
Diffusion of Selected Cations

and Anions in Compacted
Montmorillonite and Bentonite

Nuclear Energy and Safety Research Department (NES)

Laboratory for Waste Management (LES)

MA Glaus, S. Frick, L.R. Van Loon

PaulScherrerlnstitut

Forschungsstrasse 111

5232 Villigen PSI, Switzerland

Tel. +41 56 310 21 11

Fax+41 56 310 21 99

www.psi.ch

PSI Bericht Nr. 17-08

November 2017

ISSN 1019-0643



XI

Table of Contents

Preface j

Abstract jjj

Zusammenfassung y

Resume

^ IX

Table of Contents XI

List of Tables XIII

List of Figures XV

List of Symbols and Abbreviations used in the present Report XXXI

1 Introduction 1

1
•
1 Scope and aims of the report 1

1 -2 Summary of the transport of charged species in charged argillaceous
media focussing on smectite clay minerals 4

1.3 Report structure 9

2 Materials and Methods 11

2.1 Reagents, samples and analytical procedures 11

2.2 Diffusion experiments 11

2.3 Signal discrimination in multi-tracer experiments 15

2.3.1 Combination of y- and p-emitters 15

2.3.2 p/p discrimination 16

2.4 Models for numerical simulations 17

2.5 Evaluation of best-fit parameter values and their uncertainties 18

3 Results for Diffusion in compacted Montmorillonite 21

3.1 Diffusion ofHTO 21

3.2 Diffusion of cations: Bulk-dry densities of 1300 and 1600 kg m"3 21

3.2.1 22Na+ through- and out-diffusion (combined with HTO): 0.5 and

1.0 MNaC104 21

3.2.2 22Na+ through- and out-diffusion: 0.1 M NaC104 24

3.2.3 ^Sr2* through- and out-diffusion: 0.5 and 1.0 M NaC104 26

3.2.4 85Sr2+ through- and out-diffusion: 0.1 NaC104 27

3.2.5 134Cs+ in-diffusion, various conditions 32

3.2.5.1 Concept and experimental procedures 32

3.2.5.2 Results: Diffusion of HTO 34

3.2.5.3 Results: Diffusion of 134Cs+ 34



XII

3.3 Diffusion of 36C1" (combined with HTO): Bulk-dry densities of

1300 and 1600 kgnr3 39

3.4 Diffusion of cations: Bulk-dry density of 1900 kg m"3 40

3.4.1 Diffusion of 40

3.4.2 Through-diffusion of 134Cs+ 44

3 5 Diffusion of anions: Bulk-dry density of 1900 kg m 46

3.5.1 Through- and out-diffusion of 35S042" 46

3.5.2 Through- and out-diffusion of 75Se042~ 47

4 Results for Diffusion in compacted Bentonite 49

4.1 Diffusion ofHTO 49

4.2 Diffusion of 22Na+ 50

4.3 Diffusion of 85Sr2+ 51

4.4 Diffusion of 134Cs+ 53

4.5 Diffusion of 36CP 55

4.6 Diffusion of 35S042_ 57

5 Accessory Information 59

5.1 Profiles of water and anion contents in compacted montmorillonite 59

5.2 Re-saturation of compacted clay samples 60

5.3 Hydraulic tests 62

5.4 Batch sorption tests of ^Sr2* on dispersed Na-mom 63

5.5 Sorption measurements of 134Cs+ on compacted Na-wow samples 64

6 Discussion 67

6.1 The "Gimmi - Kosakowski" scheme 67

6.2 Cation data 69

6.3 Anion data 72

6.4 Comparison of sorption results in compacted versus dispersed clay samples 74

6.5 Conclusions and implications for the selection of diffusion coefficients

for radionuclides in performance assessment 75

6.6 General conclusions on 'surface-diffusion effects' 79

7 References 81

A Appendix: Experimental data for Montmorillonite A-l

A. 1 Diffusion of HTO A-l

A.2 Combined through-diffusion of 22Na+ and HTO (0.5 and 1.0 M NaC104) A-8

A.3 Combined out-diffusion of 22Na+ and HTO (0.5 and 1.0 M NaC104) A-l6

A.4 Combined through- and out-diffusion of 22Na+ and HTO (0.1 M NaC104) A-24

A.5 Through- and out-diffusion of ^Sr2* (0.5 and 1.0 M NaC104) A-26

A.6 134Cs in-diffusion A-33

A.7 Combined diffusion of HTO and 36C1~ (0.5 and 1.0 M NaC104) A-39

A.8 85Sr special test A-47

A.9 Diffusion tests of 134Cs+ in thin clay samples A-55



XIII

A. 10 Through- and out-diffusion of 35S042~ A-61

A. 11 Through- and out-diffusion of 75Se042~ A-65

B Appendix: Experimental data for Bentonite B-l

B.l Diffusion of HTO B-l

B.2 Through- and out-diffusion of 22Na+ B-9

B.3 Through- and out-diffusion of ^Sr2* B-l 5

B.4 Through-diffusion of ,34Cs+ B-21

B.5 Through- and out-diffusion of 36C1~ B-24

B.6 Through- and out-diffusion of 35S042~ B-27

List of Tables

Tab. 3.1: Results of through-diffusion experiments with HTO in compacted Na-mom a 21

Tab. 3.2: Results of through-diffusion experiments with 22Na+ (and simultaneously
measured HTO) in compacted Na-mom

a 22

Tab. 3.3: Results of the out-diffusion experiments with 22Na+ (and simultaneously
measured HTO) in compacted Na-zzzo/zza 23

Tab. 3.4: Results of through-diffusion experiments with 22Na+ (and simultaneously
measured HTO) in compacted Na-mom 24

Tab. 3.5: Results of the through- and out-diffusion experiments with 85Sr2+ in

compacted Na-mom a 27

Tab. 3.6: Sensitivity analysis in the determination ofDe and a for a series of given
Df values in the diffusion experiments with 85Sr2+ at a bulk-dry density of

~ 1300 kg m"3 and 0.1 M NaC104 (cells 1058_5A, 1058_5B, 1058_7A,
1058 7B) 28

Tab. 3.7: Sensitivity analysis in the determination ofDe and a for a series of given
Df values in the diffusion experiments with 85Sr2+ at a bulk-dry density of

~ 1300 kg m"3 and 0.1 M NaC104 (cells 1058_5A, 1058_5B, 1058_7A,
1058 7B) 30

Tab. 3.8: Summary of the best-fit parameter values obtained from through-diffusion
experiments of 85Sr2+ in compacted Na-zzzozzz estimated from the range of

possible values in a sensitivity analysis (cf. Tabs. 3.6 and 3.7) 30

Tab. 3.9: Summary De values for HTO measured before in-diffusion of 134Cs+ 34

Tab. 3.10: Summary De values for the in-diffusion of 134Cs+ 39

Tab. 3.11: Results of the through-diffusion experiments with 36C1" (and simultaneously
measured HTO) in compacted Na-mom a 40

Tab. 3.12: Results of combined through-diffusion experiments (labelled TON. 1027)
with 85Sr2"1" and HTO in compacted Na-mom in 1.0 M NaC104 42



XIV

Tab. 3.13: Results of through-diffusion experiments (labelled TON.1023) with "Sr2"

in compacted Na-mom at low external salinitiesa 44

Tab. 3.14: Results of through-diffusion of 134Cs+ combined with tracer profile analysis

in compacted Na-mom (experiment TON. 1034)a 45

Tab. 3.15: Results of through- and out-diffusion experiments using 35S042~ in

compacted Na-mom (experiment TON. 1032)a 47

Tab. 3.16: Results of through- and out-diffusion experiments using 75Se042_ in

compacted Na-mom (experiment TON. 1059)
3

48

Tab. 4.1: Results of through- and out-diffusion experiments ofHTO in compacted

Volclay3 50

Tab. 4.2: Results of through-diffusion experiments combined with tracer profile

analysis of 22Na+ in compacted Volclay3 51

Tab. 4.3: Results of through-diffusion experiments combined with tracer profile

analysis or out-diffusion of85Sr2+ in compacted Volclay3 52

Tab. 4.4: Results of through-diffusion experiments combined with tracer profile

analysis of 134Cs+ in compacted Volclay KWK3 54

Tab. 4.5: Results of through- and out-diffusion experiments of 36C1" in compacted

Volclay KWK3 56

Tab. 4.6: Results of through-diffusion of 35S042~ combined with tracer profile

analysis in compacted Volclay KWK3 58

Tab. 5.1: Average porosity values (± standard uncertainty) ofNa-mom saturated

with NaC104 calculated from profiling after through-diffusion 59

Tab. 5.2: Average porosity values (± standard uncertainty) for the saturation of

Na-/7/o/;7 with NaCl and NaC104 calculated from profiling after a saturation

time of~ 30 d 60

Tab. 5.3: Determination ofps in samples of compacted Volclay bentonite 62

Tab. 5.4: Results of the sorption measurements of Cs+ on compacted Na-7770772 samples
(experiment TON. 1068) 66

Tab. 6.1: Best-fit parameter values derived from regression (cf. Eq. (6.12)) of the

data shown in Figs. 6.1 and 6.2. q is the minuend of the right-hand side

of Eq. (6.12) 75

Tab. 6.2: Best-fit parameter values for the HTO diffusion data in Na-7770772 using
the extended Archie relation {cf. Eq. (6.13)) 78


