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Aitinides | Solubility {Repository {Modelling

The solubilities of plutoninm, americium and neptunium measured
i simulated near-field waters have been compared with those pre-
cted vsing the simple thermodynamic model NearSol. The
d"cp'emience of solubility on pH and redox potential is examined
in an effort to understand the behaviour of actinides in disposal
The agreement was variable. Differences could be appreciable,
in particuiar for neptunium under oxidizing conditions; convers
Iy, the model successfully predicted the behaviour of neptunium
wnder reducing conditions. Such comparisons pinpointed defi-
¢iences in the thermodynamic data base and showed the sensitivity
of solubilities to certain experimental parameters such as Eh and
{he concentration of carbonate jons.
A vomparison between NeatSol and the reaction pathway pro-
gram PHREEQE gave generally good agreement. NearSol was
quicker and easier to use, requiring only limited preselection of
participating species; however it did not account for the behaviour
of bulk inactive species in solution; this feature will be built into
“an updated version.

Introduction

- Much effort is presently being spent in developing an under-

“standing of the behaviour and fate of long-lived radio-

- nuclides under the disposal conditions favoured for inter-

 mediate level nuclear wastes. The combination of experi-

~ mental simulation and theoretical modelling provides es-

- sential information in an area which presents many diffi-

culties, particularly given the fong time periods involved

- in any radiological effects of disposal. Agreement between

- the two helps to build confidence in the experimental
techniques and the models.

~ The presently accepted option for the disposal of

intermediate level wastes arising from the nuclear industry

is their encapsulation in a suitable matrix followed by

burial in stable geological formations.

One of the major pathways to man from this form of
disposal is the release of radionuclides into repository
waters and their migration through the geosphere to the
biosphere. As a consequence of using the concept of mul-
tiple barriers and adopting the philosophy of some re-
dundancy in their engineering, it has been proposed that
the materials present in a waste repository, the matrix
used to encapsulate the waste, canister and backfilling
agents, will provide the bulk of the protection [1]. These
materials constitute the so-called near field. This protec-
tion is defined in terms of a near-field source term, a
general description of the release of radioactivity from
the repository. Under the envisaged conditions of very low
water flow, the source term is effectively determined by
the availability and solubility of the radionuclide and the
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sorption of radionuclide species on to the surfaces of the
near field [2]. A thorough understanding of these proces-
ses is therefore desirable before the long-term release rate
can be predicted and the method of disposal shown to be
acceptable.

Immobilisation studies have shown some cements and
concretes with various modifiers to be acceptable matrices
for the encapsulation of wastes and backfilling of reposi-
tories [3]. Groundwaters flowing through the repository
will have pH and composition strongly influenced and
buffered by the leaching of the cement solid phases. On
sealing 2 deep repository oxygen levels will fall to very low
levels, resulting in a reducing environment with the redox
potential being governed by the corroding iron canister
and ferrous minerals present in the groundwater [4].

A model has been developed from a simple one devised
by ALLARD [5,6,7]and a computer program, NearSol
[8], written to predict the solubility and speciation of key
actinides in repository waters as part of a programme 10
interpret simulated near-field experiments for intermediate
tevel wastes. The full NearSol thermodynamic data base is
given in reference 8; Table | gives selected data for the
major species predicted in this comparison. Solubilities of
plutonium, americium and neptunium have been measured
by EWART ef al. in cement-equilibrated water and the de-
pendence of solubility on redox potential (Eh, which is
measured relative to the standard hydrogen electrode) and
pH was examined [9, 10]. This is part of a programme
being carried out for UK NIREX Ltd, to evaluate the per-
formance of the near-field. These studies were not site
specific. Solubility effectively sets an upper limit to the
concentrations of a radionuclide in repository waters.

In NearSol, the influence of repository waters on
actinide solubilities is modelled using pH, Eh, concentra-
tion of complexing ions, and the solubility products of
sparingly soluble calcium salts (carbonate, phosphate,
etc.) that buffer the concentrations of the anions to low
values.

Several comprehensive geochemical models are being
used for this type of calculation, in addition to more de-
tailed modelling of the behaviour of the repository and
its surroundings. One of these, the reaction pathway pro-
gram PHREEQE, is extensively used at Harwell [11].
NearSol was written as a rapid response to nearfield
modelling requirements at a time when the more com-
plex geochemical programs were not readily available at
Harwell. Whilst a general near-field model, based on
PHREEQE, is now being developed, NearSol still has a
role in giving immediate and important information on
the speciation and solubility of the actinides.
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Table 1. Selected NearSol thermodynamic data base for the
actinides (/= 0, 25°()

(¥} Solid phases
MLy, =xM™ +y 1" @ k= ML)

where M is any actinide

Solid phase Solubility product (log, , Ksp) Reference
Am(OH), - 25.5 13
Am{OH)CO, - 23 13, 14
M(CH), - xH,0 -~ 54 5
MO, (OH) ~ 8.8 5
(i) Complexes
_ My Ly
MO 4y M, plem—yn) @) e T 7
i’ [MP¥[L}
Solution species Formation constant {log,,K)  Reference
M(OH)?* 6 5
Am(OH), 15.5 5
Am(0QH), CO, 17.6 14
Am(OHY{CO,); - 19.8 14
MSo? 3.5 5
M(80,); 5.2 S
MOH) 36 5
M(OH), 45.5 5
M({QH]}, CO; 42 5
MO, OH 4.6 5

(a) Similar equations can be written for solid phases and selution
species where two anions are present.

A comparison between NearSol and PHREEQE running
NearSol with the PHREEQE data base for the actinides
was made to determine whether the chemical features
built into the former model were in fact the important
ones.

Methodology for caleulating actinide solubilities

In NearSol, actinides are allowed to dissolve according to
the solubility products of the various solid phases poten-
tially present; the different oxidation states equilibrate
as determined by the standard potentials for redox proces-
ses in solution. Dissolution-precipitation reactions con-
tinue until the free energy of the system is at a minimum
and the solubility product of one solid is achieved (i. e.
the solution is saturated with respect to that particular
sotid); this identifies the solubility-limiting solid phase.
In turn, free, uncomplexed actinide will complex exten-
sively with anions in the system as defined by the appro-
priate stability constants and concentrations of complex-
ing ions. Complexing ions may be involved in further
equilibria with bulk, inactive species which may limit
their concentrations by precipitation and complex forma-
tion. No mass balance between metal and complexant is
made during the calculation,

D. C.PRYKE and J. H' R; adersta

Experimental data used in the calculations

The experimental methods and other source data of
EWART ef al are given in references 9 and 10,

Water composition

Simulated pore water was prepared by equilibrating ¢
mineratised water with crushed concrete for several .+
months, after which waters were uitrafiltered fo remove.
the bulk of the colloidal material. The pH was varied by
addition of sodium hydroxide or hydrochloric acid, The

chemical analysis was as follows:
fon Ca2*  Nat  Mg?t

Concentration (M) 1X 1072 5%X10°% §X 10°¢

Ton C1- S0 COI" pH

Concentration (M) 2X10°3 3X 1072 3X10°° 12

(Tonic strength = 0.04 M)

s
Iy

Redox potential

For the studies with americium and neptunium the con-
crete water was allowed to equilibrate in a glove box
under a nitrogen atmosphere resulting in an Eh of ap-
proximately 200 mV. To examine plutonium in a reducin
environment, waters were sparged with argon/5% hydrc
gen, effectively removing oxygen to below the limit of
detection. This gave a redox potential of approximately
50 mV. Further reduction gave a measured Eh for the
plutonium solubilities of —300 mV. In the subsequent
neptunium solubility experiments the Eh reasured was
~400 mV or less. -
Actinides were added in small volumes as chloride in -,
solution. Samples were analysed after ultrafiltration to
remove the colloidal fraction after thirty minutes (Pu and
Am) or twenty-four hours (Np) equilibration time.

togg [PulM

Fig.

Results

Comparisons of predicted and experimental solubilities -
for americium under oxidizing conditions and plutonium
and neptunium under reducing conditions against pH are
shown in Figures 1 to 3. .
Americium solubilities (Fig. 1) were independent of .
Eh under the experimental conditions, Am(iII) being the
only oxidation state present. The experimental solubilities
gradually decreased from 107° M at pH 8 to 107" M at
pH 13. The solubility limiting solid phase was predicted
to change from the mixed hydroxycarbonate to the tri-
hydroxide at about pH 10.5. The mixed hydroxycarbonate
species Am{OH), CO3 is expected to dominate the
solubility at high pH, but as the pH decreases Am3*
should gradually become dominant and give a rapid in-
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Fig, 3. Predicted and experligmental solubilities of neptunium under
reducing conditions

crease in solubility below pH 8. Sulphate complexation

at near-neutral pH could be significant if the concentra-

tion of free sulphate ion is not reduced by other compe-

ting reactions e. g. the formation of the calcium sulphate

complex. No evidence for the anionic species Am(OH),

was obtained; if important, it would result in an increase

dﬁ[gmnéing the Behavious of the Actinides under Disposal Conditions 29

in solubility at high pH. Agreement was fair between pH
9—10.5 but discrepancies of up to two orders of magni-
tude were observed at higher and lower pH values.

The expected precipitating solid phase for plutonium
was hydrated plutonium(IV) dioxide. The measured
solubility was independent of pH above 8.5 at about
1071% M, the predicted solution species being the neutral
hydroxide Pu{OH),4. At lower pH, plutonium (I!I) species
could explain the rapid increase in solubility (107° M at
pH 7.5). As with americium, Pu3" is expected to be the
main species at neutral pH; sulphate species could increase
solubility if the free concentration was not suppressed.
The general shape of the predicted solubility curve fol-
lowed experimental trends, but above pH 8.0 there were
significant differences of up to two orders or magnitude,
The anionic species Pu{OH); which could increase solubil-
ity at high pH did not appear to be significant.

Excellent agreement for neptunium under reducing
conditions was obtained between theory and experiment.
No pH dependence was observed, the solubility being
about 10~* M throughout. The precipitating solid phase
was predicted to be the hydrated neptunium(IV) dioxide
and the main agueous species Np(OH)s . No increase in
solubility was observed at high pH; there was no evidence
of the anionic species Np(OH)s .

The solubility of neptuninm was also measured in more
oxidizing waters (about 200 mV). The modelled results
are not given here due to uncertainties over the exact Eh;
the solubility is very sensitive to Eh in this region due to
the position of the NpOj /Np** redox couple. Predicted
solubilities bore little resemblance to experimental results.
Figure 4 shows the theoretical dependence of solubility on

Solid phase

1

5

1 NpQ; OH
e NDOp K0, | =)
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71

Mgin agueous sSpecies

i
%
Lug 101, }
i

Np 0, (OH)
-9
i B I I ! 1 ! {
-400 -300 200 100 0 00 200 300 £00
Ey [mV)

Fig. 4. The effect of Eh on the solubility of neptunium at pH 12.0
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Eh at a fixed pH 12 and the water composition given
earlier. A rapid increase in solubility is expected as the
soluble species change from hydrolysed Np(IV) to Np(V)
and a similar change occurs in the solid phase.

[ntercode comparison: NearSol vs PHREEQE

The solubility and speciation of americium was remodelled further discrepancies. Increasing the sclubility prodﬁ

by the reaction pathway program PHREEQE and by an
adapted version of NearSol using the PHREEQE americi-
um data base; the comparison of the two is shown in
Figure 5.

Seolubilities -
Experimental &
Near Sol
PHREEQE

\J Solid phase

-Lf Ny AmIOHICO; ()

\ Am[OH);:,(s)

=
= -7t
E
=
2
o -8
=]
-
- g_
~
10k Main gqueous species ° o
o
=1y g
Am{OH) ;CO3
_}2 1 L] 1, 3 1 I J
3] 7 8 9 10 n 12 13
pH

Fig. 5. Comparisor between americium solubilities and speciation
predicted by NearSol and PHREEQE

Both models show a similar trend in solubility with
respect 10 pH; however PHREEQE solubilities were up to
one order of magnitude lower. These discrepancies in
solubility and speciation were due to the inability of
NearSol to evaluate the role of complexes formed by in-
active cations, in particular calcium, introduced by the
concrete. This will lower the concentration of free anions
available to complex with the actinides. This point is dis-
cussed further in the next section.

There was no difference in predicted solubilities when
a similar comparison was made with plutonium and nep-
tunijurm,.

Discussion
Americium
The comparison between predicted and experimental

solubilities gave only limited agreement: this may be ex-
plained by two main factors. Competition for the strong

D.C.PRYKE and J, i

complexing anions carbonate and suiphate by caz
leached from the concrete, in particular caleium, will
fectively reduce their free concentrations avallable
interact with americium and may alter the position o
equilibrium with the solid phase. This can suppresy com
plex formation but may increase the solubility of 1
solid phase; NearSol does not at present consider thig
important effect. The quality of the data base can gj

for Am(OH); and the formation constant for
Am{OH), CO3 gives better agreement [9].
The point of inflection at about pH 10 as the soli
phase is predicted to change from the hydroxide to
hydroxycarbonate was not obvious from the expenme
data. This comparison highlights the sensitivity of ame:
cium solubility to carbonate concentration throughout
the pH range and the need for accurate analytical data’
for each run, and a reliable data base for the carbona e
species.

Plutonium

The predicted solubilities followed the experimentat -
trend but were two orders of magnitude too high at pH:
and above. The only solution species predicted in the hig
pH range was Pu (OH),, which results in solubility being
independent of pH; the solubility product used may be
rather high.

Neptunium

Under reducing conditions very good agreement betweer
calculated and measured solubilities was achieved, It
should be emphasized, however, that lowering the solubil-
ity produet and increasing the formation constant for
NpO; -x H2 Oy and Np(OH)4 (4q) respectively, and vice-
versa, would give a similar solubility; any assumption that
the data base has been validated must be treated with
caution.

These modelling studies have confirmed that Eh is 2
key parameter in determining the solubility of neptunium
This has been observed in a comparison between some of
the solubilities measured by EWART ef al [9] and those:
of KiM [12], both nominally under oxidizing conditions.”
Variations in solubility amount to some orders of magni-
tude, and this suggested that the British measurements
were carried out at a somewhat lower Eh than originally
estimated. Reliable thermodynamic data are needed for
the hydrolysis products NpO, ((')[-I)fc1 ~%)* The first
hydrolysis product NpQ, OH is included in the model
but KiM has recently identified the anionic species
NpO, (OH); [12], which would result in increased solubil- ..
ities at high pH.

Colloids

Colloids are not considered in the model although the for-
mation constants for some small polynuclear species
(n < 6) are included. In the experiments colloids were



ed by ultrafiltration but small polynuclear species
gh would pass through the filter membranes could

ympaiison between models

ajor disadvantage of NearSol is the inability to model
c’&mp%exation behaviour of near-field cations other
n the actinides. This was found to be important only
- americium. Although solubility products of calcium
lts were included in the data base there is no provision
wvaluating the formation of carbonate, sulphate and
tiosphate complexes. PHREEQE showed that above
10 the formation of the dominant species
m(OH), CO3 would be suppressed due to competition
i carbonate by Ca?* forming CaCOj(aq) and
CaHCO3 (aq)+ ; at high pH the formation of Ca(OH)(ag)
reduces this effect. At pH below 10 NearSol predicted
ét AmSO! would influence solubility; however, the
rmation of CaS04 (aq) Would effectively reduce the
neentration of this species. An advanced form of
‘NearSol will include such calcium complexation. Other
near-field cations such as Na* and Mg2?" will not be
modelled as expected concentrations would be too low
influence solubility.
- NearSol has no capability for interpreting the effect
‘of high actinide inventories and assumes that the amount
of actinide just exceeds the solubility product, as would
be found in a solubility experiment where just sufficient
‘actinide is added to form a precipitate. For example, at
intermediate pH with an excess of americium over car-
bonate, sufficient of the latter would be precipitated as
Am(OH)CO;(s) to result in a change of solid phase to
‘Am(OH); (s) and an increase in solubility. Other more
‘complex models can examine inventory and a variety of
‘other parameters such as temperature and kinetics; how-
ever the objectives of NearSol are to remain simple and
flexible and to be limited to modelling solubility in the
near-field and simulated experiments where both actinide
-and complexing anions are in equilibrium with their
solid phases.

NearSol has the advantages of simplicity and ease in
use. The complex geochemical models require a thorough
operator knowledge of the system to reduce the time of

species and limiting solids [11]. Whereas such programs
are preferred for detajled modelling, NearSol should be
. satisfactory for many near-field solubility calculations
and could be used to preselect the significant species to
increase the efficiency of operation of programs such as
PHREEQE.

Much effort is presently being directed towards a
general near-field model based on PHREEQE which
will ultimately be superior to such simple models as

calculation and eliminate trial and error calculations; data
Scieening may be necessary to identify important aqueous

standing the Behaviour of the Actinides under Disposal Conditions 31

NearSol; however valuable understanding of the near-field
chemistry of the actinides can still be obtained using the

_ce the appaxent’ solubﬂlty The role and importance latter.

Conclusions

The conclusions of this study are as follows:

{@) NearSol has been valuable in predicting speciation
and trends in solubility of actinides but does not give
consistently good agreement with experimental deter-
minations of the solubilities of Pu, Am and Np in simu-
lated repository waters.

{b)From these studies it has been shown that there is a
need to define certain experimental data used in mo-
delling accurately. Examples include Eh with Np and
concentrations of carbonate ions when modelling the
behaviour of Am.

(c}Inadequacies in the thermedynamic data base identi-
fied from using NearSol include:

(i) the standard redox potential for the Np(IV)/MNp(V)
couple,

(ii) stability constanis for americium hydroxycar-
bonate complexes.

(iii) the solubility product of hydrated PuQ,.

(d) Calculations with NearSol (run with the PHREEQE
data base for the actinides} and the geochemical model
PHREEQE are similar. The major difference is that
NearSol does not, at present, aliow for complex for-
mation between caleium ions and complexing anions.

(e) NearSol has made an important contribution to the
understanding of the chemistry of the near-field.
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