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Abstract
The influence of the organic ligands EDTA (ethylenedi-
aminetetraacetate), NTA (nitrilotriacetate), citrate and
oxalate on the speciation of Cs, Sr, Ra, Ni, Pd, Tc, Sn,
Zr, Th, U, Np, Pu, Am and Cm in cement pore waters
is studied by means of chemical equilibria. Emphasis
is laid on the development of a complete and consistent
thermodynamic data base for the high pH range beyond
pH 11. Missing data are estimated using free-energy re-
lationships derived from a large number of experimen-
tally determined stability constants compiled from the
literature. In cases where a sound estimation of stability
constants is not possible due to the scarcity of quanti-
tative information, at least upper limits are assessed for
the stability of all possibly important species. Chem-
ical equilibria were computed within the range of pH
11 to 13 and a range of Ca concentrations from 0.001
to 0.1 mol 1-1(M). EDTA complexes predominate only
in the case of Ni. In all other cases, the competition
of Ca-organic or metal-hydroxo complexes successfully
prevent any significant influence of EDTA, NTA, citrate
or oxalate on the speciation of these radionuclides.

1 Introduction
The importance of organics in safety assessment studies
of radioactive waste repositories is an unresolved topic.
Radionuclide solubilities can significantly increase in the
presence of dissolved organics due to 4he formation of
metal-organic complexes. Organic complexation may
also counteract the sorption of radionuclides on mineral
surfaces and thus increase the mobility of radionuclides
in the geosphere. In spite of these important questions,
mainly because of the paucity of experimental data, es-
pecially in the cases of natural organics and organic
degradation products in the nearfield, no significant im-
provement to thermodynamic equilibrium calculations
has been achieved during the last decade a new mod-
elling approach to the problem of organics is described
in a paper published during 1992 [1], which begins with
the question, "What properties must an organic ligand
have in order to significantly influence the speciation,
and hence the solubility, of a given radionuclide?" The
main properties considered in this so-called 'backdoor
approach' are the concentration of the organic ligand
in solution and the stability of the organic complex
with a given radionuclide. Having shown its feasibil-
ity with some example results [1], major enhancements
of the 'backdoor' method are currently under develop-
ment. One flaw in the original set-up of this ne»v model

is its probably too simplistic treatment of organic com-
plexation considering only monomeric 1:1 metal-organic
complexes. Another shortcoming of this first version of
the 'backdoor approach' is seen in its limitation to fixed
'water type' compositions, not allowing the sensitivity
of the results with respect to the main geochemical pa-
rameters to be explored. The case study presented here
focuses on these two problem areas and outlines solu-
tions which will be included in a second, improved ver-
sion of the 'backdoor' method.

In the present work, organic complexation of ra-
dionuclides with the four ligands EDTA, NTA, citrate
and oxalate is studied in some detail. These four com-
pounds cover a large range of complexing strengths and
represent important classes of organic ligands. EDTA
is one of the strongest non-specific chelating ligands
known, whereas NTA stands for intermediate-range com-
plexes with aminocarboxylic acids. Both compounds
may be present in the radioactive waste itself, origi-
nating from decontamination and clean-up operations
of nuclear facilities. Oxalic and citric acids form the
strongest complexes within their classes of di- and tri-
carboxylic acids, respectively. Oxalic acid is the most
important product of radiolytic degradation of bitu-
men [2]. A repository for low- and intermediate-level
radioactive wastes will include large quantities of ce-
mented waste matrices. Large amounts of hydrated ce-
ment will therefore determine the chemical properties
of the repository nearfield for a long period of time [3].
Thermodynamic modelling of the nearfield chemistry
thus has to deal with cement pore waters character-
ized by high pH (pH > 11) and calcium concentrations
around 10~2M.

The first issue in chemical modelling is to under-
stand the chemistry of the system. In general, it is no;
a good idea just to take a thermodynamic data base, to
run some speciation calculations using a popular speci-
ation program like PHREEQE or MINEQL, and to ex-
pect the results to be correct in chemical terms. The re-
sults may be mathematically correct, but do they show
a close similarity to the chemistry of the system under
investigation? In an attempt to answer this question,
in some cases a simple sensitivity analysis is done, i.e.
uncertainties are assigned to the stability constants of
the species included in the thermodynamic data base
and series of speciations are computed by varying the
parameters of the most important species. This is a
step forward on the way out of the 'black box mentali-
ty', as a sensitivity analysis reveals the critical parame-
ters of the chemical model. But the results obtained by
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the 'real' chemistry. Important species determining the
chemistry of the specific system may be missing in the
data base due to a lack of quantitative data. These
'gaps' or 'holes' in thermodynamic data bases are the
most dangerous pitfalls in chemical modelling as they
are invisible to the incautious user and thus may lead
to grossly false conclusions. Therefore, the first step
in modelling the influence of organics on radionuclides
in high pH cement pore waters is to use chemical rea-
soning to predict the type of species that may domi-
nate the speciation. Stability constants which are not
available in the literature are estimated using chemi-
cal systematics of organic ligands and free-energy rela-
tions of thermodynamic data. In cases where little or
nothing is known, e.g. about the formation of ternary
metal-ligand-hydroxo complexes, at least maximum val-
ues of their stabilities are assessed. Subsequent sensitiv-
ity analyses show whether these species are important
or not and thus give hints for further experimental in-
vestigations.

2 Free energy relationships
2.1 ML complexes

The basic complexes to be considered here are the
monomeric 1:1 complexes (in the following abbrevi-
ated as ML complexes). In the high pH range of cement
pore waters, for most cations they are not important at
all, as the sensitivity analyses show, but all estimation
procedures for other, more-relevant complexes are based
on, or closely related to, these simple complexes, as dis-
cussed below.

The stability constants of ML complexes of EDTA
and NTA, with all kinds of cations, are strongly corre-
lated over a range of more than 30 orders of magnitude
(Fig. 1). NTA complexes are weaker than EDTA

I
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Figure 1: Stability constants of 1:1 (ML) complexes of
EDTA and NTA with metal cations. The solid line is
obtained from non-linear regression analysis, eqn. 1b.

The dotted 1:1 diagonal is added for comparison,
visualizing the general relation NTA < EDTA.

complexes in all cases. Both observations, the strong
correlation and the relation EDTA > NTA, are to be
expected considering the molecular structure of the lig-
ands. They both belong to the class of conformationally
flexible ammopolycarboxylic acids containing N and O

groups, and thus act as 'non-specific ligands' with re-
spect to different classes of cations. The fact that NTA
complexes are always weaker than EDTA complexes
with the same cation also results from their structure:
EDTA contains six functional groups whereas NTA has
only four groups; therefore, EDTA usually forms very
strong hexa-dentate cheiate complexes with most cations.
Notable exceptions are complexes with the oxo-cations
uranyl, neptunyl and plutonyl. They are systematically
weaker than expected from the overall EDTA-NTA cor-
relation, i.e. shifted to the left in Fig 1. This pecu-
liar behavior of uranyl, neptunyl and plutonyl towards
EDTA may be ascribed to steric hindrance from the
O-metal-0 axis, which forces EDTA to coordinate only
equatotially, in a maximum of four positions.

Citrate and oxalate complexes also correlate nicely
with EDTA complexes, but a significantly higher scatter
of data than in the NTA correlation is observed (Fig. 2).
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Figure S: Stability constants of citrate and oxalate ML
complexes correlated with EDTA data. The solid

citrate and oxalate lines are calculated using eqns. 2b
and Sb, respectively; the dashed NTA line is taken from

Fig. 1.

An overall relation of complexing strength can be
seen in Figs. 1 and 2: For any cation the stability con-
stants of ML complexes follow the relation EDTA >
NTA > citrate > oxalate. Again, as in the case of
NTA, these observations can be explained considering
the molecular structure of the ligands. Citric and oxalic
acid are tri- and bicarboxyiic acids, respectively. The
maximum number of functional groups which may coor-
dinate with metal cations decreases from 6 (EDTA) to 4
(NTA), 3 (cit), and 2 (ox) and thus explains the relation
EDTA > NTA > citrate > oxalate. The shift of uranyl
and neptunyl data away from the overall EDTA-cit and
EDTA-ox correlations is even more pronounced than in
the case of EDTA-NTA, ensuring that real systematic
effects due to steric hindrance are seen in Figs. 1 and 2.
Some of the larger scatter of data seen in Fig. 2 com-
pared to Fig. 1 may be due to the fact that citrate and
oxalate do not contain amino groups, and thus act as
more 'specific ligands' with respect to different classes
of cations than EDTA and NTA.

Least-squares analyses were done for all relation-
ships, excluding the oxo-cations uranyl, neptunyl and
plutonyl from the calculations. The results of linear
regression analyses are:
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MNTA = ( 0.67 ± 0.02 ) • MEDTA (la)

Mcit = ( 0.44 ± 0.04 ) • MEDTA (2a)

Mox = ( 0.34 ± 0.02 ) • MEDTA (3a)

The abbreviations MNTA, etc., stand for logioK
(metal-ligand complex ). In all cases, the intercepts do
not deviate significantly from zero, and thus the final
calculations were made with intercepts set to zero. The
uncertainties of the estimated values are: MNTA ± 1.5,
Mcit ± 3.1 and Mox ± 2.4 ( all uncertainties marked by
± in this paper refer to a 95% confidence level ). The
visual impression from Figs. 1 and 2 suggests slightly
non-linear relationships in all cases. Recalculations in-
cluding an additional quadratic term yield:

MNTA = (0.5? ± 0.05)- MEDTA +
+ (0.0042 ± 0.0020) • MEDTA2 (lb)

Mcit = (0.23 ±0.12)- MEDTA +
+ (0.0096 ± 0.0054) • MEDTA2

Mox = (0.19 ±0.07)-MEDTA +
+ (0.0064 ± 0.0030) • MEDTA2

(2b)

(3b)

The uncertainties of the estimated values decrease
slightly to: MNTA ± 1.2, Mcit ± 2.6 and Mox ± 1.9.
The non-linear terms in. lb, 2b and 3b are all positive
eqns. and vary only by a factor of two. Considering
their associated uncertainties, they deviate statistically
significantly from zero. It is not clear at present whether
these findings indicate non-linear free energy relation-
ships or if they are just artifacts, for example due to
inappropriate extrapolations to zero ionic strength of
complexes involving highly charged cations and ligands.
For the estimation of missing ML stability constants,
however, the non-linear equations are used in order to
minimize interpolation errors.

2.2 ML X c o m p l e x e s

MLr complexes with x > 1 may dominate the speci-
ation if the ligand concentrations are higher than the
metal cation concentrations. The importance of MLr
complexes, however, not only depends on concentration
ratios but also on the thermodynamic stability of the
complexes. The stability constants of MLX complexes
in general tend to increase with an increasing number
of functional groups coordinating with the metal cation,
as already discussed for the case of simple ML com-
plexes. On the other hand, a growing number of func-
tional groups is correlated with an increase in the size of
the ligand. Therefore, increasing steric hindrance and,
for carboxylate groups, increasing negative charge will
counteract the first effect. This can be clearly seen in
Figs. 3 and 4, where the stabilities of ML* complexes

are compared with the stabilities of MLr_i complexes.
Note that in these figures the formation of MLr com-
plexes is expressed as a stepwise formation according to
the reaction ML*_i 4- L ^ ML*. The ML2 complexes
formed with the bi-dentate oxalate are comparable in
stability with complexes formed with the tri-dentate cit-
rate, although Mcit complexes are up to four orders of
magnitude stronger than Mox complexes (Fig. 2). The
MNTA2 complexes range from comparable (e.g. Co2+,
Cu2+, Zn2+) to slightly more stable than Mcit2 and
M0X2 complexes (e.g. Ca2+, Ni2+, Fe3+), but the pic-
ture is obscured by a large scatter of the data. The
hexa-dentate ligand EDTA does not form ML2 com-
plexes at all. Only oxalate is capable of forming strong
ML3 complexes (Fig. 4); no ML3 complexes of citrate
or NTA are known.

The stability constants of oxalate ML* com-
plexes are strongly correlated (Figs. 3 and 4), and thus
linear regression analyses are done in order to derive
interpolation formulae to be used for the estimation of
missing data:

Mox2 = (-2.1± 0.6) + (0.95 ± 0.08) • Mox (4)

Moxa = (-1.0 ± 1.0) + (0.82 ± 0.16) • Mox2 (5)

The uncertainties of the estimated values are: M0X2
± 1 . 1 and M0X3 ± 1 . 1 . The M0X2 complexes shown
in Fig. 3 span the entire range from the very weak
Sroxl", with a stability constant close to zero, up to
the strongest known complex Zrox2, with log K ~ 10.
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Figure 3: Stability constants of ML2 complexes
correlated with ML data for different metal cations

(M) and the organic ligands otalate, citrate and NTA
(L). The formation of ML? complexes is expressed as
an addition of L to the complex ML. Linear regression
lines are calculated uung eqn. 4 for oxalate and eqn. 6
for citrate. No regression analysis is done for NTA.

The few data available about the formation of M0X3
complexes would plot in the same range as the Mox2
data if Figs. 3 and 4 were superimposed. In general,
Moxx complexes are approximately two orders of mag-
nitude weaker than Mox*_i complexes, if the reaction is
expressed as a stepwise formation. The only visual ex-
ception is the UO2Ox|~ complex, which is more than
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two orders of magnitude weaker than expected from
the overall ML3 - ML2 relation (Fig. 4). This peculiar
behavior of uranyl is consistent with the observations
made for uranyl-EDTA complexes: Two oxalate ligands
seem to coordinate only equatorially, and the subse-
quent coordination of a third oxalate ligand is rather un-
stable due to the partial negative charges of the oxygens
bonded to hexavaient uranium in UO§+. Therefore, the
formation of M0X3 complexes with uranyl, neptunyl and
plutonyl cannot be estimated using eqn. 5, and a value
of log K < 0 is assigned to the stepwise formation of
these complexes.

10 12 14 16 18 20 22

log ( K) ML2

Figure 4: Stability constants of ML3 complexes
correlated with ML^ data. The formation of MLZ

complexes is expressed as an addition of L to the
complex MLx-\. Only oxalate data are available. The
solid line is calculated by eqn. S, excluding the uranyl

complex from the regression analysis because of its
peculiar chemical behavior.

The stability constants of Mcit2 complexes are also
strongly correlated with Mcit complexes (Fig. 3). Lin-
ear regression analysis yields:

Mcit2 = (-4.5 ± 1.5) + (0.88 ± 0.13) • Mcit (6)

The uncertainty of the estimated log K's is: Mcit2
± 1.7. The Mcit2 complexes span a range compara-
ble to the previously discussed Mox2 complexes as their
stability constants are essentially the same. The pos-
itive effect of the increase in the number of functional
groups from two in oxalate to three in citrate is more
than balanced by the negative effect of increased nega-
tive charge and increased steric hindrance of the bulkier
citrate molecule. Comparing the stability constants of
ML and ML2 complexes (Fig. 3) shows that Mox; com-
plexes are about two orders of magnitude weaker than
Mox complexes, whereas Mcit2 complexes are five to
seven orders of magnitude weaker than Mcit complexes.
Steric hindrance completely prevents the formation of
any stable Mcit3 complexes.

NTA has the same charge and is comparable in size
to citrate, but has an additional amine group capa-
ble of acting as a fourth coordinating group in form-
ing metal chelate complexes. It is thus expected that
MNTA2 complexes have higher stability constants than
Mcit2 complexes. This behavior is found for Ca2+, the
transition metals and Fe3+. But this picture is dis-
turbed by the rather erratic data for Eu3+, Am3+ and

Cm3+, as well as for Np4+ (Fig. 3). Comparing Ni2+,
Am3+ and Fe3+ data for oxalate and citrate, the rela-
tionship Ni2+ < Am3+ < Fe3+ is found for both ML
and ML2 complexes. There is no obvious reason why
this chemically plausible relation should not apply to
MNTA2 complexes. It is therefore concluded that the
EuNTAf.-, AmNTAfT and CmNTAf" data may be er-
roneous, as well as the exceptionally high NpNTA§~
value. In the subsequent speciation calculations for as-
sessing the influence of NTA on radionuclide complex-
ation, the experimental Np4+, Am3+ and Cm3+ data
were discarded. Due to the large scatter caused by these
probably erroneous data, no attempt was made to per-
form least squares analyses. Instead, an upper limit of
the stability constant MNTA2 was estimated for these
discarded data as well as for missing experimental data:

MNTA2 < Mcit2 + 2 (7)

For uranyl, neptunyl and plutonyl complexes, how-
ever, the relation MNTA2 < Mcit2 seems to be more ap-
propriate regarding the peculiar behavior of these oxo-
cations, as discussed above for MEDTA and M0X3 com-
plexes.

2.3 M(OH)XL complexes
Ternary or mixed complexes formed with organic lig-
ands and additional hydroxo groups may dominate the
metal-ligand speciation if the OH" concentrations are
high, i.e. in the high pH range of cement pore wa-
ters. Unfortunately, experimental data of such ternary
complexes are rather scarce, since most complexation
studies are carried out in acidic solutions. In neutral
or basic solutions problems arise due to the precipita-
tion of sparingly soluble solid phases, causing very low
concentrations of aqueous species close to, or beyond,
the detection limit of most analytical methods. Fur-
thermore, the onset of hydrolysis complicates the inter-
pretation of experimental results because all relevant
metal-hydroxo complexes of the system under investi-
gation must be known and taken into account in or-
der to derive correct results for binary metal-ligand and
ternary metal-ligand-hydroxo complexes. In addition,
experimental difficulties in dealing with strong alkaline
solutions (pH > 12) limit the number of experimental
studies in the range of cement pore waters. Thus, the
high pH range is largely 'terra incognita' with respect
to thermodynamic equilibria. In order to explore this
little known territory as far as possible, a systematic
study of M(OH)ZL complexes was undertaken. To the
knowledge of the present author it is the first attempt
in this direction.

In Figs. 5 and 6 the stability constants of MOEL
complexes are plotted against ML stabilities for some
mono-, di- and trivalent cations. Note that the for-
mation of MOHL complexes is expressed as the addi-
tion of OH" to ML, referring to the equilibrium: ML +
OH == MOHL. In all cases negative correlations are ob-
served, i.e. the stepwise formation constants of MOHL
complexes decrease with increasing ML stability. These
findings are chemically plausible since increasing ML
complex stabilities are associated with increasing ligand
size and increasing negative charge. Both effects de-
crease the Lewis acidity of the metal organic complex.
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For very high ML complex stabilities, the decrease of
MOHL stability is rather steep, as can be seen for ex-
ample in the cases of HgOHL complexes (Fig. 5) and
Fe(III)OHL, as well as AlOHL complexes (Fig. 6). De-
spite the large scatter in the data, in all these cases a
linear extrapolation from the high ML stability region
to low ML stabilities would result in unrealistic, high
MOHL stability constants. In contrast, all MOHL sta-
bilities approach the values of their associated mono
hydroxo complexes. They are added to Figs. 5 and 6
for comparison, the values referring to the equilib-
rium: M + OH ^ MOH. Both observations (MOHL
stabilities approaching MOH values in the low ML sta-
bility region and a steep decrease of MOHL data in the
high ML stability region) indicate strong non-linear free
energy relationships correlating ML and MOHL com-
plexes, as shown by dotted lines in Figs. 5 and 6. These
dotted lines are given only to guide the eye; they are
not fitted curves. For two reasons the tempting idea
of fitting non-linear functions to these MOHL data was
resisted: First, in cases of weak MOHL complexes such
as ZnOHL and NiOHL, because linear functions would
equally well fit the data, considering the scatter of the
values (Fig. 5). Especially if very few experimental data
are available, there is no statistical justification for any
fitting procedure other than a linear function, e.g. for
UO2OHL or NpO2OHL (Fig. 5). Second, although the
idea is plausible to the chemist that small weakly bound
ligands will not significantly influence the Lewis acidity
of the metal cation, the conclusion that MOHL data al-
ways approach asymptotically their MOH values as an
upper limit is not true in all cases. The stability con-
stants of ZnOHL and AlOHL exceeding the values of
ZnOH+ and A1OH2+, respectively (Figs. 5 and 6), is
not necessarily an indication of erroneous data; similar
effects were observed for ternary complexes involving
two different organic ligands, with an 'excess' reaching
up to one order of magnitude [4].

0 4 S 12 16 20 24

lOg(K) ML

Figure 5: Stability constants of mixed
metal-hydroxo-ligand (MOHL) complexes plotted

against ML stabilities for some mono- and divalent
cations. The formation of MOHL complexes is

expressed as the addition of OH to ML. For
comparison, stability constants of some mono-hydroxo
(MOH) complexes are added as solid lines. The dotted

line is given only to guide the eye; it is not a fitted
curve.
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Figure 6: Stability constants of mixed MOHL
complexes plotted against ML data for some trivalent

cations. The formation of MOHL complexes is
expressed as the addition of OH to ML. For

comparison, stability constants of MOH complexes are
added as solid lines. The dotted lines are given only to

guide the eye; they are not fitted curves.

To summarize, no attempt was made to fit any func-
tions for estimation of missing MOHL data. Instead,
the plots of experimental data, including the provisional
dotted lines, were used as guidelines to estimate upper
limits of MOHL stability constants. Considering the
large uncertainty of these values and depending on the
actual scattering of the data, one or two log units were
added to these 'visually estimated' values in order to be
on the conservative side when assessing the influence of
organics on the speciation of radionuclides. This proce-
dure seems especially suitable in the case of tetra-valent
cations such as Zr4+, Th4+ and U4+, where experimen-
tal data are very meager.

In the very high pH range of cement pore waters (pH
> 12), M(OH)ZL complexes with x > 1 are expected to
dominate the metal-ligand speciation. Especially for
cations forming simple MOHL complexes at low pH,
such as Fe3+ and Al3+ and the tetra-valent cations, and
ligands such as NTA, citrate or oxalate, the formation
of M(OH)2L and even M(OH)aL complexes may play an
important role. Few data were found for Fe(III)(OH)2L
and A1(OH)2L complexes. In both cases the stepwise
formation constants for M(OH)jL complexes are about
four orders of magnitude smaller than MOHL constants
of the same ligand, despite the fact that FeOH2+ and
Fe(OH)J values are close and A1OH2+ and AL(OH)£
virtually identical. Few scattered data found for Cu2+,
Zn2+ and Hg2+ show the same systematic trend, i.e.
the difference between the stepwise formation constant
M(OH)2L and MOHL is significantly larger than be-
tween M(OH)2 and MOH; in the case of Cu2+, Zn2+

and Hg2+ the difference is two to three orders of mag-
nitude.

No reliable data were found for M(OH)3L complexes.
It is not clear at present if these complexes are gener-
ally very weak or if experimental difficulties with high
alkaline solutions prevent the reliable determination of
M(OH)3L stability constants. To test if M(OH)3L com-
plexes have any impact at all on the speciation calcula-
tions for cement pore waters, it was assumed that the
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difference in stepwise formation constants of M(OH)TL
complexes remains constant with increasing x, i.e. that
the relation M(OH)L -M(OH)2L =; M(OH)2L -M(OH)aL
holds for all log K values. The selection of these dif-
ferences and therefore the upper limits of stability con-
stants for M(OH)XL complexes, of course, is highly sub-
jective due to the scarcity or complete absence of exper-
imental data, but in any case of doubt the smaller differ-
ence value was chosen, especially in the case of EDTA.
That means that for most radionuclides a worst-case
scenario was tested rather than a 'realistic' speciation
calculated.

2.4 Complexes not considered

Complexes of metal cations with protonated ligands, i.e.
complexes like MEZL with i > 0, were not considered
in the present study. They will not form, in any case,
in cement pore waters in the range above pH > 11,
as is seen by simply comparing the first protonation
constants of the ligands, L + H =± HL: EDTA = 11.0,
NTA = 10.3.. cit = 6.4, ox = 4.3.

Polynuclear complexes of the form Mr(OH)vL2 with
x > 1 were also disregarded. Cations like Ca2+ or Mg2+

do not seem to form any polynuclear complexes at all;
at least, no such complexes are known at present. In the
speciation of some radionuclides, however, polynuclear
complexes may predominate if the metal concentration
is sufficiently high. On the other hand, in the region of
high metal concentrations solid phases will start to pre-
cipitate and thus limit the increase of aqueous complex
concentrations. In the present study, solubility limit-
ing phases were not investigated explicitly and there-
fore the results are valid only for low radionuclide con-
centrations, typically less than 10~6M. At higher metal
concentrations the influence of organicson radionuclides
is more complicated to predict, but mainly because of
the uncertainty in solubility constants and the still un-
resolved question as to the solubility limiting phase,
rather than the possible influence of polynuclear species
on the aqueous speciation.

The mixed complexes discussed in the previous sec-
tion are not restricted to M(OH)XL. Complexes like
M(OH)rLj, with y > 1 may also form. No such com-
plexes are expected for EDTA as no MEDTA2 are known.
For NTA and citrate, ML2 complexes are known and
thus M(OH)rL2 complexes cannot be ruled out. But,
as already discussed, the ML2 complexes of citrate and
NTA are relatively weak and therefore ML2 and
M(OH)XL2 complexes are expected to remain minor
species, even at high ligand concentrations. It is not
surprising that no experimental data are available for
M(OH)rNTA2 complexes and that the only experimen-
tal evidence for M(OH)rcit2 is given for Fe3+. Accord-
ing to these data, the species Fecitf ~ and Fe(OH)2cit|~
predominate in certain pH ranges only if the total cit-
rate concentration reaches 10" :M. As this result is con-
sistent with the previously established free energy rela-
tions, M(OH)Z L2 complexes with NTA and citrate were
not considered in the present study. The situation is
less fortunate in the case of oxalate. As oxalate forms
relatively strong Mox2 and even M0X3 complexes, all
kinds of M(OH)xoxj, complexes may play a role under
certain circumstances. But, as already mentioned, due
to a complete lack of experimental data, all values of

M(OH)zox complexes used in this study are estimated
upper limits; no attempt was made to further specu-
late about stabilities of M(OH)Ioxv complexes. For the
high pH region of cement pore waters, no change in
the (negative) result concerning the influence of oxalate
on radionuclides is expected due to the uncertainty in
M(OH)IL complexes and the neglect of M(OH)rox2 or
even M(OH)zox3 complexes, but in the area of ground-
waters ignoring of M(OH)zLy complexes may grossly
influence the results of speciation calculations.

3 Results

3.1 Nickel, a detailed example

The results of chemical equilibrium studies for nickel
will be discussed here in some detail. The reasons for
choosing nickel as an example are, first, that the aque-
ous chemistry of the transition metal nickel is reason-
ably well known, even in the high pE range; fewer esti-
mated stability constants are included in the speciation
calculations than in other cases. Second, nickel shows
most features found for other metals and is therefore
suited to give an in-depth description of the methodol-
ogy and the results. All other cases are treated in the
same way and the results are summarized briefly in the
following Sections.

The results of Berner's cement degradation model
are taken as a representative example of cement pore
water chemistry [3]. In the early stages of degradation,
the cement pore water is characterized by high pH and
high calcium concentrations (e.g. pH = 12.7, [Ca]»0loi
= 0.013M). For subsequent model calculations, nickel
is assumed to be present in low concentrations (e.g.
[Nijtrtof = 10-rM) and EDTA is 'added' to this high
alkaline solution in various amounts. The most impor-
tant results of equilibrium speciation calculations are
shown in Fig. 7. The lines represent the total amount
of EDTA needed in order to complex a certain frac-
tion of nickel. For example, a fraction of [Ni-EDTA
complexes] / [Ni]<olof = 0.5 means that 50% of the to-
tal nickel concentration is present in solution as nickel-
EDTA complexes. The solid line in Fig. 7 is the re-
sult of a simplified model; basically the speciation of
the system Ca - Ni - OH - EDTA is computed, i.e.
only hydroxo-, EDTA- and, if present, ternary hydroxo-
EDTA-complexes of calcium and nickel are considered.
The filled squares are the results of speciation calcula-
tions considering the full chemical composition of ce-
ment pore water as given by Berner [3]. The small dif-
ferences between these full speciations and the simpli-
fied model are due to the large amount of sulfate pre-
sent in the cement pore water ([SO^totai = 0.026M). A
varying amount of calcium is present as CaSO^,), and
therefore the calcium competition is diminished and for
the same EDTA concentration the fraction of Ni-EDTA
complexes increases somewhat compared to the simpli-
fied model. All other constituents of cement pore water,
such as Na+, K+, Sr2+, Cl~ and F~, have no influence
at all on the results concerning the nickel-EDTA speci-
ation.
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Figure 7: The influence of EDTA on the complexation
of nickel in cement pore water (pE IS. 7, calcium

concentration 0.018M): The total amount of EDTA
needed (X-axis) in order to complex a certain fraction
of nickel (Y-axis). The solid line is obtained from the

simplified chemical system Ca - Ni - OH - EDTA,
whereas the filled squares result from speciation

calculations considering the full chemical composition
of cement pore water as given by [8]. The other lines

reveal the sensitivity of the results considering the
uncertainty in thermodynamic data, i.e. log K

(Ni(OH)a) = 4± 1 (dashed tine) or tog K
(Ni(OE)EDTA3-) = 1.5±1 (dotted line). If both

uncertainties are combined, best or worst cases result
(dot-dashed line).

A sensitivity analysis revealed that the results shown
in Fig. 7 depend mainly on the values chosen for the sta-
bility constants of Ni(OH)J and Ni(OH)EDTA3". The
values reported in the literature for Ni(OH) J span two
orders of magnitude [5J; the value taken for computa-
tion of the solid line in Fig. 7 actually should read 4
± 1. Taking into account the scatter in the equilib-
rium constants of ternary complexes (e.g. Fig. 5), the
uncertainty for Ni(OH)EDTA3" is assumed to be 1.5
± 1. The uncertainty of one log unit in either stabil-
ity constant results in an uncertainty the results of the
same order of magnitude (dashed and dotted lines in
Fig. 7). If both uncertainties are combined, cumulative
'best' or 'worst' cases result. Note that the lines in Fig. 7
ate computed under the assumption of constant calcium
concentration. If, in an alternative scenario, equilibrium
with Ca(0H)2 (portlandite) is assumed, the 'best case'
line shows the same sigmoidal shape as the 'worst case'
line, extending to higher EDTA concentrations. In the
'worst case' / 'best case' scenario, the uncertainty in the
EDTA concentration is three orders of magnitude, e.g.
a level of 10% Ni-EDTA complexation is reached in the
range 10~ s s < [EDTA]tc,t0, < IO~3-4. In a more 'realis-
tic' scenario, not assuming cumulative effects of individ-
ual uncertainties, the uncertainty in the EDTA concen-
tration still spans two orders of magnitude, e.g. a level
of 10% Ni-EDTA complexation is reached in the range
10"5 < [EDTA](otai < 10~3. Two conclusions arise from
this sensitivity analysis: First, the small differences be-
tween the full speciation calculations and the simplified
model discussed above are negligible compared to the
uncertainty in stability constants. Thus, ail subsequent

computations in this study are done with the simpli-
fied model using the program 'BACKDOOR' currently
under development °. The second conclusion is that
the results of this study, at best, give an idea about
the concentration ranges where an influence of organic
ligands on the speciation of radionuclides is expected.
The uncertainty ranges outlined in Fig. 7 are considered
representative for all results predicting an influence of
organics.

The calculations up to now were done using a fixed
set of parameters (pH = 12.7, [Ca]tojai = 0.013M). In or-
der to explore the sensitivity of the results with respect
to these parameters, and also to reveal the influence of
organics in later stages of the cement degradation pro-
cess, speciations were computed within the ranges 11 <
pH < 13 and 0.001M < [Ca],<,joi < 0.1M (in addition,
the range -10 < pe < 10, or -600 mV < Eh < +600
mV, was also considered for redox-sensitive elements
like Sn, U, Np and Pu). Figure 8 shows the results
in a 3-D plot.

Figure 8: The influence of EDTA on the complexation
of nickel within a large pE and calcium concentration
range. For any given pE and calcium concentration

the amount of EDTA shown by the surface is needed to
reach 50% Ni-EDTA complexation.

For constant values q = 0.5 and [Nijtetai = 10~7M,
the EDTA concentration surface is calculated as a func-
tion of pH and [Ca]tot(,j. This picture may be inter-
preted as follows. For any given pH and calcium con-
centration the amount of EDTA shown by the surface
is needed to reach 50% Ni-EDTA complexation. As can
be seen in Fig. 8, there is a strong dependence on both
pH and calcium concentration. With decreasing pH the
competition of nickel-hydroxo complexes also decreases
and, therefore, less EDTA is needed to reach 50% Ni-
EDTA complexation. Decreasing calcium concentration
weakens the calcium competition due to the formation
of smaller quantities of CaEDTA2" complexes. In other
words, the influence of EDTA on the nickel speciation

"The program ii detigaed for a quick exploration of the geo-
chemicat and thermodynamic parameter space with respect to the
impact of any given ligand on any given metal cation. 'BACK-
DOOR' will be described in detail in a publication discussing also
the implications of advanced computer graphics as tools for this
*Odyssey in parameter space'.

71



CO

O

11

-1.5

-2

-2.5

AW
11 11.5 12

PH

12.5 13

11 11.5 12 12.5 13

Figure 9: The influence of organics on the complexation of nickel within a large pE and calcium concentration range:
a) EDTA, b) NTA, c) citrate and d) oxalate. The amount of organics needed to complex 50% Ni can be directly read

from the contour lines. For comparison, pB and calcium concentration of cement degrading in a marl-type
groundwater [S] are added as gray-shaded areas: (1) Sulfate-resistant portland cement in early degradation stages;

(2) cement mixed with German Trass in early degradation stages; (S) both cements in later degradation stages.

increases with decreasing pH and decreasing calcium
concentration. Figure 9a shows the same results as
Fig. 8, but as a contour plot. Whereas the surface plot
of Fig. 8 gives a strong impression of the importance of
the organic ligand, the contour plot of Fig. 9a is better
suited to derive quantitative information. The amount
of EDTA needed to complex 50% Ni for any given pH
and calcium concentration can be directly read from the
contour lines.

The influence of NTA on nickel is shown in Fig. 9b.
In the pH range of fresh cement pore water (pH >
12.7) the calcium competition is very strong, success-

fully preventing Ni-NTA complexation until [NTA],oi,,i
> [Ca]totai- With decreasing pH, the hydroxo compe-
tition weakens and NTA gains influence on the nickel
speciation. The contour plot of NTA for pH < 12.5
resembles the EDTA plot (Fig. 9a), but the effect is
about two orders of magnitude smaller than in the case
of EDTA. Citrate has no influence on the nickel speci-
ation for pH > 12 (Fig. 9c); in this range, the contour
lines show [citrate],,,,,,) > [Ca),o,oj. In the range pH
< 12, the contour plot of citrate resembles the EDTA
and NTA plots (Figs. 9a and b), but the effect again is
about two orders of magnitude smaller than in the case
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of NTA, which means that an influence of citrate needs
concentrations in the range of [citrate]jota[ ss [Ca]totai-
The same picture is seen for oxalate (Fig. 9d), but with
even higher concentration values than for citrate. Such
high oxalate concentrations may not be feasible in the
'real world' due to precipitation of sparingly soluble cal-
cium oxalate solids. Thus, no influence of oxalate on
the speciation of nickel is predicted within the entire
parameter space shown in Fig. 9d.

3.2 Caesium, Strontium, Radium
Complexes of organic ligands with these cations are al-
ways weaker than calcium complexes with the same or-
ganic ligand. As can be seen from the correlation plot
in Fig. 10, the relation Ca > Sr > Ra > Cs holds for all
known ligands. Therefore, an influence of EDTA, NTA,
citrate and oxalate on the speciation of strontium, ra-
dium and caesium is only possible if their concentrations
are higher than the calcium concentration. Regarding
the high calcium concentration in cement pore waters
([Caudal > 0.001M), no influence at all is expected in
the high pH range.

• S r
o Ra
»Cs

.400* *

Cit NTA

. . \ _ • ' ^ 0

' . • EDTA

EDTA

I 1 3 5 7 9 11 13

log ( K ) Ca - organic complexes

Figure 10: Correlation of Ca-organic complexes with
Sr-, Ra- and Cs-organic complexes, showing the

general relation Ca> Sr> JJa » Cs.

3.3 Palladium
Thermodynamic data for palladium are rather scarce.
In particular, stability constants for ternary complexes,
which are probably the most important data for the
high pH range, are completely absent. Palladium is
known for its peculiar chemical behavior, e.g. forming
the strongest complexes known for divalent metal with
amine-ligands [6]. The chemical analogy with other
metals for estimating missing data is not obvious. In
this study, a tentative analogy with Hg2+ is considered,
which means that the ternary Pd(OH)L complexes are
assumed to follow the same non-linear free-energy rela-
tionship as the Hg(OH)L complexes (Fig. 5), but all val-
ues are shifted by about one order of magnitude due to
the stronger PdOH+ complex. If these tentative upper
limits for Pd(OH)xL complexes are used in speciation
calculations, no influence of EDTA, NTA, citrate and
oxalate on the speciation of palladium is found within
the entire pH and calcium concentration range investi-
gated here.

3.4 Technetium
Technetium is a redox-sensitive element, which implies
a rather complicated aqueous chemistry. In contrast,
thermodynamic data are almost non-existent; few mea-
surements have been reported for Tc(IV), and only in
the range 1 < pH < 2 {7, 8]. The species TcO(OH)+
and TcO(OH)2 were detected in this acidic solution [7],
revealing strong hydrolysis reactions starting at very
low pH. Measurements with EDTA and NTA showed
that even in this low pH range the ternary complexes
TcO(OH)EDTA3~ and TcO(OH)NTA2" predominate
[8]. No other quantitative information were found and
technetium chemistry in the high pH range of cement
pore waters seems especially to be 'terra incognita'. If
the few available data are taken, willingly ignoring the
fact that they are measured at pH < 2, speciation cal-
culations show that EDTA and NTA have no influence
on technetium in the high pH range. But this result is
as good as taking any number from the telephone book,
as long as there is no reliable chemical analogy to allow
the missing data to be estimated.

3.5 T in

Tin is known in two oxidation states in aqueous solu-
tions, namely as Sn(II) and Sn(IV). In both oxidation
states extensive hydrolysis reactions determine its solu-
tion chemistry. Very few studies report equilibrium con-
stants of tin-organic complexes; all measurements were
made under strong reducing conditions in the stability
range of Sn(II). In the present data compilation only
two measured values could be included for SnEDTA2"
and Snox*", no data at all were found for Sn(IV) com-
plexes. In order to get any idea about the possible in-
fluence of organics on tin, the obvious analogy of Sn4+

with Zr4+ was used to estimate upper limits for Sn(IV)-
organic complexes. The equilibrium values for ZrC J 3 +

and SnOH3+ are almost identical, and the highest val-
ues considered in this study. This is not surprising
since they both show similar ionic radii, the smallest
ones of the tetra-valent cations in this data compila-
tion (Sn4+ 0.71A, Zr4+ 0.79A, Pu4+ 0.93A, Np4+ 0.95A,
U4+ 0.97A, Th4+ 1.02A). Therefore, the stability con-
stants for Sn(IV)-organic complexes are based on the
Zr(IV) values, with one log unit added in order to be
on the safe side. Missing Sn(II)Lz data were estimated
using eqns.l - 7. Because of the rather high value
reported for SnOH+, the estimation of Sn(II)(OH)xL
complexes is based on the same reasoning as in the case
of Sn(IV)(OH)rL complexes, i.e. the Zr(IV) values are
used, subtracting one log unit. The upper limits de-
rived by this procedure are probably much too high.
The BACKDOOR speciation calculations showed that
EDTA, NTA, citrate and oxalate have no influence at
all on the tin speciation within the ranges 11 < pH <
13, -10 < pe < +10, 0.001M < [Ca]j<,«ai < 0.1M. In
the region pe > -5 (Eh > -300 mV), Sn(IV)-hydroxo
complexes predominate to such an extent that calcium
competition is negligible.

3.6 Zirconium and Thorium
No influence of EDTA, NTA, citrate and oxalate on the
speciation of Zr4+ and Th4+ is seen within the entire
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pH and calcium concentration range of cement pore wa-
ters, even if the measured values for Zr(OH)EDTA~ and
Th(OH)EDTA" are increased by two orders of magni-
tude and quite pessimistic upper limits for the other
ternary complexes are used. Discarding the species
Zr(OH)^ in the speciation calculations does not change
the qualitative results, but in this scenario the calcium
competition becomes important, i.e. an influence is ex-
pected only if (ligand]fc,laj > [Ca]iota|. The same effect
is observed for Th*+, where no equilibrium data for a
possible species Th(OH)£" are reported in the literature.

3.7 Uranium, Neptunium, Plutonium

No influence of EDTA, NTA, citrate and oxalate on
the speciation of uranium, neptunium and plutonium
is seen within the entire range 11 < pH < 13, -10 <
pe < +10, 0.001M < [Ca]totai < 0.1M. The conclusions
do not change if the dominant but questionable species
U(OH)^", Np(OH>5 and Pu(OH)£" are neglected in the
speciation calculations. In the case of EDTA, in pe
ranges predominated by complexes in oxidation state
(IV), calcium competition becomes important; for the
other ligands, the actinide(IV)-hydroxo complexes are
much stronger than the organic complexes. In pe ranges
predominated by U(VI), Np(V) and Np(VI) or Pu(VI)
(Pu(V) never predominates), calcium competition is al-
ways important if the upper limits of ternary complex
stabilities are used in the speciation calculations. In
these cases an influence of organic ligands is expected
only if [ligand]j0(1I, > [Ca],0(0|.

3.8 Amer ic ium, Cur ium

No influence of EDTA, NTA, citrate and oxalate on the
speciation of americium in cement pore waters is ex-
pected. The calcium competition prevents in all cases,
americium-organic complexes predominating. Even if
the upper limits for ternary complex stabilities are used
in the speciation calculations, an influence of organic
ligands is expected only if [ligandjtotai > [Ca] total- Hy-
drolysis data for curium are mainly missing, and only a
somewhat questionable value for CmOH2+ was found in
the literature. A close similarity between the hydrolysis
of curium and americium is assumed, and thus the equi-
librium values of Am(OH)J and Am(0H)3 are used in
speciation calculations, leading to the same conclusions
as obtained for americium.

4 Conclusions
In an early attempt to estimate the influence of strong
complexing ligands like EDTA on the speciation of ac-
tinides in cement pore water, AUard & Torstenfelt [9]
calculated strong effects on americium, uranium, nep-
tunium and plutonium under oxidizing conditions. But
the high calcium content of cement pore waters was ne-
glected in these calculations and thus they missed the
important effect of calcium competition due to the for-
mation of complexes such as CaEDTA2". In almost all
cases discussed above, discarding calcium competition
in the speciatioa calculations would completely reverse
the conclusions.

The conclusions from the present detailed study of
the complexation of radionudides with EDTA, NTA,
citrate and oxalate are summarized as follows:

• In the case of actinides, no influence of these or-
ganics is predicted on the metal speciation, de-
spite the uncertainties in thermodynamic stabil-
ity constants and the question of the existence
of complexes like M(OH)sL or anionic M(OH)j
complexes. As long as cement pore waters are
considered, the possible existence of these species
has no influence on the results and, therefore, it
is not necessary to put any effort into an experi-
mental determination of their stability constants.
The same conclusion applies to Zr and Sn and is
valid also for Cs, Sr and Ra, which have a much
simpler chemistry.

• In the case of Ni, it is shown that EDTA com-
plexes predominate the speciation and NTA may
gain some influence with decreasing pH. The un-
certainty of the results spans more than two orders
of magnitude in organic concentration. Only if it
is intended to decrease this uncertainty, should
a careful redetermination of the relevant stability
constants of Ni(OH)J and Ni(OH)L be made.

• Results obtained for Pd (no influence of EDTA,
NTA, citrate or oxalate on the Pd speciation)
strongly depend on the tentative analogy of Pd2+-
organic complexes with Hg2+ complexes. Thus,
the Pd results remain valid as long as there is
no experimental evidence that this analogy fails
and the stability of Pd(OH)xL complexes is signif-
icantly higher than assumed in the present study.

• The behavior of Tc in cement pore waters is still
'terra incognita' and, if there is any question as to
the possible importance of Tc-organic complexa-
tion in this high pH region, an experimental in-
vestigation is highly recommended.

The method outlined in this study is, of course, not
restricted to radionuclides and the four organic ligands
EDTA, NTA, citrate and oxalate. It may be applied
to the more general question, "What is the influence of
any organic or inorganic ligand on the speciation of a
given metal cation in a given range of water composi-
tions?" The results obtained are thus important, not
only in safety assessment studies of radioactive waste
repositories, but also for the largely unresolved prob-
lem of the environmental release of discharged chemical
toxic waste, e.g. the mobilization of heavy metals from
disposal pits or from contaminated river sediments.
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