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Actinide chemistry in aqueous solutions
for waste disposal and environmental studies

=9 Introduction. For the management of radioactive wastes, Equilibrium
Speciation is studied in aqueous solutions: Chemistry of Actinides and other
Radionuclides (critical reviewing and measuring thermodynamic data), also

thermodynamics, methodologies...

Mass Action Law

UMR in Nature

8587 in Laboratory (measuring equilibrium constants and stoichiometries)
...for Solid Solutions ...and lonic Exchange Equilibria

Activity coefficients
SIT (and Pitzer) Formula = extended Debye and Hiickel Formula
= Boltzmann — Poisson Calculus ...as for Surface Complexation Formula

Consistency
of thermochemical data
between different scientific fields, i.e. reference states ...e- notation

Ab initio calculations
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Equilibration of Stripa groundwaters with minerals

ﬁModelled by using mass action law

& 18 Ca,Al,Siz0,4(0OH),
@J T  {Prehnite
= 16 - . : :
5 |CaAlSI0,nH Chemical analysis on Stripa groundwaters
S Laumontite
O, 14— |
12 |Kaolinite ™ | Albite
UMR 13 qji Calculated from an evolution model
8587 10- i mﬁl} essentially based on charge balance.
gl A
. g Solubility products K,'s, have been re-fitted on the
60— T experimental observations; however, these K,
c 2 4 6 8 changes are within usual uncertainties for solid
lg([Na*}J/[H*]) compounds formed at low temperature: less than
0.6 log,, unit (i.e. 0.3 kd.mol* on A,G) as
compared to Ref (Michard G. (1983) EUR 8590).
Grimaud D., Beaucaire C., Michard G. (1990) Applied Geochemistry, Vol.5, 515-525
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Np(V) solubility in CO,% / HCO,/CO, aqueous solutions
Solubility product

Y Modelled by using mass action law
e NaNpO,CO4(s) |
3+ VN
Dol
(@) L
é L
= s i
UMR & *
8587 & Iz
6 S NpOy ¥
'S L N . ( ~ s
L2 8molLTNaGL25°%C) Nl
9 -8 -7 -6 5 -4 -3 -2 -1 0
2- -1
9(C0s"] (mol L) 3 mol.L-t Na* was used for obtaining
NaNpO,CO4(s) — Na* + NpO,* + CO,% constant activity c_oefficients Y, in the
X X , aqueous phase. This makes the system
Ks = [Na'] [NpO,'] [CO57] ideal and allows slope and sensitivity
analysis.

Ig[NpO,*] = -Ig[CO,;*] + Constant
Constant = Ig K + Ig[Na"]
Vitorge P., Capdevila H. (1998) CEA-R-5793. Vitorge P., Capdevila H (2003). Radiochim. Acta 91, 623—-631.
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Np(V) solubility in CO,% / HCO,/CO, aqueous solutions
Complexing constants

Modelled by using mass action law
| ~N
NaNpO,CO4(s) /

Ig((Np(V)]otal (mol.L'%))
()]

UMR 2; /////
8587 5- S o, et = & Ig[NpO,CO,] slope 0
6 10 PO, N X adnd
£ NpO,CO, / Tz NPOy(COs)s™
'S 3mol.Lt Na*, 25°C g
-7 e B E——— A“‘,‘}‘U“i““i““i
-9 -8 7 -6 -5 4 3K -2 -1 0
Ig([CO5"] (mol.L™)) CZC)L Sensitivity analysis
= [Na* 12 2114 _ INpO,(COg3)i 1
Ig[NpO,(CO,),?] = (1-i)lg[CO,?] + Constant
Constant = Ig K; + Ig[Na*]
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Np (V) solubility in CO,? / HCO,/CO, aqueous solutions
Precipitation of a new solid phase

2Na*+CO4%+NaNpO,CO54(s) > NagNpO,(CO;),(s)

: ,
e < F;
g 47 o |
E | 4
g 5 %/
= 5 & ’
UMR ¢ ¢
8587 ¢ & 00 egah e &7 0000
-1
£ 00,CO, /Za NPOy(COg)s™
S 3mol.L't Na*, 25°C N
S A e e
-9 -8 -7 -6 5 4 3% -2 -1 0
g(co”1mollY) Q.
Z

Other stoichiometries of compounds have been proposed in literature! for Na/NpO,

Volkov, Y.F., Visyashcheva, G.I., Tomilin, S.V., Spiryakov, V.T., Kapshukov, I.I., Rykov, A.G. Sov. Radiochem.,
21, 5(1979) 583-590. Transl. Radiokhim., 21, 5 (1979) 673-681.

Vitorge PIAEA-SR-104/25. Sofia, Bulgarie (6-10 février 1984).

Vitorge P., Capdevila H., CEA-R-5793 (1998)
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Np (V) solubility in CO,? / HCO,/CO, aqueous solutions

Evidence of Na,, ;,NpO,(CO,), Solid Solution?

-slope (= x)
--O Precipitationl (.53

m Dissolutionl 0.89
O Precipitation2 0.98
B Dissolution2 0.94

x =-0.53 for initial precipitation
should certainly be attributed to
kinetics; however, other

LI B B N B B B I

E4 O Precipitation3  0.95 stoichiometries for Na/NpO, have
g . been proposed in literature?
UMR 55 -53 based on X-ray diffraction and
7 =) - ionic exchange studies:

00)
o1
(00)

Nay, ;NPO,(CO,),(s)?
I.e. a solid solution?...

o
)
Vitorge et al. (20

Volkov, Y.F., Visyashcheva, G.I., Tomilin, S.V., Spiryakov, V.T., Kapshukov, I.I., Rykov, A.G. Sov. Radiochem.,
21, 5(1979) 583-590. Transl. Radiokhim., 21, 5 (1979) 673-681.

Vitorge PIAEA-SR-104/25. Sofia, Bulgarie (6-10 février 1984).

Vitorge P., Capdevila H., CEA-R-5793 (1998)
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No clear evidence of any Na,, ;NpO,(CO,), ideal solid solution.

i \ —lgSx —stable
3 3 —IgS1 —1gS2
- X (batches) O Batches 4 weeks
- @® Baiches8weeks + (Cell
4 - A /\ Precipitationl A Dissolutionl
Cea i © Precipitaion2 € Dissolution2

-5 N
Il
> |
UMRZ Ny, NpO,(CONT '
8587 _'5'_7 | \(\2)\(?)\ \F\) | F( o 3)X o ‘ F o \lgl‘-NpQZ‘]\ L
9 8 7 6 5 4 3 2

g[CO;"]

While X-ray studies suggest the formation of a solid

solution; this is not reflected in solubility

measurements...despite this is not evidenced in

classical graphical representations. >
-10

(@2}

-11 -
Is Mass Action Law valid for Solid Solutions?

-12 - —IgKsx ~——stable
B gKsl B [gKs2
_1 ’2 | | | | } | | | | } }
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Thermodynamics of solid solutions
as published in text books

Example: Na,, ;NpO,(CO,),
&0 or equivalently  Na,;_,\(NPO,),,CO;3 where y = 1/(2x)

the amount of CO3% is the amount of solid matrix
while Na*/NpO,* cations are exchanged

Dissolution Reaction

UMR t + |

8587 Nay 1.y (NPO,),yCO; — 2(1-y)Na* + 2y NpO,* + CO» (1)
lonic Exchange Reaction

Na*(s) + NpO,*(aq) — Na*(aq) + NpO,*(s) 2)

Mass Action Law for Reaction(2):

_ [Na’(s)] [NpO, (aq)] _ 2(1-y)[NpO; (aqg)]

[Na'(aq)] [NpO2'(s)] ~ 2y [Na'(aq)]

D = Ks1 / Kgo is obtained by linear combinations of chemical potentials
where Ks, = [Na"(aq)]** [NpO,"(aq)]® [COs*(aq)]
are the solubility product of the endmembers fory=0or 1
Similarly Ksy = Koy K2 (1-%)°3% x
which is only similar to Mass Action Law for Reaction(1)
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Thermodynamics of solid solutions

a reaction with 2 advancement variables
Advancement variable for Reaction 1 at constant y (nx = number of mole for

Species X): (dnx)y = vx (dna?a)y va =1, ve =b(1-y), ve=CY, Vxe) = -Vx

Cea b =-zalzg, € = -ZalZc, ABpay)Ce y(S) = A*A(S) + b(1-y)B*B(s) + c y C*C(s)
— Dissolution Reaction

A™A(s) + p(1-y)B™(S) + c y C*(s)> A + b(1-y)B™® + ¢ y,C* (1)

8587 It appears that: %—\;/X =V

'y are the stoichiometric coefficients for Reaction 2:

va=0 v'g =D, V'C,Z/C, VX(s) = -Vx
lonic Exch e Reaction
b B8 +¢c C*¢(s) »> b B?B(s) + ¢ C*C (2)
dny = d(vx Naza) = vx (dnaza), + naza V'x dy

0= 3 (1 dny) = [;(Mx vX)J(dnAZA)y + N [;(Mx V'X)de

1y [CF° Ke
[BZB]b y© " Kso

[AZA] [B ZB] b(1-y) [CZC] cy
(1-y)"y®

= Ksol_y Ksly and
O<y<l1
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Thermodynamics of solid solutions
Dissolution Reaction < lonic Exchange Reaction

Dissolution Reaction
A*A(S) + b(1-y)B*B(s) + c y C*C(s)—> A*A + b(1-y)B*B + cy C*C (1)
A

8587 dvx |
Differentiating: dy -V X | | Integral calculus: VX — JV X dy

v
lonic Exchange Reaction
b BB + c C*¢(s) > b B*B(s) + ¢ C*C (2)
_ Ksl . e . . crer
Kex = K where Kgy is the equilibrium constant for a ionic exchange equilibrium.
sO
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e«

H* / NpO,* ionic exchange on a clayey sand
Should it be considered as part of a (surface) solid solution?

K4 is Np(V) partition coefficient between a clayey
sand and an aqueous solution.

K4° is NpO,* partition coefficient.

a = [NpO,]; / [NpO,]

Is calculated from complexing constants

lg Ka°(Np) (ml.g™)

a1

co

\l

(@)

y =1,0067x - 3,8642

UMR  Slopel Mg K2 =1g Ky - 1g a
8587  evidences lonic Echange Equilibrium 4 -
NpO,*(aq) + H*(s) > NpO,*(s) + H*(aq) 25°C
~3 1 M NaClO,
. . . . o 0.2M [COg];
« = INPO2 )] [H @] _ | [H@)]  [Ha@)]  E,.
7 [NpO2 (ag)] [H'(s)] ~ ™ [H'()] ~ g
K., = & ? El | -
ex KSO - o
0
7 8 9 10 11 12
-Ig[H']
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Activity coefficients
using SIT formula at 25°C for Reaction Pu* + e- —» Pu3*

_— (o)
I9Kpyarpyz+ + 7 D = IgK pya+ipy3 + Agpya+pys+ Mciogs-

509/l . . . .
Cm D = 0.50N Iy at 25°c  Equilibrium constant K is constant in a given ideal system,
. | 1+1.5VIy typically a solution of high and constant ionic strength I.

here Mciog: = m, . Reference state K° = K(I->O)
Im is the molal ionic strength (mol.kg™)

UMR Ag appears to be constant, which validates SIT Formula
8587 ~ : VISHE 4
AG = -R T InKpygpyz+ = -F Epyaspuzss 5 125°C )= E
R is the molar gas constant, o 111 +
F the Faraday constant I | -
~~ Py o
3 i & >
> S ol
o = 1.07%
zl8 7 < >
[e)) i @ a
e x N
T s 1 1.04
measured at 25°C [ . g
interpolated at 25°C from data at 5 to 65°C = . 7m(C‘IO4') ‘(moll‘kg-l)? Lot
rFrrrr T T T T T T T T T
Capdevila H., Vitorge P. (1995) Radiochim. Acta 68, 1, 51-62
. & CEA-N-2762 (1994) o 1 2 3 4
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Activity coefficients
SIT formula at 25°C for the highly charged species Pu4*

lgy,= -z2D+ g;m;, (j=ClO, or Na*) ?
Cm Arlg Y = -ArZ2 D + ArS m Al‘lg Y + ArZiZ D = Al‘el,j mJ

PuO,(s),nH,0 + (4+n)H* — Pu** + 4 H,0O :
EPuOy(s) = Epud+ clog- T (4+Nn) ay,0/M - 4 €+ cloy—

Pu* + e — Pu3*
UMR

8587 ArEpya+pys+ = EPu3+,Clog- = €PU4+,ClOg-
Checking by using Thermodynamic Cycle
Ar8pu4+/pu3+ — Epy3+ - ASPu02 -4 gy+...

Auxiliary data from isopiestic measurements
EPr3+,Clog- = €pPu3+,Clog-

o 1 2 3 4 5 6 7

Capdevila H., Vitorge P. Radiochim. Acta 82, 11-16 (1998)
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Activity coefficients

Estimating numerical values for SIT empirical coefficients €.
$ )
X i

7 WX 4+ -
502 3 0.8 M#.CI0, &
C=o) RUEIY 07
e &% & |
i; 0.1 T 0.6 -
@ 1 é | O
12~ 0.5
pd
0 - ﬂ o
S 01 /" * 0P :
- 4 | + — 3+ O
,,‘ <>Rb+ (@) m Yb3+
78 A + = Dv3*
02 % o ACst s Tb%+ 2
T = x
-0.3 E?% XAg" m><_ § Gd3* A
lg + mNH," S 5 o
12 [xNpOf % > Eu M*CIO,; o
_04 T T T T T T T I—Ca Ijj
01 0 01 go 2 A
8Na+,X'(m0|-kg-l) 045 T T T T } -04 T T } L \e]\cf} ( )
2 Zf(A) 3 o 1 2 3 4
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Activity coefficients
at 25°C: conclusion

SIT Formula accounts for experimental data to surprisingly high
lonic strength, even for highly charged species.

8587 However, this might very well be fortuitous; several linear effects might very well be
empirically included in lon Pair term €.

It is interesting to check whether SIT formula is also consistent with temperature

Influence, since it was proposed by using Statistical Physics as a result of
temperature effect (disorder) and interactions (order).
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Activity coefficients
temperature Influence on g, the ion pair coefficient of SIT formula.

(&) 120 80 40 0°C

| | — NpPO,(CO3);* / NpO,(COZ),5™
'S
£
(@)} 0
4
UMR =
8587 o
< f
_05 R R To:29815K
-0.3-0.2-01 0 0.1
T°/T-1
It appears that
In several cases, (¢/ T) does not depend on temperature, T.
Despite this corresponds to the model used to obtained SIT Formula, this was not
specially expected.
As a consequence the values of the activity coefficients, can be extrapolated from
their values known at typically 25°C, i.e. without any new fitted parameter.
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Activity coefficients
comparison of SIT and Surface Complexation Formula.

SIT Formula—

_ Debye-Huckel Formula
Ce’j \Ptotal - ‘PCoqumb - \Pexcess + steric exclusion
¥ = electrostatic potential + ion pair interactions
Ch‘;‘rge The model are different, however,
are the physical phenomena
UMR Counter-ions atmosphere gctu ally different?
8587
Debye distance = constant / (ionic strength)/2
Charges
. Double layer
z
z
z
Surface Complexation Formula —
S = Gouy and Chapman Formula
+ supplementary layer(s)
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Surface chemistry:
Sorption

C@C] The surfaces of compounds are ionised, when in contact with water for typically
oxides, hydroxides, silicate, apatite compounds:
Solid-O,(H,0),, + H*(aq) — Solid-OH* + n H,0O
Solid-OH*+ H*(aq) — Solid-OH,2*
Solid-OH + n H,0 — Solid-O,(H,0),,,H*
Solid-OH + H*(aq) — Solid-OH.,*

8587 w=Thisis at the origin of the surface charges (and double layer)

®and ionic exchanges typically
Solid-OH + Na*(aq) — Solid-ONa + H*(aq)
Solid-OH + Am(OH),(aq) — Solid-OAm(OH), + H,O(l)
modeled by using Surface Complexation Formula or Mass Action Law for ideal
neutral phases

®\What about solid compounds that do not contain oxygen atoms?
Are other surface anions protonated / hydrated / hydrolysed?
Conversely is the surface of the solid merely oxidised?
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Surface chemistry:
Pyrite (FeS,) oxidative dissolution... and disproportionation

Fesz(s')z(—)»nﬂ;i(”)
-Fe2*
+(2n-12n/n'")e"

Ce:j 2(1-n/n)S@  2n/n' S() 2n/n' SV
S S22 S S.0,% SO,2
I 7 1 iSop 11 T

-2 -1 0 1 2 3 4 5 6
8587 oxidation number, n

FeS, » 2 SM + Fe?* + 2(n+1)e
2{SM — (1-n/n)SO + n/n' S}
2n/n' {SM — SV) +(6-n")e’}
=» S0/ species are formed in the course of Oxidative Pyrite Dissolution,

®they are not stable in agueous solutions
®are they stable at the surface?

»Are the sorption properties of Pyrite analogous to those of O
containing compounds?

M.Descostes, P.Vitorge, C.Beaucaire. Geochim. Cosmochim. Acta (in press).
M.Descostes, P.Vitorge, C.Beaucaire. WRI-11 June 27-July 2, 2004. Aqueous Geochemistry and Biogeochemistry.
Water-Rock Interaction, Wanty & Seal 1l (eds), pp 1279-1283. Balkema. ISBN 90 5809 64 16.
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Actinide chemistry in aqueous solutions
for waste disposal and environmental studies

Introduction. For the management of radioactive wastes, Equilibrium speciation is
Cea studied in aqueous solutions: Chemistry of Actinides and other Radionuclides
(critical reviewing and measuring thermodynamic data), also thermodynamics,
methodologies...

Mass Action Law
UMR in Nature
in Laboratory (measuring equilibrium constants and stoichiometries)
8587 ...for solid solutions ...and ionic exchange equilibria

Activity coefficients
SIT (and Pitzer) formula = extended Debye and Hiickel formula
= Boltzmann — Poisson calculus ...as for surface complexation formula

Consistency
of thermochemical data
between different scientific fields, |.e. Reference states ...e- notation

Ab initio calculations
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Consistency of thermochemical data
Critical reviewing

= Comparing raw experimental data

Cea ®» Reinterpreting, sensitivity analysis, consistency

®» Consistency = using a single chemical model (i.e. set of
chemical species) for all published data on a given chemical
3587 system see Nuclear Division Conference "Actinide Carbonate Complexes"

®» Correcting systematic errors as typically in calibrations
(activity coefficients, junction potentials)

®» Extrapolating to zero ionic strength

®» Using analogies
for checking consistency or estimating missing data
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Pourbaix diagram of Pu
Stability domain of Pu(VII) from an Np(VI)/Pu(VIl) analogy

1.2
f Pu(VII) E(PUy,p) in 1 M NaOH?2
Pu AE = E(PUy,1 M NaOH) - E(Puy, .1 M HCIO,)
0.9 -
Cea ] - Ig(BVII,hydronsis/BVI,hydrolysis))
B f A.E(Pu) = A E(Pu)
0.6 , lonic strength correction (SIT Formula)
i 1 2 3 4 5 6 7 8 9 10 ..
1 H
ggl}g%? 03 Li BeB C ..
T Na Mg Al Si P ..
ho K CaSc Ti V Cr MnFe Co Ni ...
S Rb Sr Y Zr Nb Mo Tc Ru Rh Pd ...
W - Cs Ba La Ce Pr Nd Pm SmEu Pt
-0.3 Fr Ra Ac Th Pa U NpPuAmCm...
. 1
o 2
- 1 o
0.63250(: 3 3 3 3 3 3
12 1= 4 4 4 4 4
15 1=0
15 | | 5 5 5 5 5
-0_9 T T T T | T T T T | T T T 1 6 6 6
0 ) 10 pH 7 7
Peretruskhin, V., Shilov, V., Pikaev, A., WHC-EP-0817 (1995) - 2Peretrukhin, V., Krot, N., Gelman, A., Radiokhimiya 14 (1972) 12-77
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Pourbaix diagram of Pu
Estimating the stabilities of PuO,,, by using U/Pu analogies

1.2
: O Actinides ions are hard cations: in most
09 cases the stabilities of their complexes and hydrolysis
@J ' ] behaviour are correlated to Ratio Charge/(ionic Radius)
“ 0.6 ®analogy at the same oxidation state
] ®specific redox stabilities
UMR o03- .
1 Assumin
8587 - | J
Do - »PuO,,, = Pu(lV) + Pu(Vl)
I
Y buO,(ucr) OF
-0.3 - = _
- »PuO,, =Pu(lV) + Pu(V)
g &
0675 25c | o
i g 1=0 (//
1> ! ! )
'09 T T T \{?\
0 10 p@ P.Vitorge, H.Capdevila. Radiochim. Acta 91, 623-631 (2003)
P.Vitorge, H.Capgevila, S.Maillard, M.-H. Fauré, T.Vercouter. J. Nuclear Sc. Techno. Supplement 3. p713-716(2002)
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Pourbaix diagram of Pu
Thermodynamic cycles for estimating the stabilities of PuO,,,

PUO,.,(s) = (Puo,),.4(Puo,),7  Actinides ions are hard cations: in most

(2-x):(2H+ _H,0) cases the stabilities of their complexes and hydrolysis
AL 2 behaviour are correlated to Ratio Charge/(ionic Radius)
' N

(1-x)Pu?* + x PuO,2*
X PU* 2x(2H*-H,0+e")

®analogy at the same oxidation state

®specific redox stabilities
2(H,0 - 2H")

x(H,O - 2H* + 2¢")

:‘Vitorge 2004

Assuming
$»PuO,, =Pu(lV) + Pu(Vl)
PU02+X(S) = (PUQZ)(l-zx)(PUZO5)x? or

=~ (2-3%)(2H" - H,0) »PuO,,, = Pu(lV) + Pu(V)
+ PR Attributing atomic or molecular charges in solids is not
:% (1-2x)Pu** + 2x PuO,* straightforward. | |
. — However, recent EXAFS studies can be interpreted
20 | 2XPUTIx(4H*-2H,0+€e") with the characteristic Pu-O(yl) bond length of PuO,*.
E) IN N (S.Conradson et al. Inorg. Chem.; 2004; 43(1) pp 116 — 131.
3 2(H,0 - 2H") S.Conradson et al. J.A.C.S. in press.
Y S.Conradson et al. J. Solid State Chem. in press.)
PuO,(s)

P.Vitorge, H.Capdevila. Radiochim. Acta 91, 623—-631 (2003)
P.Vitorge, H.Capdevila, S.Maillard, M.-H. Fauré, T.Vercouter. J. Nuclear Sc. Techno. Supplement 3. p713-716(2002)
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Actinide chemistry in aqueous solutions
for waste disposal and environmental studies

Introduction. For the management of radioactive wastes, Equilibrium speciation is
Ce:J studied in aqueous solutions: Chemistry of Actinides and other Radionuclides
(critical reviewing and measuring thermodynamic data), also thermodynamics,
methodologies...

Mass Action Law
UMR in Nature
in Laboratory (measuring equilibrium constants and stoichiometries)
8587 ...for solid solutions ...and ionic exchange equilibria

Activity coefficients
SIT (and Pitzer) formula = extended Debye and Hiickel formula
= Boltzmann — Poisson calculus ...as for surface complexation formula

Consistency
of thermochemical data
between different scientific fields, l.e. Reference states ...e- notation

Ab initio calculations
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Consistency of thermochemical data

Notation e
Ag*(aq) + e > Ag(s) Notation for Electrochemistry
Cm—H*(aq) + e — 0.5 Hy(g) Standard Hydrogen Electrode (SHE)
| Ag*(aq) + 0.5H,(g) > Ag(s) + H*(ag) Notation for Thermodynamics
_ _[red] | .
oOX +ne — red K= [0x] a Corresponding equilibrium constant
o

U M R ArGox/red =-RT InKox/red =-nF on/red

8587 AG.=RTIna,=-FE Corresponding e- activity
>0 = AGste = 0.5 AfGh,(g) - AGH*(ag) - AiGer, @lso 0 = AiGh, ) (Reference State)
when 0 = AGh*(aq) AiGe-=0
similarly AfHe- =0
and Se-=0.5 SHZ(Q) - Sht(aq)

®» e is not e(aq), neither e (s), it is rather eg, ¢

» Ag*(aq) — Ag*(s) Actual mechanism? ?
however this notation does not include charge balance in each phase

1Eliezer Gileadi. Chem.Phys.Letters 393 (2004) 421-424
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Actinide chemistry in aqueous solutions
for waste disposal and environmental studies

Introduction. For the management of radioactive wastes, Equilibrium speciation is
Cea studied in aqueous solutions: Chemistry of Actinides and other Radionuclides
(critical reviewing and measuring thermodynamic data), also thermodynamics,
methodologies...

Mass Action Law
UMR in Nature
in Laboratory (measuring equilibrium constants and stoichiometries)
8587 ...for solid solutions ...and ionic exchange equilibria

Activity coefficients
SIT (and Pitzer) formula = extended Debye and Hiickel formula
= Boltzmann — Poisson calculus ...as for surface complexation formula

Consistency
of thermochemical data
between different scientific fields, |.e. Reference states ...e- notation

Ab initio calculations
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UO,%* hydrolysis, an ab initio study
UO,(H,0),**

_Charges: NBO
0-0.6; 2s192p44

Distances in UO,(H,0),2*

1.70:A Il 1
(1.75,) U 3.3, 5f%°6d%4° 2'2 o © o ¢
vo] I e U-OH,
NBO charges in UO,(H,0),2* 2
8587 "famaEEy “a
37 p BB BN
20 g 15
] = H m m UG, .
Expected trends are 11 .
obtained from ab initio o © 6 6 ¢ 0 O H | O-H
calculations for e © © © @ @ @ HO ] )
) . 1
bonding distances, ? A A A A4
electronic configurations _; = = ’ § § §JONUG,
and (NBO) charges. OinHO -
-2 I I I I i \ 0.5 i } | | | |
0O 1 2 3 4 5 6 0O 1 2 3 4 5 6
B3LYP, Gaussian 98 n n
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UO,%* hydrolysis, an ab initio study

UO,(OH)H0)n*"  pistances in UO,(H,0),2*
NBO charges in UO,(H,0),%* 382?:'('(':_2'2();;
CED UO.OH(H,0), ; Q2O
UO,0H,(H20), 2.5 + ‘ @
A @ ‘ * U-OH,
3illll"u ﬁ 880U_OH
i 2+ O
LR 2 u 1 U-0,,
8587 .II:..U02 ..Ill.
1 ,
p» @ ’ ® O+ 15 +
0 ® ’ ’ 0 H,O ]
1 i“‘.'O’OH | O-H
i 1IN A A A AAA
2+ttt ]
O 1 2 3 4 5 6 . _
] n+i
0.5 I I I I I I I

-1 0 1 2 3 4 5 6
B3LYP, Gaussian 98
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UO,%* hydrolysis, an ab initio study

0 i geometries

UO,(H,0):2* UO,0H(H,0)5"
UO,(H,0),**

UMR
8587

UO,(OH),(H;0),

UO,(OH),*>

UO,(OH);H,O"

B3LYP, Gaussian 98
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UO,%* hydrolysis, an ab initio study
AE,  UO,(H,0),%* + (5-n)H,O — UO,(H,0)s**

1200
-

1000 =
CED+*° =
£600 =®» Temperature (and other) corrections:
2 400 i . Gn,geom# = En,geom + 8vib,n,geom (+ 8PCM + )
00 - u = Several geometries (mixing term);
U M R . | = n Gn# = 2geom Xn,geom (Gn,geom# +RTIn Xn,geom)
0o+ +— | o _ _
8587 012 3 45 6 ®» Several stoichiometries, typically:

UO,(H,0),., + H,O — UO,(H,0),
A/G =R T In|H,0l,
= GuoyH0)2+ = GHao - Guoyhyoy 2t = -R TINK
_UO(H0) 1
~ JUO,(H20),,“*||H20] ~ |H20) 12’
where |H,O| = an,o0, [H20(1)] or Ph,o(g)

- _[UO,OH (aq)[H (aq)] _ ,, +
Similarly K = [UO,Z (aq)] = [H (aq)]i2

B3LYP, Gaussian 98
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UO,%* hydrolysis, an ab initio study
stability domains

SO 1500 | 1000 | 5004,G;(kJ.mol?)
= / UO,OH,H,g  ~
10 + UO,(H,0)#U0,0H(H,0)¢ St
3 UO,(H,0),7JO20H(H;0) UO,(OH), 2
UMR <20 + UOZOHHzoq/ & 100
8587 UO,(H,0)g3 <L
30 — UO,0H" .
UO,(H,0)/" U0o,0 ﬁ—zoo
40 + UO,H,0? H
UG, AGI(RTINL0\ &
50 ‘ ‘ — | | e\
-350 -300 -250 -200 -150 -100 50

B3LYP, Gaussian 98, 25°C
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