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SUMMARY 

The solubility of technetium under groundwater conditions has 
been calculated from hydrolysis and redox data. 

Under reducing conditions (Eh< 0.27-0.06pH, V) a formation of 
elementary Tc(s) is feasible. Total concentrations in solution 

-9 may go down to the 10 M-level or below. 

Under mildly reducing conditions (Eh between 0.27-0.06pH and 
0.45-0.06pH) a constant solubility of the order 10-5 M would be 
achieved, limited by Tc02(s) and with Tc0(0H) 2 as dominating 
species in solution. 

At higher redox potentials (Eh> 0.5-0.06pH) the heptavalent 
Tc04- dominates entirely, and no solubility limiting phase would 
be expected in most natural waters. 
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INTRODUCTION 

Technetium (as 99Tc, half-life 2.14xlO5y) is one of the fission 
products in spent nuclear fuel that may contribute significantly 
to the long-term biological hazards from reprocessing waste and 
spent fuel. 

Some calculations on technetium speciation and solubilities in 
environmental waters are given in this report. 

2 TECHNETIUM CHEMISTRY IN AQUEOUS SOLUTIONS 

Technetium can exist at least in the oxidation states II, III, 
IV and VII in aqueous solutions. The corresponding ions Tc2+, 

+ 2+ - . . h TcO , TcO and TcO4 , respectively, have been suggested ,n t e 
absence of complexing agents. The lower oxidation states (II and 
III) would only exist under highly reducing conditions, and any 
intermediate oxidation state that could possibly exist (V and 
VI) are prone to disproportionation. Thus, the oxidation states 
of prime importance for natural water systems are IV and VII. 
The data on hydrolysis and redox chemistry given below are taken 
from recent papers or reviews on technetium chemistry (1.-.Z), 

2.1 HYDROLYSIS AND COMPLEX FORMATION 

The only complexing reactions of importance in environmental 
waters appear to be hydrolysis processes. Technetium forms 
strong hydroxide complexes in the tetravalent state, Table 1. 
The corresponding neutral hydroxide, TcO(OH)2(s), has a low 
solubility and tends to dehydrate, forming the even more sparing­
ly soluble oxide phase Tc02(s). 

No information is available concerning the hydrolysis of Tc(II) 
and Tc(III). 
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Table 1 Hydrolysis and solubility limiting reactions. 

Oxidation state Reaction log K 

7 Teo~-+ M+ = MTcO4(s) -2a 
4 + - + 12.6 TcO + OH = TcOOH 
4 TcO2+ + 2OH- = TcO(OH) 2 24.6 
4 Tco2+ + 2OH- = TcO2(s) + H2o -28.9a 

+ - ? 3 TcO + OH = TcOOH 
2 Tc2+ +OH-= TcOH+ ? 

a Solubility product. 

The only sparingly soluble compounds of environmental interest, 
besides the tetravalent oxide, are MTcO4(s), where Mis a mono­
valent cation (K+, possibly Na+?), and Tc2s7(s). None of these 
two compounds would be expected to act as solubility limiting 
species under the conditions normally encountered in e.g. deep 
groundwaters, since the concentrations of both monovalent 
cations and s2- are far too low. 

2.2 REDOX REACTIONS 

Measured standard potentials for technetium redox reactions are 
collected in Table 2. 

From these potentials and the hydrolysis constants for Tc(IV) in 
Table 1, the standard potentials in Table 3 for non-hydrolysed 
species in solution have been calculated (using the Nernst 
equation E = E0+(RT/nF)ln([Ox]/[Red])). 

3 CALCULATED TECHNETIUM SOLUBILITIES 

Speciation and concentrations of the various technetium species 
have been calculated under the following assumptions: 
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o pH in the range 5-11 (often 7-9 in deep groundwaters 
o Eh>0.2-0.06pH, V 

(cf. Eh= 0.21-0.06pH in the Fe2o3(s)/Fe3o4(s)-system, and 
Eh z 0.8-0.06pH in aerated systems). 

No other complexing reactions than the formation of hydrolysis 
products have been considered. 

Table 2 Redox reaction and standard potentials. 

Oxidation Reaction Standard 
states 

7-4 
7-0 
4-3 
4-2 
4-0 
3-2 
3-0 
2-0 

Oxidation 
states 

7-4 
7-3 
7-2 
4-3 
4-2 
4-0 

potential, V 

Tco4- + 4H+ + 3e- = Tc02(s) + 2H20 0.738 
Tco4- + BH+ + 7e- = Tc(s) + 4H20 0.472 

( ) + - + 0.319 Tc02 s + 2H + e = TcO + H2o 
Tc02(s) + 4H+ + 2e- = Tc2+ + 2H2o 0 .144 
TcO~(s) + 4H+ + 4e- = Tc(s) + 2H20 0. 272 

+ - 2+ 
-0.031 TcO + 2H + e = Tc + H2o 

+ + - ( ) 0.256 TcO + 2H + 3e = Tc s + H2o 
Tc2+ + 2e- = Tc(s) 0.400 

Table 3 Calculated standard potentials assuming log Ks = -28.9 for 
Tc02(s) and potentials according to Table 2. 

Reaction Standard 
potential, V 

- + - 2+ 
0. 72 Tc04 + 6H + 3e = TcO + 3H20 

- + - + Tc04 + 6H + 4e = TcO + 3H20 0.633 
TcO~- + BH+ +Se-= Tc2+ + H2o 0.500 

+ - + 
0.37 TcO + e = TcO 

2+ + - 2+ 
0.17 TcO + 2H + 2e = Tc + H2o 

2+ + - ( ) 0.28 TcO + 2H + 4e = Tc s + H2o 
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Under reducing conditions (up to Eh= 0.27-0.06pH), a reduction 
to metallic Tc(s) is feasible. Dominating species in solution 
would be TcO(OH) 2, and possibly also TcO+ at low pH and highly 
reducing conditions (Eh< 0.2-0.06pH), Fig. la. 

Under mildly reducing conditions (Eh> 0.27-0.06pH) the solubi­
lity limiting phase would be Tc02(s), with TcO(OH) 2 as domi­
nating soluble species up to Eh= 0.5-0.06pH, Fig. lb. 

The heptavalent state (Tco4-) would dominate at Eh> 0.5-0.06pH, 
still with Tc02(s) as solubility limiting phase. 

The total solubility under highly reducing conditions would be 
as low as 10-9 Mor below (less than µg/1) and would increase to 
10-4-10-5 M (mg/1-level) with increasing Eh (cf. Fig. 2). This 
concentration, which would be constant at Eh between 0.27 and 
0.45 V, is related to the choice of solubility product for 
Tc02(s) and should be considered as a maximum value. By using 
log K = -31, which was previously suggested (2), instead of 

s -
log K = -28.9 (Table 1) which is an assessed maximum value, the s 
resulting total technetium solubility at Eh between 0.27 and 

-6 0.45 V would be less than 10 M. 

At Eh above 0.45-0.50 V the solubility is increasing up to at 
least 10-1-10-2 M, which would be the solubility limit set by a 
MTc04(s)-species, assuming a concentration of monovalent cations 
M+ of 0.1 M (g/1-level). This could possibly be achieved in very 
saline waters, but rarely under groundwater conditions. 

4 CONCLUSIONS 

The following conclusions can be made concerning the solubility 
of technetium in natural waters, particularly deep groundwaters. 

o Under highly reducing conditions the solubility can be as low 
as 10-9 Mor below; a reduction to elementary technetium is 
feasible. 
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Figure 1 Calculated technetium solubility and speciation. 
a. Eh= 0.21-0.06pH 
b. Eh= 0.30-0.06pH 
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Figure 2 Calculated technetium solubilities vs the standard potential 
(E = E0-0.06pH) for pH 7 and 9.5. 

o Under mildly reducing conditions (Eh in the range 0.27-0.06pH 
to 0.45-0.06pH) the solubility is limited by Tc02(s) to about 

-4 -5 10 -10 M, probably somewhat lower. 
o Under oxidizing conditions Tc04- dominates in solution and the 

maximum concentration is high. 

5 REFERENCES 

1. R.D. Peacock, 11 Technetium 11 , in Comprehensive Inorganic 
Chemistry. Vol. 3, Pergamon Press, Oxford 1973. 

2. B. Allard, H. Kipatsi and B. Torstenfelt, 11 Sorption av 
l!nglivade radionuklider i lera och berg 11 , KBS TR 98, 
Karnbranslesakerhet, Stockholm 1978. 



8 

3. B. Allard, H. Kipatsi and B. Torstenfelt, "Technetium: 
Reduction and Sorption in Granitic Bedrock", Radiochem. 

Radioanal. Letters lZ_ (1979) 223-230. 

4. J. Grassi, J. Devynck and B. Tr~millon, "Electrochemical 

Studies of Technetium at a Mercury Electrode", Anal. Chim. 

Acta 107 (1979) 47-58. 

5. J. Paquette, J.A.K. Reid and E.L.J. Rosinger, "Review of 

Technetium Behaviour in Relation to Nuclear Waste Disposal", 

TR-25, Whiteshell Nucl. Res. Est., Pinawa 1980. 

6. B. Torstenfelt, B. Allard, K. Andersson and U. 0lofsson, 

"Technetium in the Geologic Environment", Report Prav 4.28, 

ProgramrAdet for Radioaktivt Avfall, Stockholm 1981. 

7. B. Skytte Jensen, "A Critical Review of Available Informa­

tion on Migration Phenomena of Radionucl ides into the 

Geosphere", Contract No 066-78-1 WASDK, Ris~ Nat. Lab., 

Ri s~ 1981. 



LIST OF KBS's TECHNICAL REPORTS 

1977-78 

TR 121 

1979 

KBS Technical Reports 1 - 120. 
Summaries. Stockholm, May 1979. 

TR 79-28 The KBS Annual Report 1979. 

1980 

KBS Technical Reports 79-01--79-27. 
Summaries. Stockholm, March 1980. 

TR 80-26 The KBS Annual Report 1980. 

1981 

KBS Technical Reports 80-01--80-25. 
Summaries. Stockholm, March 1981. 

TR 81-17 The KBS Annual Report 1981. 

1983 

KBS Technical Reports 81-01--81-16 
Summaries. Stockholm, April 1982. 

TR 83-01 Radionuclide transport in a single fissure 
A laboratory study 
Trygve E Eriksen 
Department of Nuclear Chemistry 
The Royal Institute of Technology 
Stockholm, Sweden 1983-01-19 

TR 83-02 The possible effects of alfa and beta radiolysis 
on the matrix dissolution of spent nuclear fuel 
I Grenthe 
I Puigdom~nech 
J Bruno 
Department of Inorganic Chemistry 
Royal Institute of Technology 
Stockholm, Sweden January 1983 



TR 83-03 Smectite alteration 
Proceedings of a colloquium at State University of 
New York at Buffalo, May 26-27, 1982 
Compiled by Duwayne M Anderson 
State University of New York at Buffalo 
February 15, 1983 

TR 83-04 Stability of bentonite gels in crystalline rock 
Physical aspects 
Roland Pusch 
Division Soil Mechanics, University of Lulea 
Lulea, Sweden, 1983-02-20 

TR 83-05 Studies of pitting corrosion on archeological 
bronzes 
Ake Bresle 
Jozef Saers 
Birgit Arrhenius 
Archeological Research Laboratory 
University of Stockholm 
Stockholm, Sweden 1983-02-10 

TR 83-06 Investigation of the stress corrosion cracking of 
pure copper 
LA Benjamin 
D Hardie 
RN Parkins 
University of Newcastle upon Tyne 
Department of Metallurgy and Engineering Materials 
Newcastle upon Tyne, Great Britain, April 1983 

TR 83-07 Sorption of radionuclides on geologic media -
A literature survey. I: Fission Products 
K Andersson 
B Allard 
Department of Nuclear Chemistry 
Chalmers University of Technology 
Goteborg, Sweden 1983-01-31 

TR 83-08 Formation and properties of actinide colloids 
U Olofsson 

TR 83-09 

B Allard 
M Bengtsson 
B Torstenfelt 
K Andersson 
Department of Nuclear Chemistry 
Chalmers University of Technology 
Goteborg, Sweden 1983-01-30 

Complexes of actinides 
organic substances 
U Olofsson 
B Allard 

with naturally occurring 
Literature survey 

Department of Nucluear Chemistry 
Chalmers University of Technology 
Goteborg, Sweden 1983-02-15 

TR 83-10 Radiolysis in nature: 
Evidence from the Oklo natural reactors 
David B Curtis 
Alexander J Gancarz 
New Mexico, USA February 1983 



TR 83-11 Description of recipient areas related to final 
storage of unreprocessed spent nuclear fuel 
Bjorn Sundblad 
Ulla Bergstrom 
Studsvik Energiteknik AB 
Nykoping, Sweden 1983-02-07 

TR 83-12 Calculation of activity content and related 
properties in PWR and BWR fuel using ORIGEN 2 
Ove Edlund 
Studsvik Energiteknik AB 
Nykoping, Sweden 1983-03-07 

TR 83-13 Sorption and diffusion studies of Cs and I in 
concrete 
K Andersson 
B Torstenfelt 
B Allard 
Department of Nuclear Chemistry 
Chalmers University of Technology 
Goteborg, Sweden 1983-01-15 

TR 83-14 The complexation of Eu(III) by fulvic acid 
JA Marinsky 
State University of New York at Buffalo, Buffalo,NY 
1983-03-31 

TR 83-15 Diffusion measurements in crystalline rocks 
Kristina Skagius 
Ivars Neretnieks 
Royal Institute of Technology 
Stockholm, Sweden 1983-03-11 

TR 83-16 Stability of deep-sited smectite minerals in 
crystalline rock - chemical aspects 
Roland Pusch 
Division of Soil Mechanics, University of Lulea 
1983-03-30 

TR 83-17 Analysis of groundwater from deep boreholes in 
Gidea Sif Laurent 
Swedish Environmental Research Institute 
Stockholm, Sweden 1983-03-09 

TR 83-18 Migration experiments in Studsvik 
o Landstrom 
Studsvik Energiteknik AB 
C-E Klockars 
O Persson 
E-L Tullborg 
SA. Larson 
Swedish Geological 
K Andersson 
B Allard 
B Torstenfelt 
Chalmers University of Technology 
1983-01-31 



TR 83-19 Analysis of groundwater from deep boreholes in 
Fjallveden 
Sif Laurent 
Swedish Environmental Research Institute 
Stockholm, Sweden 1983-03-29 

TR 83-20 Encapsulation and handling of spent nuclear fuel for 
final disposal 
1 Welded copper canisters 
2 Pressed copper canisters (HIPOW) 
3 BWR Channels in Concrete 
B Lonnerberg, ASEA-ATOM 
H Larker, ASEA 
L Ageskog, VBB 
May 1983 

TR 83-21 An analysis of the conditions of gas migration from 
a low-level radioactive waste repository 
C Braester 
Israel Institute of Technology, Haifa, Israel 
R Thunvik 
Royal Institute of Technology 
November 1982 

TR 83-22 Calculated temperature field in and around a 
repository for spent nuclear fuel 
Taivo Tarandi 
VBB 
Stockholm, Sweden April 1983 

TR 83-23 

TR 83-24 Corrosion resistance of a copper canister for spent 
nuclear fuel 
The Swedish Corrosion Research Institute and its 
reference group 
Stockholm, Sweden April 1983 

TR 83-25 Feasibility study of EB welding of spent nuclear 
fuel canisters 
A Sanderson 
T F Szluha 
J Turner 
Welding Institute 
Cambridge, United Kingdom April 1983 

TR 83-26 The KBS uo2 leaching program 
Summary Report 1983-02-01 
Ronald Forsyth 
Studsvik Energiteknik AB 
Nykoping, Sweden February 1983 

TR 83-27 Radiation effects on the chemical environment 
in a radioactive waste repository 
Trygve Eriksen 
Royal Institute of Technology 
Stockholm, Sweden April 1983 



TR 83-28 An analysis of selected parameters for the BIOPATH­
program 
u Bergstrom 
A-B Wilkens 
Studsvik Energiteknik AB 
Nykoping, Sweden April 1983 

TR 83-29 On the environmental impact of a repository for spent 
nuclear fuel 
Otto Brotzen 
Stockholm, Sweden April 1983 

TR 83-30 Encapsulation of spent nuclear fuel -
Safety Analysis 
ES-konsult AB 
Stockholm, Sweden April 1983 

TR 83-31 Final disposal of spent nuclear fuel -
Standard programme for site investigations 
Compiled by 
Ulf Thoregren 
Swedish Geological 
April 1983 

TR 83-32 Feasibility study of detection of defects in thick 
welded copper 
Tekniska Rontgencentralen AB 
Stockholm, Sweden April 1983 

TR 83-33 The interaction of bentonite and glass with aqueous 
media 
M Mosslehi 
A Lambrosa 
JA Marinsky 
State University of New York 
Buffalo, NY, USA April 1983 

TR 83-34 Radionuclide diffusion and mobilities in compacted 
bentonite 
B Torstenfelt 
B Allard 
K Andersson 
H Kipatsi 
L Eliassen 
U Olofsson 
H Persson 
Chalmers University of Technology 
Goteborg, Sweden April 1983 

TR 83-35 Actinide solution equilibria and solubilities in 
geologic systems 
B Allard 
Chalmers University of Technology 
Goteborg, Sweden 1983-04-10 

TR 83-36 Iron content and reducing capacity of granites and 
bentonite 
B Torstenfelt 
B Allard 
W Johansson 
T Ittner 
Chalmers University of Technology 
Goteborg, Sweden April 1983 



TR 83-37 Surface migration in sorption processes 
A Rasmuson 
I Neretnieks 
Royal Institute of Technology 
Stockholm, Sweden March 1983 

TR 83-38 Evaluation of some tracer tests in the granitic 
rock at Finnsjon 
L Moreno 
I Neretnieks 
Royal Institute of Technology, Stockholm 
C-E Klockars 
Swedish Geological, Uppsala 
April 1983 

TR 83-39 Diffusion in the matrix of granitic rock 
Field test in the stripa mine. Part 2 
L Birgersson 
I Neretnieks 
Royal Institute of Technology 
Stockholm, Sweden March 1983 

TR 83-40 Redox conditions in groundwaters from 
Svartboberget, Gidea, Fjallveden and Kamlunge 
P Wikberg 
I Grenthe 
K Axelsen 
Royal Institute of Technology 
Stockholm, Sweden April 1983 

TR 83-41 Analysis of groundwater from deep boreholes in 
Svartboberget 
Sif Laurent 
Swedish Environmental Research Institute 
Stockholm, Sweden April 1983 

TR 83-42 Final disposal of high-level waste and spent 
nuclear fuel - foreign activities 
R Gelin 
Studsvik Energiteknik AB 
Nykoping, Sweden May 1983 

TR 83-43 Final disposal of spent nuclear fuel - geological, 
hydrological and geophysical methods for site 
characterization 
K Ahlborn 
L Carlsson 
O Olsson 
Swedish Geological 
May 1983 

TR 83-44 Final disposal of spent nuclear fuel - equipment 
for site characterization 
K Almen, K Hansson, B-E Johansson, G Nilsson 
Swedish Geological 
O Andersson, IPA-Konsult 
P Wikberg, Royal Institute of Technology 
H Ahagen, SKBF/KBS 
May 1983 



TR 83-45 Model calculations of the groundwater flow at 
Finnsjon, sjallveden, Gidea and Kamlunge 
L Carlsson 
Swedish Geological, Goteborg 
B Grundfelt 
Kemakta Konsult AB, Stockholm 
May 1983 

TR 83-46 Use of clays as buffers in radioactive repositories 
Roland Pusch 
University of Lulea 
Lulea May 25 1983 

TR 83-47 Stress/strain/time properties of highly compacted 
bentonite 
Roland Pusch 
University of Lulea 
Lulea May 1983 

TR 83-48 Model calculations of the migration of radio­
nuclides from a repository for spent nuclear fuel 
A Bengtsson 
B Grundfelt 
Kemakta Konsult AB, Stockholm 
M Magnusson 
I Neretnieks 
A Rasmuson 
Royal Institute of Technology, Stockholm 
May 1983 

TR 83-49 Dose and dose commitment calculations from ground­
waterborne radioactive elements released from a 
repository for spent nuclear fuel 
u Bergstrom 
Studsvik Energiteknik AB 
Nykoping, Sweden May 1983 

TR 83-50 Calculation of fluxes through a repository caused 
by a local well 
R Thunvik 
Royal Institute of Technology 
Stockholm, Sweden May 1983 

TR 83-51 GWHRT - A finite element solution to the coupled 
ground water flow and heat transport problem in 
three dimensions 
B Grundfelt 
Kemakta Konsult AB 
Stockholm, Sweden May 1983 

TR 83-52 Evaluation of the geological, geophysical and 
hydrogeological conditions at Fjallveden 
K Ahlborn 
L Carlsson 
L-E Carlsten 
O Durano 
N-A Larsson 
O Olsson 
Swedish Geological 
May 1983 



TR 83-53 Evaluation of the geological, geophysical and 
hydrogeological conditions at Gidea 
K Ahlborn 
B Albino 
L Carlsson 
G Nilsson 
0 Olsson 
L Stenberg 
H Timje 
Swedish Geological 
May 1983 

TR 83-54 Evaluation of the geological, geophysical and 
hydrogeological conditions at Kamlunge 
K Ahlborn 
B Albino 
L Carlsson 
J Danielsson 
G Nilsson 
O Olsson 
S Sehlstedt 
V Stejskal 
L Stenberg 
Swedish Geological 
May 1983 

TR 83-55 Evaluation of the geological, geophysical and 
hydrogeological conditions at Svartboberget 
K Ahlborn 
L Carlsson 
B Gentzschein 
A Jamtlid 
O Olsson 
S Tiren 
Swedish Geological 
May 1983 

TR 83-56 I: Evaluation of the hydrogeological conditions 
at Finnsjon 

II: Supplementary geophysical investigations of 
the Sterno peninsula 

B Hesselstrom 
L Carlsson 
G Gidlund 
Swedish Geological 
May 1983 

TR 83-57 Neotectonics in northern Sweden - geophysical 
investigations 
H Henkel 
K Hult 
L Eriksson 
Geological Survey of Sweden 
L Johansson 
Swedish Geological 
May 1983 



TR 83-58 Neotectonics in northern Sweden - geological 
investigations 
R Lagerback 
F Witschard 
Geological Survey of Sweden 
May 1983 

TR 83-59 Chemistry of deep groundwaters from granitic 
bedrock 
B Allard 
Chalmers University of Technology 
SA Larson 
E-L Tullborg 
Swedish Geological 
P Wikberg 
Royal Institute of Technology 
May 1983 

TR 83-60 On the solubility of technetium in geochemical 
systems 
B Allard 
B Torstenfelt 
Chalmers University of Technology 
Goteborg, Sweden 1983-05-05 


