o RADIATION CHEMISTRY

RADIATION CHEMISTRY

o Absorption of ionizing radiation
o From Physics to Chemistry




WHEN IS RADIATION CHEMISTRY OF
IMPORTANCE?

Nuclear reactors

Nuclear materials (in general)

Biological effects of ionizing radiation
Atmospheric chemistry

Tool for studying radical chemistry

Synthesis of novel materials (e.g. nanoparticles)

IONIZING RADIATION

Radiation with energy > 100 eV

Ionization < 15 eV
Chemical bonds 1-5 eV




DECAY ENERGIES

o: 4-9 MeV

B: 0.02-4 MeV

v: 0.1-2 MeV

Ca. 100 000 ionizations per decay!

RADIATION TYPES

Protons and heavy ions (e.g. a-particles)
Electrons (B* and [3°)
Photons (y)

Neutrons




ABSORPTION OF IONIZING RADIATION

Interactions with the electrons of the absorber

(Neutrons): Interactions with nuclei resulting in
radioactive decay

RELATIVE TRANSMISSION
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LINEAR ENERGY TRANSFER
LET

LET=-dE/dx
LET depends on the electron density of the

absorber (usually proportional to the
physical density)

Radiation (3 MeV) LET (keV/um) cm in air
Electron 0.20 1400
Proton 21 14
Deuteron 34 8.8

o 180 1.7
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PROTONS AND HEAVY IONS

The Bethe equation
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Z = abs.atomic no
Z = part.atomic no.
N = no. of absorbing atoms per unit volume
v = velocity
| =ionization potential
m= electron mass
e= particlecharge

Specific ionisation {ion pairs per mm of path)
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ELECTRONS
(THE BETHE EQUATION)
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(GAMMA RADIATION
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Radiation Rel. Penetration depth | Shielding
a 1 Paper, skin
B 100 3 mmAl
Y 10 000 Concrete, lead

Keep the distance: r2!




ABSORBED DOSE

Unit: 1 Gy (Gray) =1

J/kg
1 Gy =100 rad
o G,
dm
Eabs = Ein - Eout

RADIATION CHEMISTRY

From Physics to Chemistry

Chemical Effects (G-values)

Chemical Systems




RADIATION EFFECTS ON GASES,
LIQUIDS AND SOLIDS

Gas: Low density, high mobility
Liquid: High density, intermediate mobility

Solid: High density, low mobility

ABSORPTION OF IONIZING RADIATION

LET = dE,, /dx

(Depends on charge and velocity of the particle and
on the density of the absorber)

Dose = dE_; /dm
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DOSE RATE

Proportional to activity/current and LET

Unit: Gy/s

RADIATION CHEMICAL YIELD

G-value: Gy=d[X]/dE,,

Unit (SI): mol/J
(older unit: number of molecules / 100 eV)

11



SOLIDS

Metals: Displacements (heavy particles)

Inorganic nonmetallic compounds:
-Excitation-> Fluorescence
-Crystal defects (heavy particles)

-Decomposition

ORGANIC COMPOUNDS

Table 7.4. Onsager radii, electron mobilities and free ion yields

Liquid r mobility Gffree ions)
(nm) (cm?/V s) (umol/)

Neopentane 32 55 0.09 - 0.11

Cyclohexane 28 0.35 0,016 — 0.02

Benzene 25 - 0.005 — 0.008

Methanol 23 0.2

Water 0.7 0.28
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ORGANIC COMPOUNDS

Table 7.3, Kffects of y-radiarion on organic compounds af technical interest

4 " Observed Useless 25% reduction
ompou change at Compound of desired
at (kGy) (kGy) property (kGy)

C)}fﬁnn 5 10 Teflon 0.1

SII.ICOI:I.cI : 5 50 Cellulose acetate 2

Mineral oils 10 100 Polyethylene 9

Alkyl aromatics 100 500 Palyvinylchloride 10

Polyphenyls 500 5000 Polystyrene 400
Neoprene, silicon rubber 0.6
Natural rubber 25

TRACK

BREMSSTRAHLUNG

5-TRACK OF SECONDARY

BRANCHING TRACK ELECTRON OF > 100 eV

<5000 eV

TRACK >5000 eV

COLUMN IONIZATION
ALONG PRIMARY TRACK

x| (- - -q--d--a-- K&Q—a e,

Oog

.SPUR <100 eV

ca. 30 eV
HOT ATOM

SPUR FROM SECONDARY ELECTRON
OT 10-100 eV (CA. 1-3 |ION PAIRS AND
3-10 EXCITED ATOMS PER 500 nm
TRACK LENGTH. ALSO CALLED BLOB

FIG. 7.1. Track formed by energetic ionizing particle in condensed matter. Distances
between ion pairs along track are: ~ 1000 nm +, 500-100 nm fast electron, ~1 nm slow
electron and a.
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RADIOLYSIS OF WATER

Time ()
0 4---—--

lonizing radiation

Physical stage o H,0 Lo
excitation ionization
1085 4 ----- R - ~x
H,0* H 0" +e
Physico-chemical \ l H,0 \
Stage H,0 H,O*
H, + O('D) HO- + H :
l H,0 l H,0
H-+-OH H, + 2HO- HO- + H,0* HO- + H,+OH- €
10°12_] -

Chemical stage

1064~

HO- (0.28), H- (0.062), -, (0.28)

(G values, umol/J)

DIFFERENCES IN 10 KEV TRACK SEGMENTS AT 1 PS

Z Axis (nm)

10 MeV H

Black e, Modern codes

Magenta : OH
Yelow :H,0,

Dark yellow : OCP)

Z Axis (nm)

Red "H,0 : « C e
Green :OH give “realistic
Blue :H

Cyan  H, track structures.
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Development of a 10 keV Section of a 5 MeV “He?* lon Track in Water

(wu) sixy z

Fepstagiadectrons

Secondary tracks

Primary track

Low energy electrons
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100 ps

100 ns

10 ns

LET AND (G-VALUES FOR RADIOLYSIS

OF WATER

G(HO,")

0.0027

0.007

G(HO")
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a0)

G(e’
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G(H,0,)

0.073
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G(Hy)

0.047

0.115

G(H,0)

-0.43

-0.294

LET

0.24

92

Radiation

Y, e

(12 MeV)
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G-VALUES AT HIGH SCAVENGER
CONCENTRATIONS

o G(H,0,) decreases with increasing hydroxyl
radical scavenger concentration.

(G-VALUE AS A FUNCTION OF LET
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(G-VALUE AS A FUNCTION OF T

a(e,)

L . THa 5 L L L ; 1 A " .
0 50 100 150 200 250 300 0 50 100 150 200 280 300
temperature/"C temperature/"G

PROPERTIES OF THE RADIOLYSIS
PRODUCTS

o H,0,: Oxidant

o Hy: Reductant (slow)

o HO": Strong oxidant (very reactive)
(HO® = O+ H*; pK,=11.9)

0 €, Strong reductant

o H': Reductant (H*>H* + e-; pK,=9.6)
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RADIOLYSIS OF AQUEOUS
SOLUTIONS CONTAINING OXYGEN

H' +0,-> HO,

€hq+ 0y > 0,

RADIATION CHEMICAL EFFECTS IN
NUCLEAR REACTORS

Oxidation of metals
Brittleness (H,)

Explosion (H, + O,)

19



INTERFACIAL PHOTO AND RADIATION
CHEMISTRY

Surface reactions
Radiation Chemistry in Heterogeneous systems
Photochemistry in Heterogeneous systems

THE MAXIMUM RATE CONSTANT

d[SOl utd _ 2k, T Ré),ide ( e_'li;][SOI Utd Nayicvol
dt 3777 RegucRe v
R —— e

Kinax

ca 10 m s (um-sized particles)
ca 10 m s (mm-sized particles)

Radiation induced processes at solid-liquid interfaces.
Mats Jonsson, in Recent Trends in Radiation Chemistry, Eds. J. F. Wishart and B. S. M. Rao, World Scientific} in press
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THE G-VALUE DEPENDS ON THE
SCAVENGING CAPACITY
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Figure 4. Hydrogen peromide vields 23 a function of the scavenming
capacity of methanol (25 mb nimae) with protons of differenr
energios: (@) 2 MeV; () 10 MaV; (v) 15 MeW. The results with
rays are ([0).

B. Pastina, J. A. LaVerne, J. Phys. Chem. A, 1999, 103, 1592-1597
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Figure 5. Hydrogen peroxide yields as a finction of the scavenzing
capaciry of methanel (25 m nimare) for: () 3 mays; (@) 2 MeV 'H;
() 5 MV *He; (&) 10 MeV 2C.

B. Pastina, J. A. LaVerne, J. Phys. Chem. A, 1999, 103, 1592-1597
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G(H;0,)

Will be reduced in concentrated solutions (e.g.,
brines)

INTERFACIAL G-VALUES

G(H,) increases with increasing solid surface area
to solution volume ratio. This is not the case for

H202c
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SIO, SLURRIES

v . v v
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Weigth % Si0,

Figure 3. Producton of H, i aqueous shuries of 50, with 1 mdd
SeDy* and 1 oM Br- (@) fused 325 mesh 5i0; (8.1 m¥/z) and (W)
famed 30 (312 m¥g). The dotted line is the H; yield in water with
1 mM Se0y™ and 1 mM Br™ but no oxzde.

J. A. LaVerne, S. E. Tonnies, J. Phys. Chem. B, 2003, 107, 7277-7280

-rays

& ua, 0.51 miig 1

GI:HEJ (maolecules/100 V)
3 &

o

10 20 30
Water Layers

Figure 3. Production of H; relatve to smount of energy directy

deposited by y-rays [ the water adsorbed on Uy 25 a fancnon of the

mumber of water layers. The yield of H: in bulk water is 0.45 molecules/
100 eV, ref 27,

J. A. LaVerne, L. Tandon, J. Phys. Chem. B, 2003, 107, 13623-13628

23



WHEN ARE INTERFACIAL G-VALUES
IMPORTANT?

Surface area to solution volume ratio > 1.6 x 107

Water layer < 60 nm

Radiation induced processes at solid-liquid interfaces.
Mats Jonsson, in Recent Trends in Radiation Chemistry, Eds. J. F. Wishart and B. S. M. Rao, World Scientific, in press

RADIATION INDUCED DISSOLUTION OF SPENT
NUCLEAR FUEL UNDER DEEP REPOSITORY
CONDITIONS

24



DEEP GEOLOGICAL REPOSITORY

Cladding tube Spent nuclear fusl Surface parton of deep repository

Fued pellat of Copper canister Crystalling Underground portion of
uuuuu dioxide with cast iron insert  bedrock deep reposiony

We want to be able to accurately predict the rate of radionuclid
release from spent nuclear fuel in contact with groundwater! i

OTHER RELEVANT RADIATION INDUCED
PROCESSES

o Radiation induced corrosion of copper

o Radiation induced changes in Bentonite

25



RADIONUCLIDE RELEASE

Instant release

Matrix dissolution (dissolution of the UO, matrix)

OXIDATIVE (MATRIX) DISSOLUTION
Ox + U0, > U0,2* > U0,%*(aq)

26



KEY PROCESSES

Groundwater radiolysis

Surface reactions (redox processes, catalysis and
dissolution)

Spent Nuclear Fuel A g

Fission products S B H,0O —>
Actinides
AV OH*
Y
HZOZ
_ - — Oxidizing species
~ uav) C _
/ =~ - — Reduced species
H, - I
. I |
’.‘\ 2
2 H+= M _ - — Hcoy
N _uevn
= - —
prsdtles
Actinides
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Spent Nuclear Fuel A g

He
Fission products AAAAA [3 H,0 [E— H,
Actinides
NVVVVVVWN O
Y
H202
_ - — Oxidizing species
~uav) ( _
/ =~ - — Reduced species
Hy - :
@
' 2 e
‘ \
2 H+= A4 _ — — HCOy"
N _uevn
= - —
Fission
products
Actinides

UO, OXIDATION KINETICS

The rate constant for oxidation is a function of reduction potential.

Ella Ekeroth and Mats Jonsson, Journal of Nuclear Materials, 2003, 322, 242-
248
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RATE CONSTANTS

H,0, 7.3x 108
0, 3.6 x 1010
OH* 106
CO,* 106

Olivia Roth and Mats Jonsson, Cent. Eur. J. Chem. 2008, 6, 1-14 .

ARE THE RATE CONSTANTS CONSISTENT
WITH EXPERIMENTAL DATA?
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Olivia Roth and Mats Jonsson, Cent. Eur. J. Chem. 2008, 6, 1-14
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HOW TO USE THE RATE CONSTANTS FOR
RADIATION INDUCED U02 DISSOLUTION

Total rate of oxidation:

an, n n_
ate=—W — k., [Ox]—=
ratre dt AJQ;[ ox[ X] 2

Ella Ekeroth, Olivia Roth and Mats Jonsson Journal of Nuclear Materials, 2006, 355, 38-46

I-RADIOLYSIS OF UQ,-SUSPENSIONS

v-radiolysis

Ny (umol)
»
o

*
: [ ]
0,0 ‘ T T T T T 1

0 50 100 150 200 250 300
Irradiation time (min)

Ella Ekeroth, Olivia Roth and Mats Jonsson Journal of Nuclear Materials, 2006, 355, 38-46
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RELATIVE IMPACT OF (A-) RADIOLYSIS
PRODUCTS

dn, n n
_ v -
rate= = Auo, DKy [OX]-£
dt ox=1 2
H,0, (% O, HO,* CO,™ OH"
No additives ' 100.0 % 0.01 % 0% 0.03% 0% 0%

H,(40bar) 1 999% 0% 0% 0.02 %

H, (40 bar)
S, (10 my 100.0% 0% 0% 0%

HCO; (10 mM)L 99.9% 0.09% 0% 0%

0% 0.03%

0.02

9
% 0 %

0 % 0 %

H,0, is the major oxidant!

E. Ekeroth, O. Roth, M. Jonsson, J. Nucl. Mater. 355 (2006) 38-46.

RATE OF H,0, PRODUCTION

Xmax
Mo, = J.D(x)xpr(HzOz)dX

x=0

Can this be simplified?

1 Mohsin H

Mats Jonsson, Fredrik Nielsen, Olivia Roth, Ella Ekeroth, Sara Nilsson, M.
Environ Sci. Technol. 2007, 41, 7087-7093
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SURFACE CONCENTRATIONS
(SIMPLE NUMERICAL SIMULATIONS)

9,00E-10

8,00E-10

7,00E-10 -
Steady-state
6,00E-10

5,00E-10

[H20.1/M

4,00E-10

3,00E-10

2,00E-10

1,00E-10 -

0,00E+00 T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200
Distance/pm

J. Nucl. Mater. 2008, 372, 32-35 and J. Nucl. Mater. 2008, 374, 286-289

STEADY-STATE

90% of the steady-state (surface) concentration is reached in a very short
time (Seconds-Minutes)
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DOES THE STEADY-STATE APPROACH
WORK?

[HCO;] Time - Cdc. dissrate  Experimental final

1(Dose pHD) 1o am®) (days) (mol dm®d)  cone. (mol dm)

1233 (Ar)  1.68x10° 47 7.05x10%  1.50x10° 6.40x10°
' (99 Gylh)

110 % U-

1233 (12%02) 1.07x10° 126  1.96x10°  1.56x10° 5.69x107
(99 Gy/h)

1

(0= 828

'Gylh (Ar)  10x10° 40 142x<10*  354x10° 5,96x10°
1p=31

WOV el
SF

(=828

Gy/h Sbar  10x10° 376 0 0 1.70x 10
B=31

Gy/h)

FACTORS AFFECTING (LOWERING) THE
STEADY-STATE CONCENTRATION OF H,O,

Surface reaction (UO, oxidation, Catalytic decomposition, H, and e-
particles, surface area, radiation enhanced reactivity')

Homogeneous reactions (e.g. H,0, + Fe?*)?

B- and y-radiolysis

1. Olivia Roth, Sara Nilsson and Mats Jonsson Journal of Nuclear Materials, 2006, 354, 131-136,
2. 0. Roth, M. Jonsson, J. Nucl. Mater. 2009, 385, 595-600
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H, 0O, INDUCED OXIDATIVE

DISSOLUTION (DOPED UQ,, PELLETS)

1% Pd, 0.3 % Y203
3E-09

1

2.5E-09
2E-09

1.5E-09

1E-09
5E-10

r_diss(U(VI)) / mol L-1s

Y203 Y203/ Pd U0o2
Pd

u N2

RADIATION (I') INDUCED DISSOLUTION

N2 experiments

70 1 AUO2
60 | #Y203 A
=50 - mY203/Pd
= P
z 40 4 A
@
5
T 30 4
A
*
20 - ]
*
10 L]
]
0 B . . : . . . . . : :
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
time / min
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H,0, consumPTION SIMFUEL/UO,,

H202 concentration (mM)

2.5 1

0.5 -

0

*M. M. Hossain, E. Ekeroth, M. Jonsson. J. Nucl. Mater. 2006, 358, 202-208

Y
ﬁ ]
*
o ; .
a
Rate as expected from k(H,O,)*
0 50 100 150 200 250 300

reaction time (min)

350

H,0O, INDUCED U(VI) DISSOLUTION
SIMFUEL/UO,

concentration U(VI) pM

100 4

90 A

80

70 4

60

50 -

40 A

30 4

20

<
<&
<
§ «~— UG,
8
S SIMFUEL
: /
(] B (m] o g (m] (m]
100 200 300 400 500

reaction time (min)

600
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RADIATION (I) INDUCED DISSOLUTION OF
SIMFUEL/UO,

74
6 -

. | Uo,

2 5 4

-]

2

<]

; 4

g SIMFUEL

23

g

=)

2 2

5
1
0 . . . . :

1000 2000 3000 4000 5000 6000 7000

irraditation time (min)

WHAT HAPPENS TO H,0,?

H,0, + UO,

/ UO,?* +2 OH- (Dissolution)

H,0 + % 0, + UO,

Yidld=—fo
Koe +Kear
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CATALYTIC DECOMPOSITION OF H202
H,0, > 2HO" (surface catalyzed)

HO" + H,0, > H,0 + HO,"
HO," + HO," > 0, + H,0,

¥ 2H,0, > 0, + 2H,0

(ZrO,) Claudio Lousada and Mats Jonsson, J. Phys. Chem. C, 2010, 114 (25)

UO, POWDER

6.00

5.00 - *

[H202] mM
w
o (]
o o
°
Jo

N
o
S

=
o
S

0.00 -9

0.5
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
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0

0 1000 2000 3000 4000 5000

time (s)

S
=

=
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UO, PELLET
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DISSOLUTION YIELDS BASED ON OH/U(VI)

o UO, powder: 83 % (80 % [U(VI)/[H,0,])
o UO, pellet: 2 % (14 %)
o SIMFUEL pellet: 0 % (0.2 %)

o Catalytic decomposition is the main reaction path for
H,0, on pellets!

OXIDATION OF UQO, BY MNO

0.7

0.6

0.5 +—

0.4 — U02
(Westinghouse)

0.3 SIMFUEL
0.2

0.1

0 100 200 300 400
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OXIDATION OF UO, BY MNO

Reactivity (doped UO,):

Y,0,/Pd<Y,0,<U0,<Pd

ACTIVATION ENERGIES (MNO,))
UO, (Westinghouse): 7.4 kJ mol!

SIMFUEL: 12.9 kdJ mol-!
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THE REDOX REACTIVITY OF DOPED UO,

Pure one-electron oxidants are more reactive
towards UQO, than SIMFUEL.

The difference decreases with increasing
reduction potential of the oxidant.

The main effect of doping is reduced redox
reactivity.

LINEAR ENERGY TRANSFER
(HEAVY IONS)

Z=atomicno.
v=velocity
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NOBLE METAL CATALYZED REDUCTION BY
H2

INHIBITION OF H,O, INDUCED
DISSOLUTION

F(X’ L 24 :l'- X

B
B
8
g
3
8
B

B0
& xpH, (bar)

k =10¢ m st (diff. limited)

Martin Trummer, Sara Nilsson and Mats Jonsson, J. Nucl. Mater. 2008, 378,
55-59
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ACCOUNTING FOR SOLID PHASE
REACTIVITY

[Surface | [kms |
0,

H202 H2
Uo, 3.9x 1010 7.3x 108
U0,/UO,2(Pd) 107 106 1x 106
U0, (irrad.) 5.1 x 1010 9.5x 108
Olivia Roth, Martin Trummer and Mats Jonsson, Research on Chemical Intermediates, In press ’

ACCOUNTING FOR SOLID PHASE
REACTIVITY

Dissolution rate / mol m2 s1

Max H, (40 bar) H, (40 bar) GW GW
102 M HCO, H, (40 bar)
U0, 8.7x 1011 2.7x 1012 2.9x 1011 1.4x 1013 1.4x 1013
(5.6x1013)  (3.5x 1019)
UO, +e-part 8.7x 10" 0 0 1.4x101 0
(5.6x 10°13)

Olivia Roth, Martin Trummer and Mats Jonsson, Research on Chemical Intermediates, In press ‘
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SPENT FUEL LEACHING (CLOSED SYSTEM)

0 200 00 an S0 £ 0 0 o0
time days)

Figure 5. Dynantics of spent nuclear fuel dissclution taking UO0; cxddation by H.0:, H:
production and noble metal particle catalyzed reduction of TR0, *(5) by H. into account.

Radiation induced processes at solid-liquid interfaces.
Mats Jonsson, in Recent Trends in Radiation Chemistry, Eds. J. F. Wishart and B. S. M. Rao, World Scientific, in press

RADIATION INDUCED CORROSION OF
COPPER

Upon irradiation (in solution) the copper conc.
increases with dose.

The oxide layer grows to ca 100 nm
Exposure to H,0, does not have this effect.

The copper concentrations in solution are higher
than the oxide solubility and do not match the
amount of oxidant produced from radiolysis.
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RADIATION INDUCED CORROSION OF CU

RADIATION INDUCED CORROSION OF CU

90 4
@ 770 Gyh? .
80 4 370 Gyh*
® 80Gyh?
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: Estimated total
60 - Corrosion detection L] dose, absorbed
limit, ICP-OES " by an outer
\) * canister surface,
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/ adeep repository

w
=3
L]
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~ Y
3 ]
* -
| Y -
e

'™
=]
L]

o
>

E X

>
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PHOTOCATALYSIS
o TiO,

o Kinetics (Adsorption)

o Mechanism (Production of hydroxyl radicals)

QUANTUM YIELD

60

50

40
+02

® Air (gamla resultat)
30

Qy (%)

Air (nya resultat)

oN2

20

10

0 100 200 300 400 500 600

Conc. (mM)
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