for the nature of the dominant technetium species (TcOy) in oxic seawater comes from the
fact that it is strongly absorbed by a strongly basic anion exchange resin from neutral and
alkaline solutions. Furthermore, Fe(OH); precipitation experiments for seawater samples
confirmed that very little Tc present in oxic seawater is in the reduced form (Lavrukhina

& Pozdnyakov, 1970; Harvey et al., 1991b).

Typically in the Irish Sea, Kds of <100 were reported indicating the high mobility of
technetium in the upper column of seawater (Harvey et al., 1991b). The IAEA (1985) have
also recommended a Kd for **Tc of 10 for both pelagic and coastal sediments. However,
Nicholson et al. (1992) observed a Kd of 10® based on the ®Tc activity in two Irish Sea

sediment cores.

1.4.4 Technetium-99 as a marine tracer.

PCs (42 = 2.06 years) and “'Cs (2 = 30 years), mainly discharged from fuel
reprocessing plants in Western Europe, have been successfully used as oceanographic
tracers for many years (Jefferies et al., 1982; Livingston et al., 1982; Aarkrog et al., 1987).
However Cs levels in northern Europe were seriously perturbed by the release of
radiocaesium from the Chernobyl accident (Aarkrog et al., 1988). 99Tc, on the other hand,
has a large ratio of reprocessing derived emissions compared to weapons and Chernobyl
fallout (Dahlgaard, 1995). Furthermore, its conservative behaviour in seawater would
seem to make it an ideal candidate for an alternative tracer. Several studies (Aarkrog et al.,
1986 & 1987; Dahlgaard, 1994) have analysed Sellaficld derived **Tc at remote sites (e.g.
Arctic and east Greenland waters). Seaweeds have been mainly used to trace technetium-
99 dispersion in the aquatic environment. Holm et al. (1986a) estimated a transit time of 4-
6 years for the transport of technetium released from Sellafield to the Baltic Sea. From a
similar study on technetium-99 distribution in Fucus vesiculosus and Fucus disticus, the
transport time from Sellafield to the East Greenland Current has been estimated to be 7
years (Aarkrog et al., 1987). Despite the apparently successful use of **Tc as a marine
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tracer, more work on its environmental behaviour is required to assess its suitability for
continued use. For example, a recent study of anthropogenic radionuclides in an anoxic
fjord, Framvaren, Norway indicated a higher degree of #Te transport downwards (based

on its vertical profiles) than shown by '*’Cs (Roos et al., 1993).

1.5 ®Tc AND THE UK NUCLEAR POWER PROGRAMME.

1.5.1 Introduction.

In UK, no mining or uranium ore processing takes place as imported uranium is used.
There is, however, a facility for uranium refining and fuel fabrication operated by British
Nuclear Fuels Limited (BNFL) at Springfields in England. A facility for fuel enrichment
also exists at Capenhurst and is also operated by BNFL. The first power station in Britain
was Calder Hall and was commissioned in 1956. These Magnox reactors are CO, gas
cooled, graphite moderated and use natural uranium fuel. The second generation reactor in
the UK is the Advanced Gas-cooled Reactor (AGR). The main difference with this
reactor is that it uses slightly enriched oxide fuel. The latest addition is the Pressurised
Water Reactor (PWR) which uses ordinary water as moderator and coolant. Figure 1.6
highlights other UK sites which are also responsible for LLLW discharges into the aquatic

environment.

In UK, there are 37 nuclear power reactors with a total net generating capacity 142
GW(e)y. Reprocessing of spent fuel from the UK nuclear power programme takes place

at Sellafield, where the vast majority of **Tc discharges to the aquatic environment occur.
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had been identified as the single largest contributor (47%) to the committed effective dose
of 0.06 mSv yr' to the Sellafield critical group of high seafood consumers due to
discharges in 1994 (MAFF, 1995) and it would seem desirable to obtain more accurate

information on the environmental behaviour of this nuclide.

1.5.2.1 Transfer of Technetium-99 to Man.

Man is exposed through a number of routes to radionuclides discharged to the sea from
nuclear installations. The pathways which have received most attention since the early
days of the nuclear industry are the consumption of seafood (including seaweed) and
external exposure on shorelines from radioactive silt and mud. In the case of technetium-
99, there are three important pathways. These are the ingestion of Nephrops (Norwegian
lobster), the ingestion of meat from live-stock grazing on saltmarshes and the ingestion of

crops grown using seaweed fertilizer (Nicholson et al., 1992).

1.5.3 Other Sources of Technetium-99 in the Irish Sea.

Springfields and Capenhurst.

BNFL fuel division’s manufacturing site at Springfields (near Preston in Lancashire,
England) produces fuel and intermediate fuel products for the nuclear industry in the UK
and abroad. Uranium ore concentrates are processed to either uranium metal for use in
Magnox reactors or to uranium hexafluoride (UFg), on-site. This UFs is sent for
enrichment at Capenhurst or alternatively abroad. Enriched UFs received on-site is
converted by the Integrated Dry Route to provide oxide fuel or intermediates for use in
Advanced Gas cooled Reactors or Light Water Reactors. Depleted uranium trioxide (a
product of reprocessing irradiated Magnox fuel at Sellafield) is also processed to UFg prior
to re-enrichment and processing into oxide fuel. The liquid wastes arising from
Springfields operations are discharged via pipelines into the tidal waters of the River
Ribble. Recently BNFL (1996) reported *Tc discharge levels from Springfields works
into the Ribble against an authorised limit of 0.6 TBq (Table 1.7).
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Year Activity (TBq *Tc)
1991 0.05

1992 0.10

1993 0.10

1994 0.016

1995 0.030

Table 1. 7 Annual “Tc discharge rate
from Springfields works (1991-1995).

At the Capenhurst site, BNFL operates a uranium enrichment plant. Liquid discharges are
regularly released from Capenhurst works into Rivacre Brook by means of a culvert and

ditch. Discharge data for *Tc from Capenhurst to Rivacre Brook are given in Table 1.8.

Years PTc (TBq)
1989 0.00087
1990 0.00660
1991 0.00767
1992 0.00389
1993 0.00490
1994 0.00335
1995 0.00530

Table 1. 8 Annual Tc discharge
rate from Capenhurst works (1989-
1995).

#Tc releases from Springfields to the Ribble estuary have been reported only recently,
however, it has been released from Capenhurst since 1978. Discharges of *Tc from both

these sites are small relative to Sellafield discharges.

1.6 AIM OF STUDY. ‘
Technetium-99 is a high yield fission product with a long half-life and relatively high
solubility in natural waters. Consequently it is of potential radiological concern if released

to the environment either in the long-term from a high level nuclear waste repository or as
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an immediate result of nuclear fuel reprocessing and, thus, it is desirable to have a sound

knowledge of its environmental behaviour.

As stated earlier in this section, it is believed that technetium is present in seawater mainly
in the form of pertechnetate (TcOy), which is extremely mobile and can be transported
very long distances in aqueous media. Very little is known, however, about the possible
existence of other chemical forms, their stability and their bioavailability. Along with
radiological considerations already discussed, therefore, the great potential of Tc as a
tracer of water movement provides another valid reason for studying its behaviour in the

aquatic environment.

Environmental data, to date, are scarce due to difficulty associated with its beta detection
and the low levels present in the environment. The systematic error associated with beta
counting after separation of #Tc from large volumes of seawater (Holm, 1993) has
resulted in overestimates of the *Tc levels in most cases by an order magnitude according
to Momoshima et al. (1995). However, recent analytical advances (e.g. mass based
determinations) and the large increase in *Tc discharges (from EARP, Sellafield) into the
Irish Sea make this an ideal location to obtain necessary environmental data. The present

study had a number of objectives.
Firstly:

e to develop an analytical method based on Inductively Coupled Plasma Mass
Spectrometry (ICP-MS); and,

e check the applicability of the analytical method developed to an alternative mode of

measurement, Liquid Scintillation Counting (LSC).

Having developed a suitable analytical method, the secondary objectives were to

determine:
e technetium-99 accumulation patterns in different environmental species;

e temporal variations in ®Tc levels in the environment pre- and post- EARP;
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e spatial variations in *Tc levels in the environment pre- and post- EARP;
e the extent of PTc¢ transfer from the marine to a saltmarsh environment;

e temporal and spatial vanations in Cs/Tc levels in the environment;

e historic levels of *Tc in the Irish Sea environment.

e the magnitude of other sources (in addition to Sellafield) of *Tc to the Irish Sea

(Springfields and Capenhurst).

From the results of the environmental studies a better understanding of the behaviour of

9Tc in the Irish Sea should be derived.
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CHAPTER 2: THE DETERMINATION OF *TC IN ENVIRONMENTAL
SAMPLES - METHOD DEVELOPMENT

2.1 INTRODUCTION.

PTcis a pure soft beta emitter (En.x=292 keV) with a long half-life (2.1x105 years) and
thus, its analyses requires elaborate chemical procedures to pre-concentrate and purify the
low levels present in the environment. Various physical and chemical properties of
technetium, such as its beta radioactivity; complex formation; absorption bands of X-rays,
UV and IR light; mass to charge ratio, etc., can be used for its qualitative, as well as its
quantitative analysis. Several reviews are available on various methods for the detection
of technetium (Kotego et al., 1968; Lavrukhina & Pozdnyakov, 1970; Robb, 1983; Long

& Sparkes, 1988), the most important points from which are now discussed.

2.1.1 Classical Technique.

This method involves the precipitation (gravimetric) of a stable, insoluble or very slightly
soluble form of the element of interest. The gravimetric methods available mainly involve
the formation of insoluble Tc compounds such as Tc,S;7 and TcO; or the formation of an
insoluble compound from the reaction between TcO,4 and a large organic molecule (e.g.,
formation of tetraphenylarsonium pertechnetate (C¢Hs)s AsTcOs, or nitron (4,5 dihydro-1,
4-diphenyl-3, 5-phenylamino-1,2,4, triazole) pertechnetate. The precipitation of Tc,S7 is
carried out in hot HCl or H,SO4 by bubbling H,S. However, reducing agents, which
convert Tc(VII) to lower oxidation states, must be absent. Other species that form
insoluble sulphides will also interfere and must be absent (Boyd et al., 1960; Robb, 1983;
Long & Sparkes, 1988; Handoll, 1989). These interferences limit the use of gravimetric

methods for the routine detection of *Tc from environmental samples.
p

2.1.2 Radiometric techniques.

A variety of radiometric techniques (counting of beta particles emitted from *°Tc) have
been successfully used for the determination of *Tc at environmental levels. Many
studies on environmental levels of *Tc¢ in water, sediment, and other biota samples have
used low background GM counters (Dutton & Ibbett, 1973; Patti et al., 1981; Riley &
Siddiqui, 1982; Malcolme-Lawes et al., 1982; Kaye et al., 1982; Robb et al., 1985; Holm
& Rioseco, 1987). Recent studies have used low background gas-flow proportional

counters (Holm et al., 1986a; Aarkrog et al., 1986; Ballestra et al., 1987; Rioseco, 1987;
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Hurtgen et al., 1988; Chen et al., 1990; Harvey et al., 1991a). A few other studies (Holm
et al., 1981; Takizawa et al., 1995) have used surface-barrier detectors for measuring beta

particles from PTe.

Very low detection limits can be achieved by radiometric methods. However, the low
efficiency experienced during beta counting necessitates long counting times. In addition,
complex and time-consuming chemistry is required for the separation of other beta
emitters (e.g., ruthenium) from technetium and the preparation of thin sources for

counting; and thus only a small number of samples can be analysed in a unit time.

To overcome difficulties associated with low background beta counting, such as time
reduction and simpiiﬁcation of sample preparation, liquid scintillation counting (LSC)
techniques have been developed (Walker et al. 1980; Luxenburger & Schuettelkopf, 1984;
Cattarin et al., 1985; Koide & Goldberg, 1985; Lawson et al., 1985). Colour quenching
caused by the solvent matrix and interference due to other low energy beta emitters (e.g..
125Gp, llomAg, 32S) are potential problems (Rucker & Mullin, 1980) in LSC but these can
be avoided by employing various chemical clean-up methods (Scarpitta, 1994; Nevissi et

al., 1994; Jordon et al., 1995).

2.1.3 Neutron Activation Analysis.

Neutron activation analysis (NAA) is a very sensitive technique for the determination of
%Tc. Irradiation of **Tc with thermal neutrons produces '“Tc by the (n, ) reaction that
has a relatively high neutron capture cross section (20 barns). Foti et al. (1972) have
applied neutron activation with a thermal neutron flux of 5x10” n cm™ sec”’ to produce
'9T¢c (15.8 s, half-life) for the determination of technetium from filter paper and
vegetation samples. Samples were counted on a low background beta counter and
detection limits of 3.18 mBq *°Tc in filter paper samples and 5.7 mBq in vegetation
samples were obtained using a 25 g sample. Houdek et al. (1979) used a similar method
except that samples were counted using gamma spectrometry, but this was not sensitive
enough to achieve these detection limits due to the small emission probabilities of 7y rays
from 'Tc (540 keV=7%, 591 keV=5.7%). NAA for *Tc detection was also described
by Bate (1980) from Oak Ridge National laboratory, USA. In this method, the sample was
irradiated after loading onto an anion-exchange resin. The above method gave detection
limits of 3.18 Bq of *Tc and it was used for nuclear reactor fuel solution and for off gas

trap samples.
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The major disadvantage of this method is the short half-life of '®Tc. Interference from
chloride, iodide, and sodium ions are also encountered during gamma spectrum analysis
for '%Tc. Ikeda et al., and Sekine et al. (1989) described two different nuclear excitation
techniques for the detection of ®Tc, from low level radioactive wastes. Sekine et al.,
quoted 0.63 Bq *Tc as the detection limit for the gamma (Y, ¥) nuclear excitation
technique. Ikeda et al., however, used the neutron excitation reaction (n, n) and gave 10
Bgq PTc as the detection limit. These techniques are still limited in use, however, due to
the high levels of radiation involved with irradiation and subsequent counting of

environmental samples.

2.1.4 Mass Spectrometry.

More recent analytical research into ®Tc analysis has centred around the use of mass
spectrometry. Very low activities of *Tc can be detected by mass spectrometry, since it is
based on the number of atoms present in the samples. Isotope Dilution Mass Spectrometry
(Anderson and Walker, 1980) was used to measure *Tc with a detection limit of 0.67
mBq. Laser Resonance Mass Spectrometry has been found capable of detecting as little
as 0.63 mBq of *Te (Sattelberger et al., 1989). Negative Thermal Ionisation Mass
Spectrometry (Rokop et al., 1990) was found to have better detection limits (~0.06 mBq of
®Tc) based on measurement of pertechnetate anion (molecular mass of 163 amu).
Interference in mass spectrometry is caused mainly by isobars (elements having similar
mass); molybdenum-97 and ruthenium-99 presents an isobaric interference in technetium-
97 and technetium-99 determinations respectively. Although, very low detection limits
have been achieved by these mass spectrometry methods, lengthy sample preparation
procedures and the requirement of access to very expensive instruments limits their

routine use.

Inductively Coupled Plasma sources, however, offer several advantages over a thermal
source, including increased sample throughput, the ability to ionise samples with a high

work function and the elimination of time dependent fractionation effects.

Morita et al. (1991) determined *Tc levels from environmental samples (soil and
sediments) using ICP-Mass Spectrometry. The limit of detection was given as 1.1 mBq
ml' (1.73 pg ml™"). Ishanullah & East (1990), using a similar technique reported a limit of
detection of 2.5 mBq *Tc. Table 2.1, shows some of the recent works on **Tc detection

using ICP-MS, from environmental samples.
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MATRIX REFERENCE
Soil and Sediment samples | Morita et al., 1991

Seawater, seaweed samples | Ishanullah, 1991

Sediment samples Sumiya et al., 1994

River water samples Beals, 1995

Table 2. 1 Recent references on ~Tc determinations
using ICP-MS.

The principal advantages of ICP-MS over radiation counting include speed of
measurement, greater sensitivity, and, for some applications reduced sample preparation

(Ross et al., 1993).

2.1.5 Summary of Available Techniques.

For the determination of technetium, radiometric methods are widely used. Measurements
based on B-ray counting of *Tc with low background Geiger Mueller counter, gas-flow
proportional counters or surface-barrier detectors, however, require a careful chemical
separation from any other [3-ray emitter and the preparation of thin samples to prevent self-
absorption and back scattering effects. Technetium-99 can also be determined by liquid
scintillation counting which is more specific due to pulse-height analysis and is less time-
consuming because the preparation of thin counting samples can be omitted (Luxenburger
and Schuettelkopf, 1984). Trace amounts of technetium have been detected by activation
analysis, however, highly purified samples with fast procedures for separating and

measuring the formed '®Tc, half-life of 15.8 seconds (Foti et al., 1972) are necessary.

Extremely sensitive mass spectrometry techniques for the determination of **Tc have been
recently developed. Indeed, many recent studies have used ICP-MS for the low level
determinations of **Tc from the environment. The range of detection limits achievable by

various techniques for *Tc have been summarised in Table 2.2.
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ANALYTICAL METHOD LOD (mBq) REFERENCE
Gravimetric 3.18x10° Nelson et al., 1954
Low background Geiger Mueller tube 44 Kaye et al., 1982
End-window proportional counter 14 Harvey et al., 1991a
Anti-coincidence shield gas flow counting 3 Chen et al., 1994
Neutron activation (Y, Y) 630 Sekine et al., 1989
Neutron activation (n, y ) 3.18 Foti et al., 1972
Liquid scintillation counting 5 Jordon et al., 1995
Mass spectrometry 0.63 Sattelberger et al., 1989
ICP-MS 1.1 Morita et al., 1991

Table 2. 2 Limits of detection for the determination
of ®Tc.

Based on features like sample throughput, versatile application of the instrument,
acceptable sensitivity and availability of the instrument for the present study, the ICP-MS
method has been selected for the determination of **Tc. The analytical method to pre-
concentrate and purify technetium from a range of environmental matrices has been
developed and optimised for ICP-MS method. The method has also been used with LSC

and the details of its development are now discussed.

2.2 INDUCTIVELY COUPLED PLASMA MASS SPECTROMETRY - METHOD
DEVELOPMENT.

2.2.1 Development of ICP-MS.

Before the commercial development of ICP, Spark Source Mass Spectrometry (SSMS),
using a radio frequency (RF) spark in vacuum, was extensively used in trace metals
analysis. It is, however, adversely affected by polyatomic ion peaks such as M**, MO,
MOH" etc., due to inadequacy of RF spark source in the dissociation of the sample and the
production of single charged ions. Attention therefore turned to the possibilities of higher
ion source pressures (e.g., atmospheric pressure direct current (DC) and RF plasma) at
which the problems of energy transfer to the analyte molecules necessary for adequate
dissociation might be expected to be less intractable. Initial work carried out with the
ARL Laboratory on DC plasmas, using solution samples, introduced by both pneumatic
and ultrasonic nebulisers, showed that very low detection limits should be possible, partly

because of the very low background levels obtained. However, it was clear that at the
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temperatures (3000 to S000K) achieved in the DC plasma, the sensitivity for elements
with ionisation energies above 8.5eV was much lower. Thus not only was a poorer degree
of ionisation achieved than expected but dissociation of the sample molecules was poor
and matrix effects severe (Gray, 1974, 1975). It showed, however, that an atmospheric
pressure ion source could be used to give high sensitivity for those elements which were
adequately ionised. It also showed that a hotter, more suitable, plasma such as the ICP

was necessary (Gray, 1978).

Nowadays, Inductively coupled plasma (ICP) is a very important ion source in the field of
multi-element analysis at trace levels (Greenfield et al., 1964; Wendt and Fassel, 1965).
The characteristics of the ICP which make it so suitable as an ion source have been
extensively described in the literature (Fassel, 1977, 1978; Montaser and Golightly, 1987,
Boumans, 1987; Moore, 1989).

Mass spectrometry, of all the alternative spectrometric methods available for multi-
element analysis, was found to offer the best combination of simple spectra, adequate
resolution and low detection limits (Gray, 1989) for trace determination in complex

matrices.

The first commercial ICP-MS instruments were released in 1983. Since then the

technique has become increasingly accepted by analytical chemists worldwide.
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below about 8 pm diameter to pass on to the plasma. These small droplets carry only

about 1% of the solution which is usually metered to the nebuliser by a peristaltic pump.

— 100 mm —_—

Figure 2. 2 Spray chamber (Scott et al., 1974).

Although universally recognised as a very inefficient system, the pneumatic nebuliser, of
which there are many forms, retains its popularity because of its convenience, reasonable

stability, if correctly operated, and ease of use with multiple sample changers.

2.2.2.2 Torch and plasma.

An assembly of quartz tubes known as the torch (Figure 2.3) is used to generate a plasma
at its open end. Thus the ICP is an electrode less discharge in a gas at atmospheric pressure
which is maintained by energy from a RF generator. This is done by a suitable coupling
coil. The gas commonly used is argon which attains a temperature of about 7500°K.. The
sample in solution is passed via the spray chamber into the plasma where the sample is
atomised and ionised. The degree of ionisation, however, is dependent on the ionisation
conditions in the plasma, as well as the ionisation constant and partition functions for the

atom concerned.
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Figure 2. 3 Schematic of ICP torch, gas flows and
the induced magnetic field (Houk, 1990).
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Figure 2. 4 Degree of ionisation versus ionisation

energy for singly charged ions in the ICP (Gray,
1989).
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Figure 2. 6 Ion lenses from PlasmaQuad.

In each lens, several electrodes are strung together to confine the ions on their way to the
mass analyser. The first lens incorporates a central disc to prevent photons from the
plasma from reaching the detector. Offsetting the entrance to the quadrupole from the line
of sight through the lens and sampler is another effective way to minimise the background

from photons.

Space charge effects (the mutual repulsion of ions of like charge limits the total number of
ions that can be compressed into a beam of a given size) should become substantial in
ICP-MS at total beam currents of the order of 1 pA (Olivares and Houk, 1985; Gillson et
al., 1988), roughly three orders of magnitude below the actual beam current. The space
charge effects are a major cause of matrix interference in ICP-MS. Many workers have
reported that matrix effects are more severe in ICP-MS than in ICP emission spectrometry
(Houk et al., 1980; Olivares and Houk, 1986; Vickers et al., 1989). Also, the mass of both
interferon and analyte are important. Heavy matrix ions suppress analyte signals more
extensively than light matrices, and heavy analyte ions are suppressed less severely than

light ones (Tan and Horlick, 1987; Crain et al., 1988; Gillson et al., 1988).

2.2.2.4 Quadrupole mass spectrometers.
A diagram of a typical quadrupole mass filter is shown in Figure 2.7. Four straight metal
rods or metallised surfaces are suspended parallel to and equidistant from the axis. The

rods are manufactured and mounted to very high dimensional tolerances (10 um or less).
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Opposite pairs are connected together. DC and RF voltages of amplitude U and V,
respectively, are applied to each pair. The ions are introduced along the axis into one end
of the quadrupole structure at velocities determined by their energy and mass. If the RF
and DC voltages are selected properly, only ions of a given m/z ratio will have stable paths

through the rods and will emerge form the other end.

m/z Resolved

/1 Tons Out

U+ Vcos g

© —0

Tons In

U+Vcos mt

Figure 2. 7 Schematic diagram of quadrupole rods
showing ion trajectory and applied voltages.

2.2.2.5 Scanning and data acquisition.

As described above, the m/z transmitted by a quadrupole mass analyser is determined by
constant factors such as the dimensions of the rods, the frequency of the RF voltage and by
the variables U and V. If U and V are not changed, the mass filter transmits only one m/z
value continuously. This mode is called selected ion monitoring or single ion monitoring.
Alternatively, U and V can be changed under computer control rapidly between selected
discrete values (peak hopping), or the quadrupole can be scanned repetitively through the
m/z region of interest (multi-channel scanning). A Personal Computer equipped with
special software (VG Elemental PlasmaQuad) is used to control the data acquisition and

manipulation procedures.
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2.2.3 Analytical Method Development.

2.2.3.1 Introduction.

Detection of technetium-99 in the environment is difficult due to its low specific activity
(6.2x10'"' Bq kg'l) combined with the very low levels present in the environment. As
such, the levels of Tc are not enough to measure directly, preconcentration from as large a
sample size as possible is necessary. Interference in the mass based determination of **Tc
is mainly from the isobaric nuclide, ®Ru. Ruthenium has a natural abundance of 12.7% at
mass 99 and exists at a concentration of about 1 ng I'' in seawater (Bowen, 1979;
Letokhov, 1987). Thus ruthenium-99 can interfere with the detection of technetium during
ICP-MS analysis and has to be removed by chemical separation from technetium-99.
When preparing solutions for analysis by ICP-MS, an important consideration is the
concentration of total dissolved solids (TDS) present in the solution when analysed. As a
general rule, this concentration should not exceed 0.1% (1000 pg ml'l) as, above this
level, sample cone blockage may occur, which can lead to severe analyte signal drift (Date

& Jarvis, 1989).

For the quantitative analysis of technetium at low concentrations in environmental samples
it is normally necessary to separate technetium from the bulk matrix components.
However, the accurate level of technetium in the original sample can only be obtained
when the relationship between the amount recovered and that originally present in the
sample is known. This may be established, in practice, by adding a yield tracer or yield
monitor (Norton, 1966) to quantify the chemical recovery of the determinant. Various

available tracers that have been used in **Tc determinations are given in Table 2.3.

TRACERS | HALF-LIFE | TYPE OF DECAY/PROPERTIES
PmTC 6.02 hours Y
MTe 61 days Y
TImTe 91 days Y
""Tc 2.6x10° years EC
Rhenium Stable Chemical Analogue

Table 2. 3 Various tracers available.

The yield tracer, in principle, 1) must behave chemically exactly the same as the
determinant at each stage in the analysis, 2) chemical equilibrium between tracer and

determinant must be established at the earliest possible point in the procedure, and 3)
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unique assay of tracer and determinant must be possible in the presence of one another.
For this purpose, a stable form of technetium is not available, but fortunately, for
technetium and many other radionuclides of environmental interest, nuclear technology
has created additional radioisotopes which, though having different atomic weights, have
the same atomic number and therefore identical chemical properties. Different isotopes of
the same elements possess distinctive nuclear properties, and as such may be capable of

being used as yield tracers (Harvey & Lovett, 1991).

MT¢ (Ishanullah, 1991; Morita et al., 1991), °"™Tc (Kaye et al., 1982), and *™Tc (Robb et
al., 1985; Chen et al., 1989&1990) are often used as yield monitors. The use of PMTe is
limited due to its short half-life while the use of *™Tc is limited when using beta counting
for **Tc determination due to impurities in the tracer. Disadvantages associated with the

f °'™Tc is that the decay of *"™Tc results in production of beta particles that also mask

use o
the original *Tc beta decay. Kaye et al. (1982) used ’I™Tc as a yield tracer for P Tc
analysis with a low background GM counter. The measurement method involves taking
two successive counts, one with only 0.83 mg cm™ of mylar covering the sample, and a
second with an additional amount of aluminium foil thick enough to stop the low-energy
electrons from *’™Tc (energies about 75 & 94 keV) but thin enough, so that a significant

fraction of beta particles from PTc (Emax=292 keV) are transmitted.

Matsuoka et al. (1990) and Harvey et al. (1991a) used rhenium as a non-isotopic tracer, as
it behaves chemically like technetium. The use of rhenium as a yield tracer, however, is
limited due to slight differences in anion-exchange behaviour. The counting efficiency of
*Tc was also found to reduce as the mass of deposited rhenium increased. Golchert &
Sedlet (1969) have avoided using rhenium as a yield tracer because in their opinion, the
inevitable fractionation between rhenium and technetium would make it impossible to

obtain accurate chemical yields (Anders, 1960).

The use of *"Tc as a yield tracer, has become an important development in *Tc detection.
’'Tc is produced by neutron activation of enriched ®Ru and may contain some %BTc
(tip=4.2x10° y) but very little *Tc. Many studies involved with isotope dilution mass
spectrometry (Kaye et al., 1978; Anderson, 1980; Anderson & Walker, 1980), ID-ICP-MS
(Beals, 1995), have used Tc as a yield tracer. The cost of production and time involved,

however, limits the use of 9TT¢ as a common yield tracer.
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99 95 . .
™Tc and »™Tc were used as yield tracers. *™Tc was mainly used

In the present study
during method development work, as it is readily available and inexpensive to produce
(**™Tc was obtained from the West of Scotland Radionuclide Dispensary, Western
Infirmary, Glasgow). The longer half-life of 9 ™Tc, however, made it the more suitable
tracer for the analysis of real samples (*>™Tc was obtained from the National Physical
Laboratory, London). 1%Ru (half-life, 368 days) was used as a yield monitor for ruthenium
decontamination studies, during method development work and was obtained from
Amersham International. The detector used to measure these gamma emitters is a
Germanium (Lithium) detector controlled by a Personal Computer running Maestro™

software for data acquisition and handling. The 141, 204 and 511 keV peaks were used for

the analysis of ™Tc, *™Tc and '®Ru, respectively.

2.2.3.2 Pre-concentration.

To prepare a sample suitable for ICP-MS analysis, technetium-99 present in the
environmental sample must be separated from bulk matrix materials and concentrated into
a small volume. Several different environmental matrices have been studied in this

project.

The pre-concentration method for technetium from seawater is discussed first followed by

biota (e.g., seaweed, mussel and winkles) and sediment.
Seawater samples:

Golchert & Sedlet used evaporation to preconcentrate > Tc from seawater samples. Losses
of ®Tc due to high temperature (>100°C) during evaporation reduced recovery, and
thereby low levels of #Tc could not be detected in most samples. Good recovery of
technetium was achieved using ion-exchange resin for preconcentration from large volume
water samples (Patti et al., 1981; Riley & Siddiqui, 1982; Chen et al., 1990; Harvey et al,
1991a). Other methods used include reduction co-precipitation (Holm et al., 1984;
Ballestra et al., 1987), selective precipitation (Till et al., 1979), and extraction using
organic solvents (Chiu et al., 1990). However, recent works on ®Tc in seawater suggest
that anion-exchange provides good reproducible recovery of Tc (Ishanullah & East, 1990;
Morita et al., 1991). '




Anion-exchange.

For the preconcentration of technetium from large seawater samples an anion-exchange
process has been selected. Ion-exchange methods have been widely employed for
concentrating low levels of radionuclides from the environment. It is an exchange process
of ions of like sign between a mobile phase and a stationary phase. Generally, the mobile
phase is an aqueous solution of electrolyte while the stationary phase is a highly insoluble
solid body with sites capable of exchanging ions. Typically, anion exchange resin is a
polymer containing amino groups as an integral part of the polymer lattice and an
equivalent amount of anions such as CI', OH or SO~ (Amphlett, 1964; Bassett et al.,
1978).

In an ion-exchange procedure, the counter ions on the resin are replaced by sample ions
that have the same charge. In the chloride form of resin, the counter ion on the resin is CI".
Usually the resin is used in an ionic form with a lower selectivity for the functional group
than the sample ions to be exchanged. The sample ions are then exchanged onto the resin
when introduced, and can be eluted by introducing an ion with higher affinity for the resin
or a high concentration of an ion with equivalent or lower affinity. A general form of an

anion exchange reaction is :
(Resin A*) B” + C (Solution) = (Resin A") C" + B’ (Solution).

The higher cross-linked resins, 1X8, 8% cross linked resin, are used for sorption,
exchange, and separation of low molecular weight inorganic anions. In particular, higher
cross-linked, strong anion exchange resins, are known to hold anions of technetium
(TcOy4") well from basic aqueous solution (Harvey et ai., 1991b). Commercially available,
high grade anion exchange resin (AG-1X8, 100-200, chloride form) has been used for the
preconcentration of Tc (Harvey et al., 1991a; Morita et al., 1991), however, commonly
available anion exchange resin (Dowex-1X8, 50-100 mesh) is also known to be suitable
for technetium preconcentration from seawater (Ishanullah, 1991). For the present study,
Dowex-1X8, 50-100 mesh, chloride form has been selected and optimised for the

preconcentration of technetium from large volume seawater samples.
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was used for flow control) and dipped into the sample container, which was kept above the

column level. The sample flow rate was adjusted to 25-30 ml per minute.

The filtrate was collected and the percentage uptake of Tc and Ru on the column

calculated (Table 2.4).

ELEMENT | % IN FILTRATE | % IN COLUMN
Tc 2 98
Ru 40 60
Table 2. 4 Levels of Tc and Ru - in column and
filtrate.

Cleaning of resin column.

Before eluting Tc from the column, it is possible to further reduce levels of Ru and other
matrix elements by the use of an appropriate washing agent. 0.1 - 1.0 M nitric acid
concentrations have been used for gross decontamination during anion-exchange (Chen et
al., 1990 & 1994). 1 M nitric acid washing is also thought to help reduce the salt
concentration (Yamamoto et al., 1995) from the resin column thereby reducing matrix
effects. In addition to acid solutions for cleaning, dilute alkaline (NaOH) solutions have

also been used (Harvey et al., 1991a; Ishanullah, 1991; Chen et al.,1994)

For gross cleaning of the resin column, various concentrations of nitric acid were
investigated. Nitric acid of 0.1, 1, 2, 4, 6, 8, 10 and 12 molar concentrations were tested.
For this, 2 ml of resin spiked with *™Tc and '®Ru were used. The percentages of

technetium and ruthenium eluted are given in Figure 2.9.
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Figure 2. 9 Rinsing of anion-exchange column -
Effect of nitric acid molarity.

0.1M HNO; did not remove any technetium while 1M HNO; and above did remove
technetium from the resin. To minimise any loss of Tc during the analytical procedure, it
was decided to use a molarity of 0.1 for washing the resin column, to provide gross
decontamination over a wide range of anion and cations. The magnitude of ruthenium

decontamination provided by the 0.1M nitric acid washing was significant (34+8%).

Since dilute NaOH solution has also been used in the literature for washing the resin
column, the present study also tested 2ZM NaOH. Similar to the 0.1M nitric acid washing,
2M NaOH provided ruthenium decontamination of around 19+4%. However in the final
analytical method, NaOH washing was avoided since it resulted in the formation of

channels inside the resin column.
Elution of technetium from column.

For technetium elution, nitric acid has been widely used because acids like perchloric,
hydrochloric, and sulphuric are likely to reduce technetium (+VII) to a lower valence state
Tc(+IV). It is desirable to have a strong oxidising acid, to ensure conversion of all lower

states to Tc(+VII) (Anders, 1960).

From Figure 2.9, it was clear that high acid corncentrations (6-12M HNO;3) remove
technetium efficiently from the resin. To verify further, two seawater sample (50 1 each)
were ion-exchanged with 32 ml of resin, and the technetium was eluted with 8M and 12M

nitric acid. The observed results presented in Figure 2.10 showed that 400 ml of 8M gave
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about 93% recovery of Tc. However 250 ml of 12M HNO; was found to provide
complete recovery (100%) of technetium and thus 12 M HNO; was chosen for the
analytical procedure.

120 +
100 +

80 +

60 +

—&— 12 M nitric

40 T ~48— 8 M Nitric

Percent Tc elution

100 150 200 250 300 350 400

Volume (ml)

Figure 2. 10 Elution of technetium - Impact of 8M
and 12M nitric acid.

Summary of the optimised Anion-exchange method for seawater.

Technetium in seawater is thought to exist in the heptavalent form, as pertechnetate
(TcOy). The seawater was filtered using 0.45 pwm pore size cellulose nitrate membrane
filters. The filtered seawater was spiked with yield tracer **Tc and '%Ru) and mixed
well before passing through an anion - exchange resin column of size 21 cm length and 24
mm diameter filled with 32 ml of Dowex 1X8, 50-100 mesh, chloride form resin (Figure
2.8). The flow rate was adjusted to 25-30 ml min.'. After anion-exchange, the resin
column was washed with 500 ml of deionised water and 500 ml of 0.1M HNO;. The
technetium was eluted using 12M HNOs; (250 ml), and then carefully evaporated to reduce
the acidity and volume. The recoveries of technetium and ruthenium during the anion-

exchange processes are given in Table 2.5.

Tc Recovery Ru Recovery
91.00+0.74 124+2.60

Table 2. 5 Final recoveries of Tc and Ru from
anion-exchange method.

At the end of the anion-exchange process, about 90% of the ruthenium was removed while

only 10% of the Tc was lost.
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Biota samples:
Pre-treatment of biota samples (e.g., seaweed).

Difficult matrices are a common problem in separating trace amounts of radionuclides
from biota samples. The most difficult part of technetium analysis is achieving complete
sample ashing. The high volatility of pertechnetic acid usually prevents the use of vigorous
conditions. Two main methods are mentioned in the literature i.e., dry ashing and wet
digestion. In the dry ashing procedures, oxidation is accomplished by heating the sample
to a relatively high temperature, usually between 400°C and 700°C, when atmospheric
oxygen serves as the oxidising agent. In wet digestion procedures, the temperature is
much lower, aqueous conditions are maintained throughout and the oxidation is carried

out by oxidising agents in the solution.

Seaweed matrices are usually tackled using oxidising agents. Nitric acid has been
universally used in both dry and wet procedures. In wet oxidation, it has been used in
combination with H,SO4 to avoid any great loss of technetium during digestion processes.
However, the hazards associated with the use of concentrated acids in wet digestion
procedures result in the poor destruction of organic material. Riley and Siddiqui (1982)
have used concentrated nitric acid to leach technetium from seaweed under reflux
conditions. Hurtgen et al. (1988) used 9M HNOj3 under reflux conditions, but found that

great care must be taken to get complete leaching of technetium from the samples.

In the dry ashing method of destruction, samples are first dried (110°C), charred (200-
300°C) and ashed (450-700°C). For example, in the procedure described by Koide and
Goldberg (1985) the algae samples were dried, charred and ashed in nickel crucibles, then
fused with Na,O, and melted at 550-600°C. The melts were dissolved in H,O and HCI.
Rioseco (1987) dissolved ashed samples in 5-10% HCI while Holm et al. (1984) used 3M
H,S0,. Calcination was also used for analysing cellulose filter paper (to find air Tc
concentrations) and floc (formed by Tc coagulation and precipitation with Al>(SOs)s)
samples (Garcia-Leon et al., 1984). In order to minimise Tc loss during ashing, samples
have been treated with ammonia prior to ashing (Walker et al., 1980; Patti et al., 1981;
Holm et al., 1984; Harvey et al., 1991a). Other workers selected the temperature carefully,
not exceeding 450°C for ashing (Matsuoka et al., 1990; Harvey et al., 1991a). Recent
methods, however, have combined ammonia and calcination treatments with ashing
procedures (Hagan, 1994).
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Most of the developmental work on the pre-concentration of biota samples was carried out

on an homogenised bulk seaweed sample.
Optimisation - Ash procedures.

The temperatures selected for testing were 450, 550, 650, 750, 850 and 950°C using a
muffle furnace. About 5g of dried seaweed powder was used for each sample. Duplicate
samples were run at all the temperatures. One set was treated with ammonia. Treatment
with ammonia prior to ashing is believed to reduce volatilisation of Tc by blocking the

sites available for the formation of the highly volatile pertechnetic acid (Foti et al., 1972).

All the samples were spiked with technetium-99m tracer (which was gently evaporated to
dryness) and placed in the muffle furnace. The temperature was increased each hour at
50°C increments up to the desired temperatures where it was left for 6 hours. After a cool-
down period of 8 hours, the ashed samples were taken out and 25ml 8M nitric acid added.
Approximately 5 ml of HO, were added and refluxed over a warm (~60°C) hot plate for
2-3 hours to ensure complete destruction of organic matter. The resultant solution was
filtered (most of the time completely dissolved) through a Whatman No.42 filter. The
final recoveries at different temperatures are shown in Figure 2.11. It is clear from the
results that higher than 650°C ashing temperature, technetium loss would be inevitable
irrespective of sample treatment with ammonia or not. Below this temperature, treatment
with ammonia made very little difference. These samples were then processed for ICP-
MS analysis. The technetium-99 concentrations obtained are depicted in Figure 2.12,

along with the tracer yields obtained during ashing.

At higher temperatures (e.g., 850°C and above), technetium losses during ashing have
increased the error in the calculated technetium concentrations. At lower temperatures
(450 - 550°C) there was some indication of incomplete ashing resulting in low results. For

this study, therefore, an ashing temperature of 700°C was selected.
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Sediments:

For the present study, the ashing procedure optimised for the biota samples was found to
suit sediment samples also. Developmental work on the subsequent leaching procedure

was, however, necessary.

About 20 g of dried sediment was spiked with a yield tracer (**™Tc) and ashed. The ashed
sediment samples were then taken out after a cool down period, transferred to 250 ml glass
beaker and treated with 8 M HNO;. About 50 ml of 8M nitric acid were used and 5 ml of
H,0, (30% v/v) were added to oxidise any technetium (IV) formed during ashing. The
samples were refluxed over a hot plate. After 3 hours of refluxing, the samples were
cooled and filtered through a Whatman filter péper (No.42) to remove the debris. The

filtrate was collected and processed further to produce a sample suitable for ICP-MS.

The same samples were spiked with a second yield tracer (*®™Tc) and processed and
leached for a second time to check the efficiency of the extraction method. A third

extraction was done again using #™T¢. The results obtained are presented in Table 2.6.

EXTRACTION SAMPLE 1 SAMPLE 2
I 119.88+13.49 73.09+8.22
I 32.78+3.69 26.98+3.03
I 3.11+£0.35 13.93+1.57

Table 2. 6 Technetium-99 extraction from sediment
(*Tc Bq kg dry wt.) - Experiment.

From this above experiment, it is clear that a more vigorous extraction is needed to get
complete technetium recovery in the first extraction step itself. To this end, 4 samples of

sediment (50g) were leached under various conditions.

Sample A was placed in a 250 ml beaker and treated with 100 ml of 8M HNO; and 10 ml
H,0, (30% V/V). This was kept for 24 hour unstirred and heated intermittently. Sample
B was placed in a 1000 ml glass beaker and treated with 100 ml 8M nitric acid and 10 ml
H,O,, but subjected to continuous stirring on a hot plate at 45°C for 48 hours. Sample C
was placed in a large crystallisation dish, providing more surface area for the sample to be
stirred, with the same treatment as for Sample B. Sample D was placed in a 250 ml beaker,

as Sample A, but kept for 48 hours before analysis.
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All the above samples, A-D were processed and analysed for #Tc. The results obtained
are given below in Table 2.7. Maximum technetium concentrations were obtained from
Samples B & D which were leached for 48 hours. Stirring during leaching did not seem to
have any major influence as Sample D (without continuous stirring) showed the highest

9Tc concentration.

SAMPLEA | SAMPLEB | SAMPLEC | SAMPLE D
9.64 £1.08 13.17+1.48 | 1032+1.16 | 16.37+1.84

Table 2. 7 Technetium-99 extraction from sediment
(*®Tc Bq kg dry wt.) - Single leaching.

The Tesults from Table 2.7 do show that different leaching procedures do produce
relatively large differences in the final results obtained. Thus, it is important to use the
same procedure throughout the study in order to produce comparable results. The
procedure used, therefore, in this study was to place 50g of ashed sediment in a 1 litre

beaker, add 100 ml 8M HNOs and 10 ml H,O,, and gently heat at 45°C for 48 hours.
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2.2.3.3 Purification.

Ruthenium-99, with a natural abundance of 12.7% presents an isobaric interference in the
determination of **Tc by ICP-MS. Thus samples containing ruthenium-99 must be
purified before technetium-99 can be measured. As discussed previously, for seawater
samples, simple resin washing with dilute nitric acid provides a limited amount of
ruthenium decontamination. However, even for seawater samples, due to the high natural
abundance of stable ruthenium further purification is necessary. The various
decontamination procedures available are discussed along with the methods used in the

present study.

Methods like selective precipitation, solvent extraction, ion-exchange etc., have been
widely used to remove Tc from various contaminants. Rucker & Mullin (1980) removed
uranium and its daughters from technetium by a simple hydroxide precipitation method.
To remove most likely contaminants, Ballestra et al. (1987) combined iron hydroxide

precipitation with a calcium carbonate precipitation step.

'%Ru, in environmental samples, provides the greatest interference in the beta counting of
technetium-99. Using a ruthenium carrier, precipitation provides decontamination factors
for ruthenium of up to 10° (Robb et al., 1985; Chen et al., 1990). Evaporation after
precipitation has also been used for Ru decontamination (Chen et al., 1990). Due to
unavoidable Tc losses encountered with precipitation and evaporation methods, selective
extraction of technetium by organic solvents (e.g., cyclohexanone) leaving ruthenium in
the aqueous phase was found to provide a better recovery of technetium with complete
removal of ruthenium (Anderson, 1980; Anderson & Walker, 1980; Chen et al., 1989 &
1990; Morita et al., 1991). To achieve good decontamination from ruthenium, a new
chromatographic resin (TEVA Spec®, EIChroM Industries, USA) has also been
successfully used for technetium extraction (Sullivan et al., 1991; Davis et al., 1993;

Beals, 1995).

Initial method development in the present study focused on a solvent extraction method
(cyclohexanone and carbon tetrachloride extraction) for Ru decontamination. An
alternative and successful method using TEVA Spec resin was later developed and
optimised for a wide range of sample types. The experimental procedures used for these

two methods are discussed in the following sections.
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a) Solvent Extraction technique.

Solvent extraction is a partitioning process based on the selective distribution of
substances in two immiscible phases, normally organic and aqueous. The liquid-liquid
extraction or solvent extraction can be achieved either by extraction of the element to be
separated into the organic phase or by extraction of the interfering elements leaving the
elements to be separated in the aqueous phase. In the present method, using
cyclohexanone, technetium is separated from ruthenium. Cyclohexanone has a low
solubility in aqueous media which provides good phase separation and low volume
changes during extraction (Boyd & Larson, 1960). Furthermore, it selectively extracts
heptavalent technetium leaving ruthenium in the aqueous phase. Subsequently technetium
was back-extracted from the organic into the aqueous phase by adding a non-polar organic
diluent (CCly) plus H,O, to the cyclohexanone (Foti et al., 1972). The extraction procedure
used in the present study is given below, but was only adapted for the processing of

seawater samples.

The nitric acid containing technetium (eluted from anion-exchange resin) was evaporated
to near dryness to reduce the volume of acid as well as its nitrate levels, and re-dissolved
in 1M HNO;. The sample was then treated with 30%(v/v) H,O, (2 ml for 25 ml of
sample) before extraction of heptavalent Tc with cyclohexanone (3x15 ml). Ru was
retained within aqueous phase. To enhance the oxidation/reduction process the sample
was kept for at least 3 hr with occasional shaking before extraction. Subsequently,
technetium was back-extracted into the aqueous phase using 10 ml deionised water plus
20 ml of CCls. This process was repeated 2 more times to ensure complete recovery of

technetium.

The recovery of technetium and separation from ruthenium was essentially complete

(Tables 2.8 & 2.9).

S.NO. | SOLVENT VOLUME | %TC RECOVERY | %RU RECOVERY
1 15 ml 749 £2.0 <2+]
2 15 ml 244 +1.2 <l*l
3 15ml 59+0.6 <1zl

Total 45 ml 105.2 3.9 <4+3

Table 2. 8 Selective extraction of technetium using
cyclohexanone.
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S. NO. CARBON TETRACHLORIDE + WATER %RECOVERY OF TC
1 20+10=30 ml 48.3 1.6
2 20+10=30 ml 484 +1.6
3 20+10=30 ml 3.0+0.5

Total 60+30=90 ml 99.8 £3.7

Table 2. 9 Back-extraction of Tc into aqueous phase
using CCly + H,O.

Although, solvent extraction was found to successfully remove technetium from
ruthenium, use of organic solvents in regular analysis presents health hazards, and thus an

alternative method (extraction chromatography) was investigated.

b) Extraction Chromatography - TEVA Spec® Extraction Technique.

Extraction chromatography (EC) is the separation technique in which an organic non-polar
extractant is retained on an inert support (e.g., organic polymer etc.,) while a polar mobile
phase is used as the eluting agent. EC was introduced by Carrit (1953), who used
dithizone in carbon tetrachloride solution supported by granular cellulose acetate for the
isolation of heavy metals from aqueous solutions. EC has several advantages over liquid-
liquid extraction (solvent extraction) as well as other types of chromatographic methods. It
is more selective than those using the most efficient ion-exchange procedures. The
apparatus is very simple, only a small amount of extractant is needed and one column can
be used several times. Thus EC is a very efficient method for the separation of chemically
similar elements. In the present study, a new chromatographic extraction technique using
EIChroM Industries’ (USA) TEVA Spec resin was selected for the selective extraction of

technetium over ruthenium from environmental samples.

TEVA Spec® resin.

The name TEVA itself denotes the purpose of the resin (i.e., for tetravalent actinides
separations). The TEVA Spec chromatographic resin is commercially supplied by
EIChroM Industries, Inc., Darien, IL. The resin has been developed at Argonne National
Laboratory by Horowitz and Dietz. The resin has a-high specificity, is suitable for room
temperature operation, a high gravity flow, column compatibility for tandem arrangements
and produces little waste at the end of procedures. The structure of the extractant present

in TEVA Spec is:
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Figure 2. 20 ICP-MS spectrum showing ruthenium at
mass 101(without NaOH precipitation).

Technetium pre-concentrated from environmental samples (seawater, soil/sediment and
biota samples) in nitric acid was treated with 10M NaOH to produce a Fe(OH)Q
precipitate. To enhance precipitation in seawater samples, the addition of 3 ml of Fe(IIl)
chloride (15%) was necessary. Experimental results confirmed that up to 75% of the
ruthenium was removed by precipitation The precipitate formed is removed by
centrifuging (2500rpm for 6 minutes). Samples run through the precipitation method
followed by TEVA Spec extraction, were consistently devoid of ruthenium (Figures 2.21-
2.24). The precipitation method was found to remove up to 15% of the Tc, however,

depending on the sample matrix (for sediments the Tc loss would be higher).
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Figure 2. 21 ICP-MS spectrum of seawater sample
after processing.
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Figure 2. 22 ICP-MS spectrum of seaweed sample
after processing.
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Figure 2. 23 ICP-MS spectrum of mussel sample
after processing.
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Figure 2. 24 ICP-MS spectrum of sediment sample
after processing.
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2.2.3.4 ICP-MS Analysis.

Operating conditions for measuring ®Tc are shown in Table 2.10. The instrument
installed at SURRC is a PlasmaQuad II STE (Fisons Instruments Elemental Analysis).
For samples with very low levels of technetium, the acquire time per sample was increased

to 60 s.

Instrument: PlasmaQuad II STE (Fisons Instruments Elemental Analysis)

Parameters Value

RF power 1349 W

Reflected power <SW

Nebuliser DeGalan V-groove
Spray chamber Scott-type double bypass (cooled to 12°C)
Sampling cone Nickel, 1.0 mm orifice
Skimmer cone Nickel, 0.75 mm orifice
Auxiliary gas flow 0.75 /min.

Coolant gas flow 14.0 I/min.

Nebuliser flow rate 0.899 /min.

Sampling depth 10 mm

Sample uptake rate 0.8 ml/min.

Acquisition parameters:

Mass range 90 to 116 amu

Channel per amu 20

Dwell time 320 psec.

Collector Pulse counting

Acquire time 30 sec.

Acquire per sample 3

Table 2. 10 ICP-MS Operating Conditions.

Samples, including relevant processed blanks and an in house Standard Seaweed material
(see later), were analysed in batches of up to 40. Calibration was carried out using a
standard **Tc spike obtained from NPL laboratory and cross checked with an Amersham
International *Tc standard. Both spikes were measured against each other and the
linearity was found acceptable (Table 2.11). For routine sample analysis the NPL standard

was used for calibration.
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NPL *Tc Standard | Measured (ng g") | Calculated (ngg") | Ratio (M/C)
1 9.89 10.11 1.02
2 9.77 10.03 1.02
3 9.97 10.23 1.02

Table 2. 11 NPL Standard *Tc measured against
Amersham Standard *Tc.

Contribution to the 99 peak from Ru can be corrected for by monitoring the counts in the
peak at 101 (which is entirely due to Ru). In practice, however, no significant number of

counts above background were ever detected at 101.

Other important parameters in the development of a reliable ICP-MS methodology are a)
choice of internal standard and b) assessment of potential matrix effects. These 2 factors
will now be considered before discussing c) reproducibility, d) detection limits and e) the

results of intercalibration studies.
a) Internal Standard.

Internal correction can be used for several purposes: a) to monitor and correct for short
term and long term fluctuations in signal, b) to calibrate for a second element and c) to
correct for unspecified matrix effects. The effectiveness of an internal standard requires

that it should behave similarly to the analyte in response.

To be an ideal internal standard, an element should not suffer from an isobaric overlap or
polyatomic ion interference or generate them on the isotopes of interest. Two elements
which are frequently used as internal standards, are In and Rh. Both lie in the central part
of the mass range (' °In, '’In and '%Rh), occur at very low concentrations in many sample
types, are almost 100% ionised (In = ~98.5% and Rh = ~93.8%), do not suffer from
isobaric overlap and are either monoisotopic (Rh = 100%) or have one dominant isotope
("In = 95.7%) (Jarvis et al., 1992). For the present study, ''"In was used as internal

standard.

To justify the use of '"In as internal standard, the relative signal change between the
indium and technetium was measured along with several other elements. A known
concentration (10 ng rnl") of ®Tc was added to known concentrations (10 ng ml") of

238U, 2OgBi, 1s In, %Co and *Be. The ratios between technetium and all other elements were
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calculated and plotted against run numbers (Figure 2.25). The signal change between Tc
and In (as represented by the PTe/'n ratio) was constant throughout the run while others

showed large fluctuations.
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= In
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-o- Be

Ratio

0 | | 1 | 1 | ! 1 1 1 1 1 1 ! |

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
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Figure 2. 25 Relative signal response of ICP-MS for
*Tc at mass 99 with U, Bi, In, Co and Be.

b) Matrix effects.

Although the analytical procedure quantitatively removes Ru from the samples,
interferences due to polyatomic or doubly charged species are still possible. Thus,
experiments were run to assess the magnitude of i) general matrix effects and ii) specific

inter-element interferences.

Standard Calibration method.

Serial dilutions of **Tc were routinely made to calibrate the instrument. In most cases, 2%
nitric acid (the medium in which the final sample is in) was used as a base for dissolving
the **Tc spike. To check on potential matrix effects, however, an experimental calibration
curve was produced and compared with the normal calibration curve. The experimental
calibration was carried out using the seaweed digest as a base solution for making serial

dilutions of the *Tc standard.

Both 2% nitric acid and seaweed digest bases were run individually and the results are

plotted in Figures 2.26 & 2.27 respectively.
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Figure 2. 26 Calibration using 2% Nitric acid.

There was no major deviation between the gradients of the two calibrations. From that it
was confirmed that normal calibration using 2% nitric can be used without any correction

for matrix effects.

y=1.023x + 0.04768
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Figure 2. 27 Calibration using Seaweed digest.

Inter-element Interference.

Quadrupole mass spectrometers are compact and convenient to use with a high pressure

source such as an ICP, but the resolution is insufficient to separate chemically different
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