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Reactor Charge:

967kg 22U, 33kg %*°U, 0.26kg U
irradiated for 33,000 MWd/t U burnup at a
power density of 30MW/t U and neutron flux of
2.92x10%° Nem™?s™t

(Choppin & Rydberg, Nuclear Chemistry)
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50 kg 2> %®¥U consumed (950 kg remain)
14 kg %*°U and transuranics produced
36 kg of fission products (10 kg Ln)

Actinides:
2381 J(942kg), 2%0U(4.5kg), Z25U(8kg),

234U(1200), *>"Np(482g), **Pu(1680),
239py(5,2600), 2*°Pu(2,160g), ***Pu(1,0080),
242pY(3529), “**Am(44.1g), ***™Am(0.4q),
243Am(91.29g), %**Cm(5.829), ***Cm(0.129),
244cm(31.19g), *°Cm(1.760)

Radiation Dose and Decay
14,410,000 Ci/tonne @ discharge

1,497,000 Ci @ 1 year
394,000 Ci @ 10 years

39,800 Ci @ 100 years
1590 Ci @ 1000 years
820 Ci @ 1000 years if U/Pu removed
18 Ci @ 1000 years if An transmuted
2 Ci in 1 tonne of uranium ore
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In,, = A/ALI (man-years/kg spent fuel)
where A is activity in Bqg and ALI is the Annual Limit for Ingestion)

In,,, Ingestion Hazard (man-years/kg IHM)




Why do we need speciation ?

Clean-up the legacy sites

Successive stories:
Radionuclide speciation / partitioning needs:

Rocky Flats



In 1995, DOE estimated that the cleanup for Rocky Flats would cost
in excess of $37 billion and take 70 years to complete. By 1996, DOE
and Kaiser-Hill initiated a massive accelerated closure effort that
resulted in a plan to reach closure by December 31, 2006, at a
contracted cost of S7 billion.

- Pu(lV) standard
L Pu(VI) standard
Sample 3
[ Sample 4
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Pu L Normalized Absorbance

=0s| XAFS was used to determine
' the speciation and the

remediation strategy was
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Nuclear legacy

Liquid nuclear wastes — Solid nuclear wastes -

105 sites 274 sites

500 Mm?3 180 Mtonns

total a activity is 1.9x10%° Bg total a activity is 6.0x10%> Bq
total B activity is 7.3x10% Bq total B activity is 8.1x10*2 Bq

PA “Mayak”

site

Al ) 3 EA ” ]
] Krasnoyarsk

Tomsk site

1- Dimitrovgrad; 2 - Tomsk-7; 3 - Krasnoyarsk-26; 4 - PA “Mayak”
5 - Krasnokamensk; 6- Kola peninsula; 7 - Primorie (Far East)
YeNuclear power plants



“Mayak” site

Sources of radioactive contamination of South Ural
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Dec. 22, 1948 — the plant to separate
weapon grade Pu from irradiated
uranium was launched

Production capacity was around 1 ton of
U blocks per day

about 10° Ci of wastes




Year before the plant was launched, complex “C” was constructed
that is the assembly of tanks for HLW. The capacity was estimated
around 15000 m3 per year. However the real volume of wastes was
200 m3 per day.

All tanks were filled with HLW
before 1950 (about a year after the
plant was launched).

The construction of new tanks for
HLW was too expensive.

From 1949 till 1951 wastes were
disposed to Techa river. During this
period c.a. 76 Mm?3 of waste solutions
were disposed equal to 2.8 MCi.




Industrial reservoirs at PA “Mayak”
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Plutonium behavior in environment

Plutonium — the element of surprise
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Plutonium behavior in the environment
Solubility of Pu(lll, IV, V u VI)
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Plutonium behavior in the environment

Pu(lV) forms intrinsic colloids —
PuO,,, -nH,0 nanoparticles

Pu...Pu

IFT(K ()1, a.u.




Reactions that control actinides behavior
in the environment
= Sorption
= Redox

= Solubility

= Complexation

Me™
Me(OH),"”" —— >

Me(OH),L ™"
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Reduced species, An(lll), An(lV) have low solubility and
strong sorption affinity

\ 4

Their migration in geologic conditions is defined by PARTICLES:

colloids
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clays, Si0,,a-FeOO0H..

: suspended matter

bacteria

L

single-cell alga
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Nanoparticles — particles with the size in the order of 10° m for
which size effects are observed (difference in properties with
larger size particles)



Colloids — Radionuclide Migration H. Geckels

e Mineral particles
(Ironoxides, Clay etc.)

Colloidal Particles

in a granitic
groundwater
(Grimsel, Switzerland}

[Degueldre et al_, Appl.
Geochem, (1296)]

e Humic substances, bacteria, viruses I

Humic colloids in a sandy aquifer

(Gorleben, Germany) Colloids can contribute to radionuclide transport
[M. Plaschke et al, Environ. Sci. Technol. (2002)]

e Radionuclide-Oxidhydrates
(e.g. PuO(OH),)




Nevada test site
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groundwater at the Nevada Test Site. Nature 1999, v. 397, p. 56-59
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Colloids in Russia: Have
Plutonium, Will Travel

By David Bigllo | October 26, 2006] ™ 2
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Tha Future of Nuclear Powaer
“ h The U.S.~-and the world--is gearing up to build a potentially massive fleet of new nuclear

Colloid Transport of Plutonium in the
Far-Field of the Mayak Production

Association, Russia

Alexander P. Movikov,® Stepan M. Kalmykov,»” Satoshi Utsunomiya,® Rodney €. Ewing,™
Frangois Horreard,” Alex Merkulov,” Sue B. Clark,” Viadimir V. Tkachev," Boris F. Myasoedov’

Samption of actinides, particulardy plutonium, onto submicrometer-sized colloids increases

their mobility, but these plutonium colloids are difficult to detect in the far-field. We
identified actinides on colloids in the groundwater from the Mayak Production Association,
Urals, Russia; at the source, the plutonium activity is ~1000 becquerels per liter. Plutonium
activities are still 0.16 becquerels per liter at a distance of 3 kilometers, where 70 to 90 mole
percent of the plutonium is sorbed onto colloids, confirming that colloids are responsible for the
long-distance transport of plutonium. Mano—secondary ion mass spectrometry elemental maps
reveal that amorphous iron aide colloids adsorb PullV) hydroxides or carbonates along with

uramum carbonates.

inorganic and'or organic compounds, oceur
at up o 10" partickes per hiter in grownd-
water md provide @ imporant mems of trans-

S ubmicrometer-sizad colloids, consistng of
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porting ekements with low solubilities, induding
the actinides (7—3). The stabdity of these colloids
& a function of the composiion of groundwater
md the hydmlogic conditions ().

The formation of actinide pseudo-colloids,
in which the actinide sorbs onto aquatic col-
loids, can stabilize actinides in natural waters
and increase their concentrations by many
orders of magnitude over the values expected
fom solubility caleulations (2, §). The associ-
aton of Pu with colloids 25 to 450 nm in size
has been observed 3.4 km froma source at Los
Alamos Mational Labomtory (6). This migm-
tion distance is greater than modeled estimates
(7). Sirmilar tmnsport has also been seen at the

Savarmah River Site (8). At Nevada Test Site, Pu
has migrated 1.3 km m 30 years in groundwater
by means of colloids with sizes of 7nm to 1 pm
(). Model results imply that oolloid-facilitated
transpont of actinides at Yocca Mowntain could
lead to as much as a 60-fld increase in the total
effective dose equivalent to an exposed popula-
ticwr { 17).

Colloid-ficilitated transport is likely the
means for actinides’ long-distmce tmnsport in
growndwater. Many previous studies have ex-
perimentally demonstratad adsomtion of Pu onto
a variely of minerals and mineral assemblage
(111 3). However, hittle is known of the specia-
tion of the actinides or the type of colloids with
whichthey are associated, particulady dunng the
tmnsport n the fac-feld where there are many
competing processes, such @ desorption Fom
the colloids and resomtion onto minermls,

To undestand the collod-associated actimides
arl their long-distmes tmnsport n growndwater,
we investigated Pu migration in the natural
groundwater system at ome of the most contarmi-
nated nuclear sites in the world: Mayak, Russia
Mavak is a nuclear waste eprocessing plant near
Kyshtym, in the Southern Urals, Russia (/4)
[le I). Waste efluents containing Mg Wi,

am, md “Pu were discharged into Lake
Kamcha (75, 7d); these were weakly alkaline
MaMNO; bring solutions with a pH of 7.9 10 9.3
and a salt concentration of 16 w 145 gliter. The
major dissolved womc speass were NOs™ (11 to
78 gliter), CHsCOO™ (D6 to 20 gliter), C20”
(0.9 10 14 ghiter), SO (0.12 10 1.3 gliter), Na*
(6 10 32 gliter), CT (20 1o 350 mgliter), UVT)
(13 to 196 mgTiter), Ca* (Bt B0 mg/Titer), and

27 OCTOBER 2006 WVOL 314 SCIENCE  www.sciencemag.ong

@ reactors, in part to fight climate change. But can nuclear power handle the load? »

January 26, 2009

Among the list of environmental disasters
ereated by Soviet central planning, Mayak

must rank high. Commissioned as a plant in
southern Russia to manufacture plutonium
for bombs in 1948, it soon segued into a long

life as a reprocessing center for nuclear
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Various mineral particles have different properties (pHiep, ¢-
potential, AG of “X0O-Cat” bond formation, ...) the distribution of

radionuclides is very heterogeneous.
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Novikov A.P., Kalmykov St.N., Utsunomiya S., Ewing R.C., Horreard F,,
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of Plutonium in the Far-field of the Mayak Production Association,
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Am(Ill), Pu(IV) n yactnuHo Cs(l) cBA3aHbl ¢ KONNOMAHBIMU YaCTULLAMM T/IUH,
KonnougHbie popmbl pagUOHYKANAO0B MUTPUPYIOT BbicTpee, Yem MOHHbIE PopMbi.

A. Mdri et al.,Coll.Surf. 217 (2003),
H. Geckeis et al., Radiochim. Acta, 92 (2004)



Criteria for colloid facilitated transport

(1)colloids must be generated ;

(2) contaminants must associate with the
colloids;

(3) colloids must be transported through the
groundwater.



Colloid stability
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Colloid interaction with rock surfaces — fluorescence microcopy

1. Enhanced colloid sorption at surface defects

Albite pH =4;1=0.01 M NacCl,
Cealloids = 0-05 9/l

50 um

2.

A. Filby, M. Plaschke, 2008



Cpotential, mV

The effect of sorbed species on colloid stability

¢-potential of SiO,
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Stability of colloid suspensions

lonic strength effect

Stability
13 a5 |A group cations less than
: 1-102 M,
g IIA group cations less than
RS 1-10%* M
+t «
e
£15
Los
O Ca and Na
® Mgand K

McCarthy J. et al. 1993
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The effect of surface films on colloid stability

. Colloid Colloid mean radius,
Distance, m Depth .
concentration, g/L nm
63/68 1000 30 0.02975 603.9 +5.3
80 0.43218 373.4+4.7
64/68 1250 20 0.05066 608.7 + 30.1
80 0.20611 399.2+4.7
50/79 3000 20 0.02955 903.7 £ 16.8
50 0.09565 650.1 +9.1
160/70 1000 20 0.00500 496.5+16.4
100 0.01393 393.7+43.4
0,30 - |E HFO colloids in Mayak Stabilizing effect
groundwater of organics
025 - O HFO colloids in NaNO3 brine
’ solution
30,20 |
2 . .
3 Organic film
€ 0,15 -
©
©
x 0,10 -
0,05
0,00
- e} © © o o o o o o o
o — < o e 1] © o o
p N © s o o
- < S

Colloid size, nm

Inorganic particle



The effect of surface films on colloid stability

. Colloid Colloid mean radius,
Distance, m Depth .
concentration, g/L nm
63/68 1000 30 0.02975 603.9+5.3
80 0.43218 373.4+47
64/68 1250 20 0.05066 608.7 + 30.1
80 0.20611 399.2+47
50/79 3000 20 0.02955 903.7 £ 16.8
50 0.09565 650.1 +9.1 ’ -~
160/70 1000 20 0.00500 AR E 4+ 16 4 Mrg = 10000 KX 200 P emnalbess Daes e 2006
25
100 0.01393 B C (Cls XPS)
B Fe (2p3/2 XPS)
0,30 - |E HFO colloids in Mayak Stabilizing 20 1
groundwater of organ
0.25 |B HFO colloids in NaNO3 brine G
’ solution
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£0,15 - <
©
o
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Radionuclide interaction with colloids



Radionuclide transport with particles

Sorption mechanisms:

solid bulk solution solid bulk solution solid bulk solution
Adsorption Absorption Surface precipitation
Outer sphere Inner sphere
complexes complexes

Solution

Bulk solid __g. e

(&



Surface complexation vs. ion exchange

Cs(l) sorption onto bentonite
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Ln(111)/An(lll) sorption onto hematite — literature Kd values recalculated in L/m?

0,5 - H
1 X0 X
A X
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-0,5 A
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-3,5 7 | XEu(lll, Ledin et al., 1994
1 | o Eu(, Music et al., 1979 i
A Eu(lll), Marnier et al., 1993
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Oxide surface reactions
Acid-base equilibrium:
XOH + H «»=X0H; [= XOH "]

@ = XOHI[H] exp(-F¥/RT)

XOHe»>=XO +H [zXO7[H"]
K,=—— " —exp(-F¥/RT)
27 [= XOH]
Monodentate surface complex formation:
Met* += XOH «—> = XOMet™ +H* _[=xOMet™ [H"]

= . exp(-F¥/RT
A [Met™ ][= XOH] P )
MetOH* + = XOH «—— = XOMetOH™ + H B, = [= XOM{IOH I[H"] exp(—F¥/RT)
°  [MeatOH*|[= XOH]
Met(OH);+ = XOH «—>= XOMet(OH ), + H 5. — [= XOMet(OH),|[H "] exp(—F¥ | RT)

 [Met(OH):][= XOH]

Reactions in solutions
Hydrolysis (as an example):
Met™ + OH ™ «— MetOH ™ _ [MetOH™]

Ps= [Met* ][OH "]

Met™ + 20H™ «— Met(OH); _ [Met(OH)?]
> [Met*[0H 1

Met™ + 30H ™ «— Met(OH), B = [Met(OH ;]

" [Meft[OH T

K :[EX_GH]{JBJ+J82J84[GH_]+J83J85[DH_]2}
“ [H1{1+ BJOH ]+ B[OH ' + BIOH T}




Surface complexation modeling for actinide/colloid interaction

Model experiments under well-defined laboratory conditions

100 nm

il

Goethite, a-FeOOH Hematite, a-Fe,0, Amorphous SiO, microspheres

Sorption pH edges at different total actinide concentrations, various Eh and ionic strangths

Spectroscopic characterization of surface species (XAFS, XPS, TRLIF for U(VI), Eu(lll))

Surface complexation modeling

Molecular-level understanding of the surface reactions and fundamental
thermodynamic data for migration modeling




Example: actinide sorption onto silica colloids

Time-resolved laser induced fluorescence (TRLIF for U(VI) speciation on the surface

U(V1) sorption pH edge onto Si0, TRLIF (2,5 psec), delay 1 psec

100
] e ——pH 7.00
: : ——pH 5.47
80 4 ]
] It — pH 4.90
L ] ' pH 4.03
— 60
S
o ]
o 407
7))

LI I L B
200 300 400 500 600 70O
Channel

The fluorescence intensity is increase upon interaction with the SiO, surface
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410
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S erof A, =273105
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0 . A =21106
c 210 2
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1%10° 1
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100

1 # experimental points
1® 200psec
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e ] oo
2.7 7

e
=
P IR

-

o
5

o H
=

pH

The fluorescence decay is characterized by two
contributions with t1 = 50 psec 12 = 200 psec

The sorption of U(VI) proceed through the formation of two surface species

What is their stoichiometry and structure?



EXAFS for U(VI) speciation on the surface

Structural models used of U(VI) surface complexes used in EXAFS fitting

- bi- vs. monodentate complexation, U(VI) silicates:

- number of Si atoms in the (?omplex, U-(0,)-U 3.84-3.85 A
- plynuclear complex formation or , .
surface precipoitation (U-U U-O-5i 3.85-3.90 A
interaction in EXAFS spectra) U-(O,)-Si 3.06-3.15 A



KR, A

EXAFS for U(VI) speciation on the surface
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Sample

Coord
sphere

R, A

N

o2, A2

AE,,
eV

pH 4,7

U-O,,
U-Opql
U-O,q2

1,79
2,23
2,41

2
2,3(+0,5)
4,5(x2,0)

0,002
0,009
0,009

-10

pH 5,2

U-O,,
U-Ogql
U-O,y2

1,80
2,24
2,43

2
1,7(%0,6)
3,6(x2,4)

0,002
0,009
0,009

-13

pH 5,6

U-O,,
U-Opql
U-O,q2

1,79
2,23
2,43

2
1,5(x0,8)
2,8(+2,2)

0,002
0,009
0,009

pH 6,5

U-O,,
U-Ogql
U-O,y2

1,76
2,21
2,40

2
2,2(+0,3)
2,5(+1,4)

0,002
0,009
0,009

-11

U(VI) forms bidentate complexes with the surface hydroxyl
groups, considering TRLIF data we proposed two surface

species:

>$i0,U0,(H,0),

>$i0,U0,(OH)(H,0),




Small angle X-ray scattering for nano-scale structural characterization

100 -

# EXAFS
® TRLIF
® TRLIF + SAXS

The distribution of the scattering centers in

)

S S ) |
= ] SiO, microspheres with and without U(VI)
o
.'E_aln-:
S
zn_} 0051 M ——SIO,I
R N N M ——pH46L
pH 0,041 —— pH 4.90
S 0,03]
§ :
*= 0,02
SAXS ]
0,01
01OC):"''I""I""I""I""I""I""I""IIIII

The distribution does not depend on U presence -
U(VI) uniformly covers the particles and no U surface precipitates take place



Surface complexation modeling

Based on the TRLIF and EXAFS two reactions were modelled:

>Si(OH), + UO,2* «> >5i0,U0, + 2H* (1)

>Si(OH), + UO,2* + H,0 <> >Si0,U0,OH+3H*

12 12
o ° :l;c(::rlzgmmem 10] & drenepavent E)Ui];l/O-AS o
1 ) ; : r/n SIO - .
\ SiO,-I Pt B SiO,-I
o 8] LE0° 2 o gl 2
0,37r/n SIO- - = -
g . r/n SiO,| [U] 10 5M g ] . [U] 10 4M
J lgk, =-2,0 g ’ IgK, =-2,4
LI)O 24 |gK2 = '6,2 (_I)o 24 |gK2 = '6,63
0l—pa—t : ol—~2, dhi ;
2 3 4 5 2 3 4 5 6 7
pH pH
12 12
0 [ ] ZZ?‘Z?.MMeHT 10 ® J3KCNnepumMeHT
] SiO,-| ] ——pacer . SiO,-Il
o 8] R0 2 © ¢ gl [UFLO° 2 5
S 00371/ SO [U] 10°M g 0,083r/n SIOAI [U] 10~°M
= 6 T 64
hg- A IgKl = '0,94 Og . IgK]_ = -2,26
O 4l 1
5] IgK, =-6,87 2 IgK, = -6,15
ol— ° * ; T 0 r T
2 3 4 5 2 3 4 5 6 7
pH pH

(2)



Surface complexation modeling

Average values: IgK, =-1,9; IgK, =-6,46

12 12
1 [U=10° [U=10"
101 0,37r/in SIO - 101 0,37r/n SO
g o g o
= =
2“ 6 ; 64
O 4 O 4 ® Experimental data
o 2 o 2.
0- - . ; : . s ; ; . :
2 3 4 5 6 7 8 2 3 4 5 6 7 8 S'O UO
12 pH 12 pH 2 2
| [U=10° | [U]=10° — NG ;
%1 0,037rin S0, o 0,083 SO, >S510,U0,0H
©_ g4 o 84
3 | s | — Summ
2“ 6 . 6
O§. 4_- (I)g' 44
o 2_- O 2_-
* 8 R S N A IR SAARE AR

The model that is based on the spectroscopic data adequately
describe experimental sorption data!
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Actinide sorption onto hematite

100+
%0 600 A . ¢ ¢
80- $ i@

SIELS

& 60

é’ 50- " ¢

§- 40- 0 4 ¢
0] ¢ ; o o Th(IV)
20- - A UVI)
o % i $ = Am(ll)
014 m A g ¢ NpV)
1 2 3 4 5 6 7 8 9 10 11

Th(IV)* < Am(lll) £ U(VI)O,2* < Np(V)O,*
+4 +3 +3,2 +2,2

AYu. Romanchuk, S.N. Kalmykov, Radiochimica Acta

C(Th(IV)) = 3,9-10°1° M
C(U(VI)) = 7,9-108 M
C(Am(Il)) = 1,9-10°10 M
C(Np(V)) = 7,7-107 M

pH50
SR T

o

2 4 6 8 10 12 14 16 18
Z%Iy




Free energy linear relationship
Cat? + =FeOH S =FeO-Cat ™!+ H*

Catt+ HOH S HO-Cat®»1l+ H*

e =FeOH + Am3* S =FeOAm?2*+ H* e =FeOH + Th*+ S =FeQTh3*+ H*
lgK = 5,91+ 0,04 IgK,; = 12,22+ 0,03
« =FeOH + NpO,* 5 =FeONpO, + H* e =FeOH + Th4*+ H,O 5 =FeOThOH?2* + 2H*
lgK =-3,32 £ 0,02 IgK,=4,13+ 1,37
15-
| Th(IV)
104 a(lll)
] Am(lIN
5. o
Eu(lll) Th(IV)
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é 0_
.
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® Am(ll)
) K()e ® Th(lV)
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1 @ literature data
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Free energy linear relationship
Cat? + =FeOH S =FeO-Cat !+ H*

Catt+ HOH S HO-Catn»l+ HY

e =FeOH + Am3* 5 =FeOAm?2*+ H* e =FeOH + Th%*+ 5 =FeOTh3*+ H*
IgK = 5,91+ 0,04 IgK, = 12,22+ 0,03
. =FeOH + NpO,* 5 =FeONpO, + H* « =FeOH + Th*+ H,0 5 =FeOThOH2* + 2H*
IgK = -3,32 £ 0,02 IgK, = 4,13+ 1,37
15-
Th(lV)

s
= 5
' ® Am(ll
-10 K(he ® Th(lV)
® Np(V)
1 @ literature data
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16 14 12 10 -8 -6 -4 -2 0
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Copbuus, %

Pu(V) sorption onto hematite

100+

_ o
o] i
70+ o Th(IV)** < Pu(???) < Np(V)0,*

60+ ; +4 +2,2
50 -

40-:
% BT f ThY)
o] 28 ; e Pu(V) mex.

Redox reactions?



Different total concentrations of Pu

Field
concentrations

10<@> 10 C, M

239'F)u 237Pu
T1/2 =45.2 d.



Pu interaction with hematite

Absorbance, %

Average particle size, nm 20-40
_ o a=5.031(1)
Lattice parameters, A
c=13.78(1)
Surface area, m?/g 35
PH,,c 8.0
| 2000
1500
z
2 100
L
T T T T T T T T T o1 | """ : i T — I'
10 5 0 5 10 20 30 40 50 60 70

Velosity, mnvs 20



Experiment: Starting from soluble Pu(VI) at C,,(Pu) > 10° M

Blank experiments at C(Pu) = 10°% M

pH=20 pH=35 pH=6.0 [TTIPuWV)
D Eh=048V Eh=043V Eh=038V EEPuV)

1004 g II + I H + II Y II |:|PU(|V)

©
e

Fraction, %o
SN (@))
e L2

N
e

Hll - ll“ H__ . II L] "ll anleell. .

145103236 3 3145103236 145103236 TIme, d.

Pu(V) shows high kinetic stability in pure
solution (despite thermodynamics)




Pu L, XANES

Pu(VI). 2.10% M
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Stabilization of Pu(IV)
on hematite surface
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‘nH,O - like species ??7?

3
PulL x(Rx

STD

A.Yu. Romanchuk, S.N. Kalmykov, et al. Geochim. et Cosmochim. Acta, (2013), 121, 29-40
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Kinetics of Pu(IV,VI) sorption on hematite at different C, .(Pu)

~ -14 ~ -1
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S c
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20 ]
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OI T T T T T T T T T T T T T T T T T T T I\I II 0 T T T T T T T T T T T \l I'
O 5 10 15 20 25 30 35 40 45 50 55 0 100 200 300 400 500 600
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Romanchuk et al., Radiochim. Acta, 2011



Kinetics of Pu(VI) sorption onto a-Fe,0O; in the darkness

100- Pu(V)->Pu(IV) reduction . b oo
- L
80 ot ® i
Pu(VI) sorption ¢ o i B
> 60 o * S
5 Pjé 1)->Pu(V) reductlon A A
S 40- i 444
7 0] ° L At
_ A - -
. A~ A pH=4.1 inthe darkness
5 ' e pH=>5.6Inthe darkness

0 100 200 300 400 500 900 1200
Time, h.



C(Pu)~ 104 M

PuVOy+
Pu(lV) o
+ Pu(V)
Pu(VI)
PuvO,t

C(Pu)> 100 M

PuvO,*

PuVO,*




What is the mechanism of reduction of Pu(VI)?

Possible mechanism of Pu(V,VI) reduction
onto hematite:

. Disproport@n@ in EDL of hematite

. SW)@LLCtion

* Trace amount of Fe(ll)
 Semiconductors properties of hematite

Romanchuk et al., RCA, 2011




TiO, vs. a-Fe,0,

semiconductors with band gap:
3.1eV 2.2 eV

¥

$

400 nm 560 nm

350 nm 400 nm 450 nm 500 nm 550 nm 600 nm 650 nm 700 nm 750 nm 800 n

Visible Continuous Spectrum 2



Kinetics of Pu(VI) sorption

[Pu]=10° M [Pu]=10° M
100__ ® presence of light éié 100__ m  presence of light N
80 jéé 80 Ei
S L
S . ¥
= 60 S 60 0
o | ® c N
= S i
5 40 é 8 40
p Qo | =
® ) ﬁj
20 ® 20 o
- 1 " ama
0_ T j'?'?é' T LR | L] | T O_ LLELELRRLL LR | LR | LAY | rorrTT T
0.1 1 10 100 1000 001 0.1 1 10 100 1000 10000
Time, h. Time, h. pH=4.1

Relatively slow sorption — redox reaction occurs




Kinetics of Pu(VI) sorption: Effect of light

Sorption, %

[Pu]=10° M
1077g presence of light jéé L)
|| @ absence of light %
80 ® ®
o | ®
>
= 60-
.% _ ®
S 407 é ?g
= e ¢
20- o ¢® (
0. iéﬁ%%@ ﬁ e
0.1 1 10 100 1000
Time, h.

[Pu]=10° M
100+
| = presence of _Iight N
L absence of light #i gk
o
| ' .
60
m
40- =
_ ; f *
L M
o
001 01 1 10 100 1000 10000
Time, h. pH=4.1

In the absence of light sorption is much slower.
Photocatalysis plays role in reduction of Pu(V,VI).




-absorbance

Normalized Pu-L,

Speciation of Pu by XANES
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under different light

conditions
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Energy, eV

[Pu] [TiO,] pH Equilibration Light
10°M | 2.4 m?/L | 6.5 | 11 months | presence
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MOSCOW STATE UNIVERSITY
CHEMISTRY DEPARTMENT, DIVISION OF RADIOCHEMISTRY
LABORATORY OF DOSIMETRY AND ENVIRONMENTAL RADIOACTIVITY

Speciation of Pu by EXAFS

Light conditions
does not affect Pu
speciation

presence | | Along with Pu-Ti

oflight interaction, Pu-Pu
IS present in
agfﬁgﬁf spectra - PuO,-like
e B partiCIGS
0 1 2 3 4 5 6 formation

11



Distribution of Pu onto TiO, (HRTEM)

Elemental maps

Pu covered TiO,
rather evenly




Distribution of Pu onto TiO, (HRTEM)
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Distribution of Pu onto TiO, (HRTEM)

Pu is concentrated at the
boundary of some TiO,
particles. Nanoclusters with
the structure of PuO, are
formed.

14




Leaching of Pu from surface

1,04 3® g
0.8- Kinetics of Pu leaching from

| _ ¢ hematite surface at nano-
0.64 $o and micromolar
- ¢ 5 concentration similar to

8 04_- # leaching of Pu(lV) intristic
! ° colloids

0.2 e C(Pu)=2,77+10°M, 33 mounth
e Pu(lV) colloids

O,O T T T T T T T T T T T T T T T T T T 1

0O 20 40 60 80 100 120 140 160 180
Time, h.

Romanchuk et al., Radiochim. Acta, 2011



log KOSIO

Properties of nanoparticles
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Free energy linear relationship
Cat? + =FeOH S =FeO-Cat ™!+ H*

Catt+ HOH S HO-Cat®»1l+ H*

e =FeOH + Am3* S =FeOAm?2*+ H* e =FeOH + Th*+ S =FeQTh3*+ H*
lgK = 5,91+ 0,04 IgK,; = 12,22+ 0,03
« =FeOH + NpO,* 5 =FeONpO, + H* e =FeOH + Th4*+ H,O 5 =FeOThOH?2* + 2H*
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pH dependence of sorption
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Tio,
pH dependence of sorption:
non-typical position

100 v =
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Redox solubility of

PuO,+ e + 4H* 5 Pu3* + 2H,0 +
PuO, S5 PuO," + e
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Constants from Neck et al. 2007



1004t e
80‘[P“]=1O'8'V' Modeling Pu
s speciation by
g solubility of PuO,_,
(% 40 L)
‘ o
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1004 ﬂg iy PO Distribution of Pu in
80‘[P“]=10 M /e TiO, suspension can be
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Conclusions

The need for molecular-scale radionuclide speciation is needed for
performance assessment of geological repositories of SNF or NW,

Generally radionuclide behavior (sorption, precipitation, complexation) could
be relatively easily described thermodynamically,

Plutonium — “the element of surprise” could form oxide-like particles even in
diluted solutions that show high kinetic stability,

Two processes are competing — chemisorption and solubility
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