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ABSTRACT

Leach studies were carried out to determine the effects of several complexing agents on the equilib-
rium concentrations of cobalt and uranium in a system cemented waste form/aqueous solution. The
complexants examined were ethylenediaminetetraacetic acid (EDTA), nitrilotriacetic acid (NTA), citric
acid, oxalic acid, tartaric acid, tributyl phosphate (TBP) and dibutyl phosphate (DBP). Solutions used as
leachants were deionized water, saturated sodium chloride solution and Q-brine, which is a solution with
magnesium chloride as the main constituent. In addition to determining the effects of the complexants
and leachants, the role of the cement matrix in establishing the equilibrium concentrations was also
examined. Uranium was chosen for the investigations because it is one of the important radionuclides for
long term safety considerations, and it is contained in the low and intermediate level cemented waste forms
in amounts up to 1 kg/200 L drum. Cobalt forms strong complexes with some of the complexants
mentioned and can be measured at low concentration levels when cobalt-60 is used as a radioactive tracer.
For this reason, it was used as a model to study the effects of the complexants in the different systems.

The results indicate that the equilibrium concentrations of cobalt and uranium in the systems
cemented waste form/water and cemented waste form/sodium chloride solution at the equilibrium pH
value of 12.5 are independent of the complexants present and are determined only by the solubility of
metal hydroxides. In the system cemented waste form/Q-brine with an equilibrium pH value of 6.5, tartaric
acid, EDTA and NTA increase the cobalt equilibrium concentration by two orders of magnitude. Citric
acid has a smaller effect, and all the other complexants show no effect. The uranium equilibrium
concentration is slightly increased by EDTA, tartaric acid and citric acid, but the amount of uranium in

solution corresponds to less then 5% of the total amount of uranium added to the system.

INTRODUCTION

Safety considerations for a repository of radioactive
waste include the scenario of a water ingression into the
storage area in the post operative phase. This requires
assessments of the release rate of radionuclides from waste
forms in contact with aqueous solutions.

Low and medium level evaporator concentrates, which
are solidified by embedding into cement, may contain vary-
ing amounts of organic complexing agents added at differ-
ent points of the nuclear fuel cycle for decontamination
purposes or from active laundries. The materials found
most frequently include ethylenediaminetetraacetic acid
(EDTA), nitrilotriacetic acid (NTA), citric acid, tartaric
acid and oxalic acid. Tributyl phosphate (TBP) is among
the constituents of the waste stream from extractant purifi-
cation in the PUREX process, and dibutyl phosphate
(DBP) may be formed by hydrolysis of TBP during the waste
treatment process or by the alkaline conditions in the ce-
mented waste form.,

As these complexing agents may influence decisively
the release and the migration behavior of the radionuclides,
it is necessary to investigate the impact of these substances

on the radionuclide release in the cemented waste
form/aqueous solution system.

To study the release of radionuclides from waste forms,
two approaches have traditionally been taken. One method
has been to study a closed system of the waste form and
leachant. At the desired leach times, samples are either
taken of the leachant, or the leachant is changed by remov-
ing the waste form and immersing it in fresh leachant.
Examples of these static leach tests are ANS 16.1 (1) and
MCC-1 (2).

Another approach to leachability studies has been to
run fresh leachant continuously into the container holding
the waste form and to take leachant continuously from the
container at the same rate. Samples can be taken of the
leachant as it leaves the sample compartment. MCC-4 is
one example of these dynamic or flow tests (3).

More recently, efforts have been made to study the
amount of radionuclides in leachants at equilibrium with the
waste forms (4, 5). Since the flow rate of water in a reposi-
tory is very low, radionuclide concentrations can be pre-
dicted on the assumption that an equilibrium concentration
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will be reached and that any subsequent release from the
near-field is by escape of the equilibrated solution only.

While other leach tests provide results such as leach-
ability indexes which are difficult to relate to real systems,
or cumulative release fractions which are very dependent
on such experimental parameters as leachant flow rates,
equilibrium leach studies provide concentrations and re-
lease fractions which require much less interpretation.

Equilibrium source term data can be modelled using
any one of several chemical equilibrium codes (6-8). These
codes have been used in several diverse applications. The
results of such models are solution concentrations which are
very dependent on the equilibrium coefficients used. A
number of reports have compared experimental results to
results predicted by the chemical equilibrium models with
various degrees of success (9-11).

The goal of this study is threefold. First, the effect of
the complexants on the leachability of the radionuclides
from the waste form was determined. The effect of the
cement on the radionuclide release was also studied. Fi-
nally, an attempt was made to model the system using the
available chemical equilibrium code.

For the studies performed, cobalt and uranium were
used. Uranium is one of the important radionuclides for
long term safety considerations and is contained in the low
and intermediate level cemented waste forms in amounts up
to 1 kg/200L drum. Cobalt forms complexes with relatively
high stability and can be measured at low concentration
levels when cobalt-60 is used as a radioactive tracer. There-
fore, it was used as a model to study the effects of the
complexants. For comparison some stability constants of
organometallic complexes are summarized in Table I (12).

With Co the effect of TBP, DBP, oxalic acid and tartaric
acid was investigated. The effect of EDTA, NTA and citric
acid on the Co equilibrium concentration and the influence
of cement on the system deionized water/complexant has
already been reported (13). Unpublished results for the
effects of EDTA, NTA, and citric acid in the system Q-
brine/cemented waste form were also already available. In

TABLE I
Stability Constants (log K)for Selected Organometallic
Complexes

COMPLEXANT co*t uo?t pPutt Am’t
EDTA 16.28 740 2560 18.16
NTA 1038 9.50 11.5
Citric Acid 5.0 7.4 15.54 7.74
Oxalic Acid 3.84 6.36 525
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the experiments with uranium all the complexants men-
tioned above were used.

The long term goal of this and similar studies is to
provide information on the source term for low and inter-
mediate level cemented waste forms in a repository.

EXPERIMENTAL

The procedure used in order to determine the concen-
tration of Co and U in equilibrium with cementitious prod-
ucts was as follows: For each test, 30 mL of leachant were
added to 2 g of crushed cementitious product and 0.02 g of
complexing agent. This ratio is much larger than expected
in real waste forms, but was chosen to permit reasonable
measurements. Actual specimens contain only about 3 E-4
g of complexant per gram; an increased amount was used in
these experiments in order to enhance the effects. The
simulated waste form was prepared by mixing 1.0 kg of
ordinary portland cement (OPC) with 150 g of sodium
nitrate and 400 mL of deionized water. The mixture was
then poured into several fifty mL cylindrical plastic jars and
allowed to set for ten to fifteen days. After the set time, four
of the samples were crushed. As leachants, deionized water,
saturated sodium chloride solution and Q-brine (1.9% so-
dium chloride, 2.3% potassium chloride, 3.3% magnesium
sulfate and 24% magnesium chloride) were used. To study
the effect of the cemented waste form, samples containing
no cemented waste form were prepared, and the pH’s were
adjusted to the same values as that of the samples containing
cement (pH of 12.5 for samples with deionized water and
sodium chloride solution, pH 6.5 for samples with Q-brine)
using 1 M sodium hydroxide. For the Co samples, 0.1 g of
inactive Co(II) nitrate hexahydrate and 0.64 uCi of Co-60
were added to the samples. For the U samples, 0.08 g of
uranium as uranylnitrate was used in each sample.

After a storage time sufficient to attain equilibrium
(normally 90 days(14)), samples were drawn from the solu-
tions. The amount of Co-60 was measured by filtering a 10.0
mL aliquot of the sample using an Amicon filter system (1.8
nm). The filtered aliquots were counted for one minute
with a Nal detector and a single channel analyzer. In addi-
tion, counts were taken of two standards and a blank. Once
the measurements had been made, the aliquots were re-
turned to the samples.

For the uranium measurements, aliquots of the samples
were filtered, and 1.0 mL of the filtrate was added to 15.0
mL of a liquid scintillation cocktail. The mixture was
counted using a liquid scintillation detector in series with a
multichannel analyzer (Beckmann LS 7800). Two stan-
dards and a blank were also counted.

RESULTS

Table II shows the results obtained in Q-brine and
Table III the results in deionized water for cobalt and
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TABLE II

Equilibrium Concentrations of Cobalt and Uranium in the System Q Brine/Complexant and Q Brine/Complexant/
Cemented Waste Form (pH 6.5, 30 mL Solution, Room Temperature)

Co Concentration (M)

U Concentration (M)

Complexant Without Cement With Cement Without Cement With Cement
No Complexant 9.2E-3 19E-5 1.0E-4 74 E-5
EDTA e 6.9 E-3* 1.8 E-4 15E4
NTA e 3.5E-3* 84E-5 50E-5
Citric Acid ———-- 21E-4* 43E-4 1.3E4
Tartaric Acid 82E-3 30E-3 12E-4 19E-4
Oxalic Acid 79 E-3 39E-5 34E-5 36E-5
TBP 94 E-3 26 E-5 79 E-5 43 E-5
DBP 11E-2 49 E-5 72E-5 46 E-5
*unpublished results
TABLE III

Equilibrium Concentrations of Cobalt and Uranium in the System Deionized Water/Complexant and Deionized
Water/Cemented Waste Form/Complexant (pH 12.5, 30 mL Solution, Room Temperature)

Co Concentration (M)

U Concentration (M)

Complexant Without Cement With Cement Without Cement With Cement
No Complexant 1.6 E-4 < 10E-5 < 1.0E-5 < 10E-5
EDTA 28 E-2* 4 E-5* 40E-5 < 1.0E-5
NTA 3.0E-2* 4 E-5* < 10E-5 < 1.0E-5
Citric Acid 18 E-2* 4 E-5* < 10E-5 < 10E-5
Tartaric Acid < 10E-5 < 10E-5 < 10E-5 < 10E-5
Oxalic Acid < 1.0E-5 < 1.0E-5 < 1.0E-5 < 1.0E-5
TBP 1.5E-4 < 1.0E-5 < 1.0E-5 < 10E-5
DBP 6.4 E-5 < 1.0E-5 < 10E-5 < 10E-5

* Reference 13.

uranium for the different complexants without and with the
addition of the cemented waste form. The results obtained
for saturated sodium chloride solution are comparable with
the results in water with the exception of the uranium
samples containing EDTA in water.

Cobalt

The data in Table II, which is also shown in Fig. 1,
indicates that in Q-brine without the addition of the ce-
mented waste form all of the cobalt is in solution indepen-

dent of whether there is a complexant in solution. This
indicates that the cobalt concentration under the experi-
mental conditions (pH value 6.5) is lower than the solubility
limit, and therefore, it is not possible to observe an effect of
the complexants on the cobalt concentration. If the ce-
mented waste form is present in the system, the cobalt
concentration is decreased by two orders of magnitude for
all samples with exception of those containing tartaric acid.
Tartaric acid causes a distinct increase in the cobalt equi-
librium concentration, and about 30-40% of the cobalt
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Fig. 1. Co equilibrium concentrations in Q brine in
presence of complexants without and with
cemented waste form (room temperature, pH =
6.5, 30 ml Q brine).

added to the system is found in solution. A comparable
increase in the cobalt concentration was also observed in
former experiments using EDTA and NTA as complexants
whereas citric acid produced only a very slight increase in
the cobalt concentration,

The results obtained in deionized water and saturated
sodium chloride solutions indicate that the cobalt concen-
trations in both systems are comparably low and are deter-
mined by the solubility of cobalt hydroxide. Without and
with the cemented waste form in the systems at the equilib-
rium pH of 12.5, no complexant increases the equilibrium
concentration of cobalt.

B no coment

The results for the system deionized water/complex-
ant/cemented waste form are consistent with the results
from former experiments using EDTA, NTA and citric acid
as complexants (13). The only difference is, that in the
system without cemented waste at pH 12.0 strong complex
formation takes place with the three complexants and nearly
100% of the cobalt added is found in solution. By addition
of the cemented waste form, the cobalt concentration is
reduced to the low values determined by the solubility of
cobalt hydroxide as in the experiments described here. The
effect of the cement is explained by the interaction of the
calcium contained in the cement with the cobalt complex,
which causes the cobalt to be replaced by calcium, and the
cobalt is then precipitated as hydroxide. This statement is
confirmed by the results of thermodynamic calculations
performed using the computer code MINEQL (6). The
results of the calculations are shown in Fig. 2 and Fig. 3. In
the system without calcium (Fig. 2), the Co-EDTA complex
is stable over the entire pH range from 2 to 12 and no
hydrolysis takes place. If Caions compete with the cobalt
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Fig. 2. Calculated cobalt co centration as a function of
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for the EDTA (Fig. 3), the limit of the stability region of the
cobalt complex is lowered to pH 10.

Uranium

The data for uranium in Table II and given in Fig. 4
shows that complexation does not play an important role in
establishing the uranium equilibrium concentration in Q-
brine. Without the cemented waste form, in all samples with
the exception of citric acid and EDTA, the uranium con-
centration amounts to 1 E-4 M or less, and no influence of
the complexants is observed. In all cases a yellow precipi-
tate is observed. In the presence of citric acid the uranium
concentration amounts to 43 E-4 M and in presence of
EDTA to 1.8 E-4 M but these values are only slightly higher
than the value of 1.0 E-4 M for the samples containing no
complexant. In presence of the cemented waste form a
slight increase of the uranium concentration is also ob-
served for the samples containing EDTA, tartaric acid and
citric acid. The largest effect of the cemented waste form
is seen for the samples containing tartaric acid.

The results obtained in deionized water and saturated
sodium chloride solutions and summarized in Table III
show that in deionized water without the cemented waste
form only EDTA increases the uranium concentration
above the detection limit to 4.0 E-5 M, and this value
decreases with time. In sodium chloride, no effect of the
complexants at the pH value of 12.5 can be observed. In the
presence of the cemented waste form, the uranium concen-
tration for all samples amounts to or less than 1.0 E-5 M,
which is the detection limit under the experimental condi-
tions. Therefore, no influence of any of the complexants on
the uranium equilibrium concentration can be seen. The
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Fig. 4. U equilibrium concentrations in Q brine in
presence of complexants without and with
cemented waste form (room temperature, pH =
6.5, 30 ml Q brine).

fraction of uranium in solution calculated from the detec-
tion limit and the total amount of uranium added, amounts
to 0.001. The results for uranium are in good agreement
with the results obtained for cobalt and are also comparable
to the results of former experiments using plutonium, am-
ericium and neptunium under similar conditions (14).

SUMMARY

The results show that the cobalt and uranium equilib-
rium concentrations in the systems aqueous solution/ce-
mented waste form/complexant are influenced by the
cement matrix. In case of Q-brine containing only com-
plexants and no cement all of the cobalt added is found in
solution. By addition of the cemented waste form the radio-
nuclide concentration is decreased, but the equilibrium
concentration depends on the complexant added. An in-
crease of the cobalt concentration compared with samples
containing no complexant is observed when EDTA, NTA
and tartaric acid are added to the system.

In the case of uranium, only citric acid and EDTA have
a small effect on the uranium concentration in Q-brine if the
system contains no cemented waste form. By addition of
the cemented waste form a slight increase of the uranium
concentration is also observed in presence of citric acid,
tartaric acid and EDTA.

The results for the systems sodium chloride solution/ce-
mented waste form/ complexant and deionized water/ce-
mented waste form/complexants are comparable. The
radionuclide concentrations in these systems are deter-
mined by the solubility of the hydroxides at the equilibrium
pH value of 12.5 and are relatively low. In no case, was an
influence of any of the complexants on the radionuclide
concentration observed when the cemented waste form was
present. In contrast, for samples containing no cemented
waste form the cobalt concentration is increased by EDTA,
NTA and citric acid when the equilibrium pH value of 12.5
is adjusted with sodium hydroxide and for uranium, but only
in deionized water, if EDTA is present. The reason for the
influence of the cemented waste form on the cobalt and
uranium concentration is the replacement of the complexed
radionuclides by the calcium released from the cement and
the precipitation of the hydroxides at the high pH value of
12.5. This statement is confirmed by the results of thermo-
dynamic calculations using the computer code MINEQL.
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