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Introduction
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= High-level radioactive waste (HLW) contains highly radioactive materials with 0

long half-lives and high toxicity, necessitating special disposal methods to
ensure safety for current and future generations.

= Deep geological disposal with engineering barrier is generally adopted
worldwide for final disposal of HLW management.

= In order to estimate the safety of the disposal system, we need to simulate the
radionuclide transport in fractured porous media (host rock).

= Advection, Dispersion, matrix diffusion
= Chemical reaction (decay, sorption, ...)
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Introduction

- Radioactive decay is when unstable atoms lose energy by
emitting radiation until they become stable.

= Sorption is the process of adsorption or absorption of species
onto the surface of solids or liquids, which can be quantified by
a sorption distribution coefficient (Kd) for linear sorption.

= Also, chemical reactions will affect the concentration and
distribution of substances.

= To understand these processes, laboratory experiments have
been applied to determine relevant parameters. Then, we can
use some chemical reaction software to help us to simulate
, e.g. PHREEQC.
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Chemical reaction

= Chemical reaction simulations are based on the conservation of mass, energy,
and charge, and the laws of thermodynamics.

= Thermodynamic reactions

_ [C]°[D) L
aA + bB < cC + dD Ke = ———0 Equilibrium constant
|A]*|B]
= Kinetic reactions
d(C] :
A+B—C = k(T)[A]™|B]|" Reaction rate constant

= A thermodynamic database is a collection of data providing information on
the thermodynamic properties of chemical species and reactions (eg. AG, K),
used to model and predict the behavior of substances under various

conditions. @



A partial screenshot of the “Pitzer.dat” thermodynamic data

# Pitzer.DAT for calculating pressure dependence of reactions

# and temperature dependence to 200 °C. With

# molal volumina of aquecus species and of minerals, and

# critical temperatures and pressures of gases used in Peng-Robinson's EOS.
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# Details are given at the end of this file.
SOLUTICN MASTEER SPECIES

Blkalinity CO03-2 1 ca0.5(c03)0.5  50.05

B B(0OH) 3 0B 10.81

Ba Ba+2 0 Ba 137.33

Br Br- 0 Br 79.904

C co3-2 2 HCO3 12.0111

C(4) co3-2 2 HCO3 12.0111
Ca Cat2 0 Cca 40.08

cl cl- 0 1l 35.453

E e— 0 0.0 0.0

Fe Fet+2 0 Fe 55.847

H Ht+ -1 H 1.008

H(1l) H+ -1 0.0

K K+ 0 K 39.0983

Li Li+ 0 1i 6.541

jleg Mg+2 0 Mg 24.305

Mn Mn+2 0 Mn 54.938

Na Nat+ 0 Na 22.58648

o H20 0 © 16.00

o(-2) H20 0 0.0

5 504-2 0 s04 32.064

S(6) S504-2 0 sS04

Si H45104 0 sioz 28.0843

Sr Sr+2 0 sr 87.62

# redox-uncoupled gases

Hdg Hdg 0 Hdg 2.01le # HZ gas

Oxqg oxg 0 0Oxg 32 # OxXygen gas

Mtg Mtg 0.0 Mtg 1e.032 # CH4 gas
Sg H25g 1.0 H2S5g 34.08 # HZ2S gas 141 1
e e e AP Manual addition is OK.

SOLUTION SPECIES
H+ = H+

-dw 9.31e-9 1000 0.46 1le-10 # The dw parameters are defined in ref.
# DWw(TK) = 9%.31e-9 * exp(l000 / TK - 1000 / 298.15) * TK * 0.89 /

(298.15 * wiscos)

# Dw(I) = DwW(TK) * exp(-0.46 * DH A * |z H+| * I0.5 / (1 + DH B * I~0.5 * 1le-10 / (1 + I~0.73)))

e— = e_
H20 = H20
Li+ = Li+

-dw 1.03e-9% 80
-Vm -0.41% -0.06% 13.1e -2.78 0.41e

2 and Ellis, 1968, J. Chem. Soc. Z, 1138




The influence of the different
thermodynamic database

= PHREEQC (Parkhurst et al., 2013)

= PHREEQC is a widely-used computer program for simulating chemical reactions in
aqueous systems.

= Here are the results of ion strength for groundwater and seawater, using
different databases.

groundwater Seawater

0.00400 0.75
¥0.00380 u 0.7
5 5
o ©
g. 0.00360 i 0.65
o =
-~ -~
b b
3 0.00340 r 0.6
- 1
2 e}
[0 0
g 0.00320 g 0.55
oy o

0.00300 . . . 0.5 . . -

PHREEQC 1inl frezchem = minteq.v4 phrgpitz sit wateq4f PHREEQC 1lInl frezchem = minteq.v4 phrqpitz sit wateq4f

EPHREEQC 0.00372 0.00374 0.00387 0.00371 0.00387 0.00373 0.00372 EPHREEQC  0.6789 0.647 0.7223 0.6636 0.7223 0.672 0.6788




A partial screenshot of the “Pitzer.dat” thermodynamic data

1 # Pitzer.DAT for calculating pressure dependence of reactions
2 # and temperature dependence to 200 °C. With
3 # molal volumina of aquecus species and of minerals, and
4 # critical temperatures and pressures of gases used in Peng-Robinson's EOS.
5 |# Details are given at the end of this file.
(5] SOLUTION MASTER SPECIES
7 Blkalinity C03-2 1 Ccab.5(co3)0.5 50.05
8 B B(0OH) 3 0 B 10.81
2l Ba Ba+2 0 Ba 137.33 : : :
ey All the information on the thermodynamic
11 C co3-2 2  HCO3 12.0111 . . . .
2 cw co3-2 2 Hco3 12,0111 properties of chemical species and reactions
13 Ca Ca+2 0 Cca 40.08 o .
(Lu et al,, 2022) 4 c1 - o0 cl 35.53 can only be obtained from experiments.

Table 1
Comparison of thermodynamic data files discussed in this study.

Number of Sources

species

Database T-P range Pressure correction Corrected P Aqueous activity

range coefficient model

Fugacity
coefficients

phreeqe.dat <200°C, <1kb Appelo et al. (2014) up to ~1kb mixed WATEQ' and  Peng- ~310°
Davies equation Robinson

mixed WATEQ and ~ Peng- ~310%
Davies equation Robinson

mixed WATEQ and Ideal gas law ~330
Davies equation
mixed WATEQ and
Davies equation

SUPCRT92 N.A. B-dot

Appelo et al. (2014)

amm.dat <200°C, <1kb Appelo et al. (2014) up to ~1kb Appelo et al. (2014)

iso.dat 0.01-100°C at 1 bar N.A. N.A. Thorstenson and Parkhurst
(2002, 2004)
wateq4f.dat Ball and Nordstrom (1991)

0.01-100°C at 1 bar N.A. N.AL Ideal gas law ~770

lInl. dat 0.01-100°C at 1 bar,

100-300 °C along Psar

Ideal gas law Greg M. Anderson; EQ3/6°

corel0.dat
carbfix.dat
sit.dat

minteq.dat

minteq.v4.
dat
pitzer.dat

frezchem.
dat

ColdChem.
dat
geothermal.
dat
diagenesis.
dat
bldat

0.01-100°C at 1 bar,
100-300 °C along Psar
0.01-100°C at 1 bar,
100-300 °C along Pgar
15-80°C at 1 bar

0.01-100°C at 1 bar
0.01-100°C at 1 bar
<200°C, <1kb

—73-25°C at 1 bar

—73-25°Cat 1 bar

0.01-100°C at 1 bar,
100-300 °C along Psar
0.01-100°C at 1 bar,
100-200 °C along Py,
Up to 1000 °C and 5 kb
(variable T isobaric)

Appelo et al. (2014) &
Peg log K in Supcar92
Appelo et al. (2014) &
Poy log K in Surcni92
N.A.

N.A.

N.A.

Appelo et al. (2014)

Appelo et al. (2014)

N.A.
SUPCRTBL
Appelo et al. (2014) &

P, log K in Surcrie.
SUPCRTEL

46 -Vm

up to ~1kb

up to ~1kb

up to ~1kb

up to ~1kb

N.A.
N.A.
up to ~1kb

up to 5kb

-0.419

B-dot

B-dot

SIT

mixed WATEQ and
Davies equation
Mostly Davies
equation

Pitzer equation

Pitzer equation

Pitzer equation
B-dot
WATEQ equation

B-dot

-0.069

13.1¢

Peng-
Robinson
Peng-
Robinson
Ideal gas law

Ideal gas law
Ideal gas law
Peng-
Robinson
Peng-
Robinson
N.A.

Ideal gas law
Peng-

Robinson
Ideal gas law

-2.78

~40

- 1050

- 1050

~1050

0.416

Neveu et al. (2017)

Voigt et al. (2018)

Amphos 21, BRGM and HydrAsa

for ANDRA
Allison et al. (1991)

Allison et al. (1991)

Plummer et al. (1988)

Spencer et al. (1990), Marion
and Farren (1999), and Marion

(2001)
Toner and Catling (2017)

SupPHREEQC
(Zhang et al., 2020)
SupPHREEQC
(Zhang et al., 2020)
SupPHREEQC
(Zhang et al., 2020)

0 0.25%¢

-12.4 -2.74e-3

in ref. 4.
(298.15 * wiscos)
I~0.5 * 1le-10 /

(1 + 1~0.75)))

1.26 # ref. 2 and Ellis, 1968, J. Chem. Soc. R, 1138




log Kd [mL/g]

Sorption of U and Tc in bentonite

= Experimental data and modeling was developed to confirm the multi-site

surface complexation/ion exchange of MX 80 bentonite. (Grambow et al,
2006)

= We use PHREEQC with the NEA-TDB (OECD Nuclear Energy Agency
Thermochemical Database) and thermodynamic data in this paper to
replicate the research findings.
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Surface species log K logE B&B Na logK B&B Ca

S—OH +H* =S—-0R* 4.3 4.3 Table 3. Site densities and quantity of dissolving minerals in bentcnite
S—0OH —5-0 +H ~7.9 ~7.9 MX.80.

W1-0H+H" —W1-0H," 45 45

W1-OH —W1-0-+H* ~7.9 ~7.9 Site densities in mol g dey bentonite

W2—0H+H" — W2—0H," 6 6

W2—0H =W2—0 +H* —10.5 ~10.5

S1—-OH-+H- —51—-OH,* 45 S—OH 25x10°
S1—-OH —S1-0 +H* ~7.9 W1-OH 3.2x10°7
S1—OH+Cs* — §1-0Cs+H* ~0.1 W1-0H 325107
S—OH +Ni** —S—ONi* +H* 1.2 0.6 —0.9 " cos s
S—OH +Ni** + H;0 — Si—ONiOH +2H* —10.2 ~10 —10 - 3.5 102
W1—0H+Pb* —W1—0OPb+ +H* -1 ~1.3 '
W1-OH+Pb** +H,0 — W1—0PbO~ +3H* —18 - i - T

S—OH 4+ E** SO +H 04 L6 08 Minerals which dissolve /precipitate until equilibrinm

S—OH +Ev** +H,0 = S5—0EuwOH* +2H* —6.5 —6.4 —6.4 Calcite Quantity max in mol/g 0 107
S—OH +Eu?* +3H;0 —S—OEu(OH); +4H" —245

W1—-0H+Euv** +3H,0 =W1—0QEu** +H* -1.6 —0.5 -1.4 Phases which dissolve entirely in mol/g dry bentonite

S—OH + Am’* = 5—0Am* +H* 1.5 1.6

S—OH+Am* +H,0 — S—OAmOH" + 2H* —7 —6.8 Pyrite 1% 103
S—OH +Am’* +2H,0 — 5—0Am(OH), + 3H* —15.4 ~15 Siderite 2x 107
S—OH+Am?+ +3H,0 = S5—0Am(OH), +4H* —25.5 ~25.6 Magnesite 31107
S—OH +Cm’ —S—OCa* +H 1.2 MgS0, 25 %1077
S—0H+Cm’® +H;0 — $—0CmOH" +2H" —7.2 CaSO, 24 %100
S—OH+Cm’ +2H,0 — S—0Cm(0H), + 3H* —15.4 Exchange species

S—OH+Cm’ + 3H,0 — S—OCm(0OH); +4H* —25.5

S—OH+Ac =S—0Ac™ +H" 0 X +Na* =NaX 0 0

S—OH+Ac* +H:0 = 5—0AcOH* +2H* ~7.2 X +H =HX 0 0

S—OH +Ac +2H,0 — S—OAc(OH), + 277 1< z K - - 0

S—OH +Ac” +3H,0 = S—0Ac(OH); - ' . 03
S-OH A+ 38, =5-0Ac(OE); We d.on t. need to.redo all .e?(perlments qnless 07
g—ggigjigﬁﬂﬂ =§—gg?§{;j? considering specific conditions (e.g., Taiwan's s
| 2 = 5— 2 - 1.14
S—OH +Th* +3H;0 — S—OTh(OH); + groundwater and/or bedrock). 0.6 05
S—OH + Th* +4H,0 = S—OTh(OH), - % o8

S—0H+U™ +3H,0
S—0H+Zr* +3H.0

e oew 0. PHREEQC can conduct simulations well.
=5—0Zr{0H); + =.x e

e I - — e aaaasay

1.7-2.5

§—0H+TcO* +H,0
28—0H+TcO*++H,0

(Grambow et al, 2006)

=5—0TcO{0OH) + 2H* 238
= {5—0); TcO(OH)" +3H" —4.27




Transport in column experiment

Non-sorption sorption

= Study on advection—dispersion behavior for simulation of 3H, *Tc, and °°Sr

transport in crushed sandstone of column experiments. (Shih et al., 2024)
Pb

R=1+—K

g
B . 1 Ad ) di ) ] CXTFIT PHREEQC
Xperimental setups vection-dispersion equation _ O e R R — oMSE

sorption
*H 0176 | 0185 | 1.000 | 433E-02  6.18E-02
) ’_f:\ ac ac ) 0 ZC Pp K aC *Tc 0.180 0.189 | 1.000 | 269E-02  2.72E-02
— _v_ —
dynamlc column Yo at ax aXZ 6 d at 905 0.176 0.185 | 3.050 | 4.06E-02 6.09E-01
Ul & nDcqu:‘n g “1% 'ﬁ Dﬁlgn DI o FA"P‘D‘““

' \Tracer

T T T T T ¥ T ). T T T T T Y 7 0. : r L :
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8 0 2 4 6 8 10 12 14
: Pore Volumes Pore Volumes Pore Volumes
(Shih et al., 2024) ’w



Conclusion

= In the issue of radionuclide transport in solid host rock, we need to consider
solute transport and chemical reactions in fractured porous media.

= Thermodynamic data can influence the results of chemical reaction
simulations. We can obtain relevant parameters from literature or
experiments, but pay attention when using such data (including
thermodynamic databases).

« PHREEQC is a valuable and practical geochemical simulation program that
can effectively replicate experimental results under known conditions.
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