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ABSTRACT: The chemistry of technetium (t1/2(99Tc) = 2.11 × 105
years) is of particular importance in the context of nuclear waste 
disposal and historic contaminated sites. Polycarboxylate ligands 
may be present in some sites and are potentially capable of strong 
complexing interactions, thus increasing the solub ility and mob ility 
of 99Tc under environmentally relevant conditions. This work aimed 
to determine the impact of five organic complexing ligands [L = 
oxalate, phthalate, citrate, nitrilotriacetate (NTA), and 
ethylenediaminetetraacetate (EDTA)] under anoxic, alkaline 
conditions (pH ≈ 9−13) on the solub ility of technetium. X-ray 
ab sorption spectroscopy confirmed t hat T cO2(am,hyd) remained 
the solub ility-controlling solid phase in undersaturation solubility 
experiments. Ligands with maximum coordination numbers (CN)
≥ 3 (EDTA, NTA, and citrate) exhib ited an increase in solub ility from pH 9 to 11, while ligands with CN ≤ 2 (oxalate and 
phthalate) at all investigated pH and CN ≥ 3 at pH ≈ 13 were outcompeted b y hydrolysis reactions. Though most available 
thermodynamic values were determined under acidic conditions, these models satisfactorily explained high-pH undersaturation 
solubility of technetium for citrate and NTA, whereas experimental data for Tc(IV)−EDTA were highly overestimated. This work 
illustrates the predominance of hydrolysis under hyperalkaline conditions and provides experimental support for existing 
thermodynamic models of Tc−L except Tc−EDTA, which requires further research regarding aqueous speciation and solubility.
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INTRODUCTION
Technetium (Tc) is a transition metal and the lightest element
for which all isotopes are radioactive.1 99Tc is a low-energy β
emitter produced in appreciable quantities in nuclear reactors
due to its relatively high fission yield (∼6.0%) from 235U and
239Pu fuels.2 Its predominance in spent nuclear fuel, radio-
toxicity, and long half-life (211,100 years)3 combine to make
technetium an element of concern for the long-term disposal of
radioactive waste.
Technetium has complex chemistry which can determine its

environmental mobility. Technetium has nine oxidation states
ranging from −I to VII, although only +IV and +VII are
traditionally considered environmentally relevant. Tc(IV) is
regarded as relatively immobile due to the formation of
sparingly soluble TcO2(am,hyd). Tc(VII) is remarkably mobile
in comparison; Tc(VII) readily forms pertechnetate (TcO4

−),
which is stable under oxidizing to weakly reducing, aqueous
conditions. Pertechnetate exhibits low sorption and high
solubility characteristics, resulting in elevated mobility, thus
causing pertechnetate to be a leading concern for the proper
disposal of waste and the remediation of historic contaminated
sites like the Hanford Site (Washington).4

Carboxylate-containing ligands are also expected to be
present in specific waste streams, predominantly in low and
intermediate level wastes (L/ILW). Oxalate (C2O4

2−) has been
used in reprocessing schemes of spent nuclear fuel and is a
major product from the radiolytic degradation of waste
conditioning and ion-exchange materials.5 Phthalates
(C8H4O4

2−−R2) are aromatic esters that are commonly used
as PVC plasticizers and thus are expected to be present within
specific L/ILW streams.6 These esters typically degrade to
phthalic acid (C8H6O4) over time, which is found as
deprotonated phthalate (C8H4O4

2−) in the alkaline to
hyperalkaline conditions prevailing in repository systems.
Citrate (C6H5O7

3−), nitrilotriacetate (NTA, N(CH2CO2)3−),
and ethylenediaminetetraacetate (EDTA, [CH2N-



(CH2CO2)2]24−) have all been used extensively in the nuclear
industry as decontamination and separation agents.5,7−9

These five ligands, illustrated in Figure S1, are of particular
importance due to their carboxylate functional groups, which
have been shown to favorably complex radionuclides like
technetium under highly alkaline, anoxic conditions.5 Citrate
also contains an alcohol group that has been shown to
deprotonate at pH > 12 and participate in aqueous complex
coordination in polynuclear complexes where steric hindrance
is circumvented, thus increasing citrate’s potential maximum
coordination number (CN).5 Finally, NTA and EDTA contain
one and two amine groups, respectively, which may also
participate in lone-pair interactions. It is expected that as the
maximum coordination number increases, the overall stability
and thus solubility of the aqueous complex will also increase.
While investigations of technetium interactions with most of

these ligands have been reported within the literature,9−15 a
majority were conducted under acidic conditions and thus may
not be representative of the type of complexes forming in
alkaline systems. For instance, the strong hydrolysis of Tc(IV)
results in the predominance of TcO(OH)3− at pH ≥ 10, which
may outcompete the formation of binary Tc(IV)−L complexes
or contribute to the formation of ternary Tc(IV)−O/OH−L
complexes. To better understand the overall chemistry of these
metal−ligand complexes, it is imperative to look closer at
technetium alkaline, aqueous complexation behavior in the
presence of each of these polycarboxylate ligands.
In this work, we investigate the solubility, complexation, and

redox behavior of technetium in the presence of a suite of
chelating organic ligands which contain varying numbers of
carboxylate functional groups. Experiments were performed
under controlled redox conditions using a combination of
undersaturation solubility experiments, oversaturation studies,
and advanced spectroscopic techniques. This work aims to gain
insight on the Tc−L complexes forming in alkaline to
hyperalkaline conditions and investigate the applicability of
available thermodynamic models, most of which were derived
from experimental studies conducted under acidic to near-
neutral pH conditions. From a more fundamental perspective,
this work also aims at exploring the role of coordination
number and number of carboxylate groups within an organic
ligand on the thermodynamic stability of aqueous technetium
complexes under conditions relevant for nuclear waste
disposal.

THERMODYNAMIC BACKGROUND
Thermodynamic data considered in this work for aqueous
complexes and solid compounds of technetium with inorganic
ligands were taken from the ThermoChimie database and the
recent update volume of the NEA-TDB dedicated to U, Np,
Pu, Am, and Tc.16,17 An additional NEA-TDB volume by
Hummel and co-workers focused on the aqueous complexation
of radionuclides relevant to nuclear waste disposal by small
organic ligands.5 Protonation constants for EDTA, citrate, and
oxalate were taken from this review. NTA and phthalate
thermodynamic constants were not included within this
publication and thus were taken from other literature/database
sources when available.10,17−19 Hummel and co-workers did
not select any equilibrium constants for Tc(IV)−L complexes
with the ligands investigated in this work. Due to this lack of
selected data, thermodynamic values for Tc−L aqueous
complexes were primarily taken from ThermoChimie.17,19

ThermoChimie Selects a Single Formation Constant
for Tc(IV)−EDTA. log K°(TcO(OH)(EDTA)3−) = (19.00 ±
0.58) for the reaction TcO(OH)2(aq) + H+ + EDTA4− ↔
TcO(OH)(EDTA)3− + H2O.10,17,19 Additional studies11,12

reporting a similar formation constant (log K° = 19.1) were
also discussed within the NEA-TDB5 but not selected due to
insufficient redox control and unreported equilibration times.
A more recent study13 proposed the formation of two Tc−
EDTA complexes: log K°(TcO(EDTA)2−) = (20.0 ± 0.4) and
log K°(Tc(OH)(EDTA)−) = (25.3 ± 0.5). These values were
later updated in another study14 (log K°(TcO(EDTA)2−) =
(17.9 ± 0.3) and log K°(Tc(OH)(EDTA)−) = (20.5 ± 0.1)).
Both publications reported that these complexes prevail in
acidic to near-neutral pH conditions, but the reported stability
constants were calculated using the TcO2+ moiety recently
excluded in the NEA-TDB. For the sake of consistency
between all Tc(IV)−L systems, and also considering the
expected relevance in alkaline to hyperalkaline conditions, we
use the TcO(OH)(EDTA)3− formation constant value
selected by ThermoChimie for Tc(IV)−EDTA thermody-
namic calculations herein.

ThermoChimie Selects Two Formation Constants for
the Tc−NTA System. log K°(TcO(OH)(NTA)2−) = (13.30
± 0.32) and log K°(TcO(OH)(NTA)25−) = (11.70 ± 0.50)
for the reaction(s) TcO(OH)2(aq) + H+ + xNTA3− ↔
TcO(OH)(NTA)x(1−3x) + H2O.10,17,19 Similar to Tc−EDTA,
Tc−NTA formation constants have been studied more
recently under acidic conditions and additional thermody-
namic data have been reported.20,21 The NTA complex
reported in these studies, TcO(NTA)−, forms only in acidic
conditions, only conditional constants at I ≥ 0.5 M NaNO3
were provided, and equilibrium reactions were again defined
using TcO2+ as master species. For these reasons, the values for
Tc−NTA calculations within this work are sourced from
ThermoChimie.

Tc−Oxalate Complexes with Stoichiometries 1:1 and
1:2 Are Selected within ThermoChimie. log K°(TcO(Ox)-
(aq)) = (9.80 ± 0.36) and log K°(TcO(Ox)22−) = (13.66 ±
0.37) for the reaction(s) TcO(OH)2(aq) + 2H+ + xOx2− ↔
TcO(Ox)x(2−2x) + 2H2O.15,17,19 Tc−oxalate values within
ThermoChimie were sourced from Xia et al.15 who performed
a series of solvent extraction studies at pH < 2 to determine
Tc−oxalate complex formation constants.

One Formation Constant for the Tc-Citrate System
Selected from Wall et al.9 No values for Tc−citrate
complexation were selected within ThermoChimie or dis-
cussed within the NEA-TDB. Wall et al.9 performed solvent
extraction studies from pH 4 to 7 to determine the formation
constants for two Tc−citrate complexes�TcO(OH)(Cit)2−

and TcO(OH)2(Cit)3−�which were subsequently corrected
for ionic strength using the specific ion-interaction theory
(SIT). The formation constants for these complexes were
derived using the reactions TcO(OH)+ + Cit3− ↔ TcO(OH)-
(Cit)2− and TcO(OH)2(aq) + Cit3− ↔ TcO(OH)2(Cit)3−,
respectively. TcO(OH)(Cit)2− has been disregarded in our
solubility calculations because the TcO(OH)+ moiety is not
consistent with the current NEA-TDB selection and the
complex is only predominant at pH < 6, thus proving irrelevant
for the experimental conditions investigated herein (pH > 8).
Instead of calculating a model with both proposed complexes,
only TcO(OH)2(Cit)3− has been used for the solubility
calculations within this work.



No Formation Constants Selected for Tc-Phthalate
System. Finally, no thermodynamic values were found within
the literature for technetium complexation with phthalate or
any of its protonated forms. For this reason, the solubility data
collected within this work are not compared to any calculated
Tc−phthalate thermodynamic models. Most of the available
thermodynamic values discussed within this section were
determined using solvent extraction techniques conducted
under primarily acidic conditions. Currently, limited literature
is available regarding solubility studies, either from over- or
undersaturation conditions, that have been performed to
validate these solvent extraction-derived models under high-
pH conditions. Thermodynamic models described above are
used only for scoping calculations and qualitative comparison
with experimental data obtained in this work. Development of
fully consistent thermodynamic models involving NEA-TDB,
ThermoChimie, and new experimental studies can only be
achieved through the re-evaluation of available experimental
data, which is outside of the scope of this work.

MATERIALS AND METHODS
Materials. Technetium experiments were performed in
specialized laboratories in the controlled area of KIT-INE. All
experiments were conducted in argon gloveboxes with O2 < 2
ppm under carbonate exclusion. A previous study on the
source and quantity of CO2 within the current experiment type
and setup suggests CO2 ≤ (3.1 ± 0.2) × 10−5 M within
Titrisol 1.0 M NaOH used for pH adjustment.22 All
experimental solutions were prepared with ultrapure water
purified with a Milli-Q apparatus (Millipore, 18.2 MΩ, 22 ± 2
°C). Before use, Milli-Q water was purged for at least 2 hours
with argon gas. Ionic strength in NaCl (Merck, p.a.)
experimental solutions was kept as low as possible (I =
0.50−0.85 M) while also attempting to maintain constant
concentrations considering all solution components (i.e.,
NaxHyL-NaCl-NaOH-HCl-SnCl2), described further below.
NaOH and HCl solutions used for pH adjustments were
prepared from standard solutions (Merck, Titrisol). Techne-
tium solids and stock solutions were prepared from a
chemically well-characterized 99Tc stock solution (0.6 M
NaTcO4).
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Preparation of TcO2(am,hyd). The TcO2(am,hyd) solid
phase was prepared through electrochemical reduction and
precipitation methods. Briefly, a 100 μL aliquot of a ∼0.6 M
Tc(VII) stock solution was diluted in 25 mL of 1.0 M HCl
before reduction with a platinum working electrode by
applying a constant potential of −0.350 V (vs. SHE) through
the use of an Ag/AgCl/3 M reference electrode and a standard
Pt counter electrode. The three electrodes immersed in the
diluted Tc(VII) solution were connected to a potentiostat
(Princeton Applied Research Model 362) to control constant
voltage. Following reduction and precipitation, the solid phase
was washed with Milli-Q water and resuspended in a SnCl2-
containing solution.

Solubility Experiments. Batch-type undersaturation sol-
ubility experiments using TcO2(am,hyd) were carried out at
constant ligand concentrations (12, 100 mM) and constant
pHm (9, 11, 13). SnCl2 (2 mM) was implemented as a redox
buffer to ensure strongly reducing conditions in all batch
reactors. Although traces of Sn(IV) probably formed in the
course of the experiments, the very low (pe + pH) values
retained throughout the experiments indicated that Sn was
mostly found in the +II oxidation state (see discussion in the

Supporting Information). The lowest organic concentration
(targeted at 10 mM) was increased to 12 mM to account for
any potential Sn(II)− or Sn(IV)−ligand complexation which
may occur. Table S1 details the experimental conditions for
each individual batch experiment. TcO2(am,hyd) (∼1.5 mg)
was added to batch reactors through a procedure involving
centrifugation of the solid suspension, washing of the solid
phase with Milli-Q water, and resuspension in the experimental
solution.
Batch-type oversaturation experiments using aqueous

NaTcO4 stock solutions were carried out at constant ligand
concentration (100 mM) and constant pHm (9, 11, 13). Two
pertechnetate (TcO4

−) concentrations were implemented at
each pHm: 10−3 and 10−5 M. SnCl2 (2 mM) was used as a
redox buffer in most batch reactors; additional experiments at
pHm ∼ 13 were performed without any SnCl2 inclusion as a
control to investigate the role of reducing conditions on
technetium oversaturation solubility over time. Table S2
details the experimental conditions for each individual batch
experiment. TcO4

− was added to experimental solutions
through a procedure involving 10 kD ultrafiltration of the
∼0.6 M NaTcO4 stock solution, dilution of the filtered stock to
an appropriate intermediate concentration with Milli-Q water,
and then spiking an aliquot of the diluted stock into
experimental solutions to achieve the targeted TcO4

−

concentrations.
Ionic strength in all systems was targeted at ∼0.5 M while

accounting for the contribution of all of the components (e.g.,
Na4EDTA-Na3HEDTA-Na2H2EDTA-NaH3EDTA-H4EDTA-
NaCl-HCl-NaOH). However, due to the large negative
charges on many of the ligands at high pH, actual I varied
from 0.50 to 0.85 M. The pHm of each sample was adjusted
using appropriate concentration solutions of HCl and NaOH
to maintain the targeted ionic strength before technetium
addition. After technetium addition, samples were shaken on a
semiregular, weekly basis and experimental pHm, Eh, and
aqueous technetium concentrations (after 10 kD ultrafiltra-
tion) were monitored in all undersaturation and oversaturation
systems for ≤278 or ≤173 days, respectively.

Analytical Methods. All pH measurements were per-
formed using combination pH electrodes (Orion Ross,
Thermo Scientific) calibrated against standard pH buffers
(pH = 7−12, Merck). Herein, we report pH as pHm or the
total free concentration of protons in molal units. In salt
solutions of ionic strength (I) ≥ 0.1 mol·kg−1, the measured
pH value (pHexp) is an operational apparent value related to
mH

+ by pHm = pHm + Am, where Am accounts for the activity
coefficient of H+ and the liquid junction of the electrode at the
given NaCl concentration.24 Redox potentials of experimental
solutions containing redox buffers were determined using
combination Pt, Ag/AgCl reference electrodes (Metrohm).
Further description of these measurement methods and
subsequent calculations to determine pHm and Eh/pe can be
found within the literature.25,26

A PerkinElmer Quantulus liquid scintillation counter (LSC)
was used to determine total aqueous technetium concen-
trations. LSC samples were prepared through 10 kD
ultrafiltration (2−3 nm, Pall Life Sciences) and subsequent
mixing with 10 mL of PerkinElmer Ultima Gold XR LSC
cocktail. Samples were counted for a minimum of 30 min to
achieve satisfactory counting statistics. Preliminary experiments
determined that none of the ligands utilized within this study



exhibited quenching effects on the technetium LSC signal, thus
verifying the procedure and use of LSC throughout this study.

X-ray Absorption Spectroscopy (XAS). Technetium K-
edge X-ray absorption near-edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) spectra
were recorded at the KIT light source (KARA storage ring,
KIT Campus North) using the ACT station of the CAT-ACT
beamline.27 The storage ring operated at 2.5 GeV electron
energy with a mean electron current of 120 mA. The standard
beam size and flux at the sample position were ∼1 × 1 mm and
∼1011 photons·s−1 per 100 mA at 20 keV, Si(111),
respectively. Solid phases were retrieved and characterized by
EXAFS to verify the structure of the solubility-controlling solid
phase in undersaturation experiments. X-ray absorption
spectroscopy (XAS) spectra of the technetium K-edge
(21,044 eV) were recorded in both fluorescence and
absorbance detection modes using an 8-pixel LEGe solid-
state detector and argon-filled ionization chambers. Incident
beam intensity and the transmission of 20 μm molybdenum
metal reference foil were recorded simultaneously using an
argon-filled ionization chamber at ambient pressure. Techne-
tium solid phases were measured in sealed polyethylene sample
containers equipped with a Kapton window and sealing O-
ring; all encased in a secondary sealed bag with an additional
Kapton window flushed with argon gas. Aliquots of a solid
suspension were prepared for analysis within an argon
atmosphere glovebox following centrifugation and washing
with degassed Milli-Q water.
EXAFS data reduction was performed with the ATHENA

and ARTEMIS software from the Demeter 0.9.26 program
package28 following standard procedures. Spectra were
calibrated against the first inflection point in the molybdenum
reference foil K-edge spectrum (20,000 eV), and E0 for the
technetium K-edge was selected at the first inflection point of
the white line using the first derivative. Tc(VII) and
TcO2(am,hyd) reference spectra were collected under similar
experimental conditions for comparison. EXAFS data analysis
was based on standard least-squares fit techniques while
neighbor atom distances (Ri), Debye−Waller factors (σi2), and
coordination numbers (Ni) for different coordination shells (i)
were determined using the FEFFIT code (FEFF6) within the
program package to derive ab initio scattering amplitudes and
phase shifts. The crystallographic information file
(COD:4124108) for the structure of TcO2 was obtained
from Rodriguez et al.29 Fit operations were performed in R-
space and the amplitude reduction factor (S02) was fixed at
0.75, which was determined by fitting the TcO4

− reference
spectrum with fixed N = 4.0.

Data Analysis and Modeling Methods. Thermodynam-
ic calculations in this work are based on the reactions and
associated constants provided in Table S3. SIT was used for
ionic strength corrections,30 and ion-interaction parameters
(Table S4) were either taken from the literature5,16 or
estimated based on Hummel’s charge correlation approach.31

The Medusa/Spana32,33 software package was applied for data
analysis/modeling, solubility, and Pourbaix (pe-pHm) diagram
calculations. Thermochemical models were calculated with I =
0.7 M NaCl to best represent the average ionic strength across
all experimental reactors.

RESULTS AND DISCUSSION
Undersaturation Solubility Experiments. Experimen-
tally measured pHm and pe values from undersaturation

solubility experiments are plotted on the Pourbaix diagram in
Figure S2, which displays the calculated predominance fields of
technetium solid compounds and aqueous species in ligand-
free systems. The comparison of experimental pHm and pe
values with the thermodynamic calculations shows that all
undersaturation solubility experiments maintained significantly
reducing conditions, as expected through the implementation
of SnCl2 as a redox buffer (pe + pHm ≈ 1.50). This implies that
both aqueous and solid technetium are expected to be Tc(IV),
at least in the absence of any organic ligand. Additionally,
Figure S3 shows the XANES spectrum of a selected solid phase
as compared to reference Tc(IV) and Tc(VII) spectra,
providing further evidence for technetium in the +IV oxidation
state within experimental solids.
EXAFS analysis was also performed on a selected solid phase

to verify the integrity of the solid over the experimental
lifetime. Figure 1 shows the Fourier-transformed (FT)

representation of k2-weighted EXAFS data for solid phase
recovered from the 100 mM EDTA system at pHm ∼ 9. This
solid phase was chosen for EXAFS measurements because the
100 mM EDTA system at pHm ∼ 9 exhibited the highest
amount of dissolution of all investigated systems. The data set
was fit with two coordination shells and structural parameters
resulting from the fit of the EXAFS spectrum are summarized
in Table 1. During fitting and interpretation of the EXAFS

Figure 1. Technetium K-edge EXAFS fit results for the
TcIVO2(am,hyd) solid phase recovered from the undersaturation
system in the presence of 100 mM EDTA�upper panel: FT
magnitude (solid line), fit magnitude (open circles), FT real part
(thin solid line), and fit real part (open triangles); lower panel:
Fourier-filtered data (solid line), raw data (thin solid line), and back-
transformed fit (open circles). R- and k-range fitting windows are
represented by dashed lines.



data, many different optimizations and models were attempted
to best represent the solid-phase data, but the fitting model
represented in the literature34 which holds the Tc−Tc shell
constant at 2, combined with the use of a TcO2·xH2O CIF,
resulted in the best fit of our data and the most realistic
generated parameters. This also allowed for a more direct
comparison to parameters reported within literature sources.
The EXAFS fit of the solid phase shows an O-shell at 2.04 Å
with a coordination number NO = 5.4 and a Tc shell at 2.58 Å
with NTc = 2. These results are in good agreement with
structural parameters reported in the literature for hydrated
TcO2 (i.e., TcO2·xH2O or TcO2(am,hyd)),29,34,35 thus
providing evidence that TcO2(am,hyd) remained the sol-
ubility-controlling solid phase throughout the lifetime of the
undersaturation solubility experiments.
Figure 2 shows the experimentally determined molal

aqueous technetium concentrations (m(Tc)tot) for experi-
ments of TcO2(am,hyd) equilibrated in solutions of 0, 12, or
100 mM total ligand concentration ([L]tot), I ≈ 0.7 M NaCl-
HCl-NaOH-NaxL, and 2 mM SnCl2 at steady state as
compared to literature thermodynamic models.9,10,15,17,19

Steady state was achieved for all undersaturation experiments
within <112 days (see Figure S4).

Control data in the absence of any ligand was well
represented by the TcO2(am,hyd) solubility model (Figure
2a−e, black squares). This model displays limited solubility in
the circumneutral to slightly alkaline range (log m(Tc)tot ≈
−8.7), followed by a significant increase of ∼2.5 orders of
magnitude as pHm increases from 10 to 14. The reason for the
increase in m(Tc)tot is the equilibrium between the two
solubility reactions TcO2(am,hyd) + 2H2O(l) ↔ TcO-
(OH)2(aq) and TcO2(am,hyd) + 3H2O(l) ↔ TcO(OH)3− +
H+, which reflect the predominance of TcO(OH)2(aq) under
circumneutral/slightly alkaline conditions and the ingrowth of
the TcO(OH)3− complex with elevated pH (i.e., 10−14). The
excellent agreement between our experimental data in the
absence of ligands and the calculated solubility verifies both the
precision and reproducibility of our experimental methods and
the chosen solubility models for the basis of further modeling
calculations within this work.
When comparing aqueous technetium concentrations in the

presence and absence of ligands, a clear separation occurred
between strongly and weakly complexing ligands. Only three of
the five selected organic ligands�EDTA, NTA, and citrate�
resulted in an increase in m(Tc)tot (Figure 2a−c), while the
other two ligands�oxalate and phthalate�displayed trends

Table 1. Data Range and Parameters Generated by Least-Squares Fitting of EXAFS Spectraa

sample k-range (Å−1) fit-range (Å) path N R (Å) ΔE0 (eV) σ2 (Å2) r-factor (%)

pHm ≈ 9 2.7−13.5 Tc−O 5.4 2.04 3.139 0.0025c 1.8
[EDTA] = 100 mM 1.2−2.6 Tc−Tc 2.0b 2.58 0.0035c

aS02 = 0.75, as determined from TcO4
− reference analysis (Tc−O N fixed to 4.0). Fit errors: CN: ± 20%, R: 0.01 Å, σ2: 0.001 Å2. bHeld constant

during the fit. cConstrained during the fit.

Figure 2. Experimentally measured m(Tc)tot in equilibrium with TcO2(am,hyd) at [L]tot = 0, 12, or 100 mM and I ≈ 0.7 M NaCl-HCl-NaOH-
NaxL for undersaturation experiments with L = (a) EDTA, (b) NTA, (c) citrate, (d) oxalate, and (e) phthalate. All data were collected between 41
and 278 days of equilibration, except for EDTA, which only shows data collected after 76 days of equilibration. Solid and dotted lines correspond to
the thermodynamically calculated solubility of TcO2(am,hyd) under different solution conditions based on values from the literature (Table
S3).9,10,15−17 Gray dashed lines represent the LSC detection limits (DL LSC) for the experimental analyses, and all error bars are either represented
or contained within data symbols.



nearly identical to the ligand-free control experiments (Figure
2d,e).
Experiments containing oxalate or phthalate at both [L]tot =

12 and 100 mM did not exhibit an increase in m(Tc)tot when
compared to control experiments. This indicates that if
Tc(IV)−L complexation occurred for oxalate and phthalate
systems, these complexes did not become predominant at pHm
9−13. It appears evident that both ligands are not strong
enough complexants to outcompete hydrolysis reactions under
alkaline conditions. Results obtained for Tc(IV)−oxalate
experiments were in line with current thermodynamic
calculations, which only predict elevated solubility through
Tc−Ox aqueous complexation (i.e., TcO(ox)(aq) and TcO-
(ox)23− formation) up to pH values of 5−6 and no increase in
solubility resulting from Tc−Ox complex formation at higher
pH, such as the pH ranges utilized within our experiments.
Note, however, that the solvent extraction study by Xia et al.15

was performed at pH ∼ 1.5. As previously discussed, no
current thermodynamic model could be found for the
Tc(IV)−phthalate system, so a similar model comparison
could not be performed.
For systems containing strongly complexing ligands�

EDTA, NTA, and citrate�elevated m(Tc)tot was observed at
both pHm ∼ 9 and ∼11 while little to no increase in m(Tc)tot

occurred at pHm ∼ 13. For less alkaline samples, the increase in
m(Tc)tot further increased with larger ligand concentrations.
This strongly supports the formation of Tc-(OH)−L
complexes in solution. Experimental observations at pHm ∼
13 indicate that Tc-(OH)−L complexes cannot outcompete
the predominance of the TcO(OH)3− hydrolysis species, at
least in the range of ligand concentrations investigated in this
work. The increased m(Tc)tot observed for NTA and citrate
experiments was well-described by the selected thermody-
namic models (see the Thermodynamic Background section).
These calculations effectively described not only the increase in
m(Tc)tot as a function of pHm but also the differences in
m(Tc)tot at different [L]tot, thus providing additional
experimental support for the selected Tc(IV)−NTA and
Tc(IV)−citrate formation constants (Table S3).
Alternatively, the thermodynamic model for the Tc(IV)−

EDTA system overestimates experimental m(Tc)tot at pHm ∼ 9
and ∼11 for both [EDTA]tot = 12 and 100 mM by 1−3 orders
of magnitude. The original source for the log β°(TcO(OH)-
(EDTA)3−) value selected in ThermoChimie is the ion-
exchange study by Gorski and Koch.11 This study was
performed at pH ∼ 1.5 without any specific control of the
redox conditions (possibly under air). Conducting experiments
at constant pH typically prevents the unequivocal definition of

Figure 3. Oversaturation experimentally measured aqueous m(Tc)tot at [L]tot = 0 M (black squares) or 100 mM (colored symbols) in the presence
(solid symbols) or absence (open symbols) of SnCl2 with [TcO4

−]i = 10−3 M (top panel) or 10−5 M (bottom panel) where L = (a, b) oxalate and
(c, d) phthalate. Data points increase in size with increasing equilibration time: t1 = 41 days, t2 = 88 days, and t3 = 173 days. Solid and dotted lines
correspond to the thermodynamically calculated solubility of TcO2(am,hyd) under different solution conditions based on values from the literature
(Table S3).9,10,15−17 Gray dashed lines represent the LSC detection limits for the experimental analyses, and all error bars are either represented or
contained within data symbols.



complex stoichiometry, and the lack of redox control may have
resulted in the (partial) oxidation of Tc(IV) to Tc(VII).
Furthermore, experiments by Gorski and Koch11 were
performed within a timeframe of 3 hours, which may prove
insufficient to attain equilibrium conditions in the Tc(IV)−
EDTA system. In fact, steady-state conditions in some of the
solubility samples investigated in this work were only attained
after 41 days (see Figure S5). Thus, in line with the
argumentation provided by NEA-TDB reviewers and outlined
herein, we consider the model provided by Gorski and Koch as
not fully reliable, especially for extrapolation to elevated pH
systems. Therefore, Tc(IV)−EDTA thermodynamic values
need to be revisited on the basis of new, systematic
experimental studies.

Oversaturation Experiments. Experimentally determined
pHm and pe values from oversaturation solubility experiments
are plotted on the Pourbaix diagrams in Figure S6 together
with calculated predominance fields of technetium solid
compounds and aqueous species. While we observed larger
variation in experimental pe measurements compared to
undersaturation experiments, specifically at pHm ∼ 9, it is
clear that the Sn-containing solutions maintained significantly
reducing conditions, even if a fraction of the Sn(II) was
potentially oxidized to Sn(IV). Measurements of pe in the
absence of a redox buffer are generally considered less reliable
due to undefined redox couples within solution, but
qualitatively we observed an increased pe for the experiments
in the absence of SnCl2 compared to those containing SnCl2 at
the same pHm.
Figures 3 and 4 show comparisons of experimentally

determined m(Tc)tot from oversaturation solubility experi-
ments in the presence of weakly and strongly complexing

ligands, respectively. Oversaturation experiments were con-
ducted using two different starting concentrations of Tc(VII)
([TcO4

−]i = 10−3 and 10−5 M). Experiments conducted in the
absence of SnCl2 and ligand-free experiments were performed
as controls to determine the impact of reducing conditions and
ligand complexation on the oversaturation solubility of
technetium over time (≤173 days), respectively.
For all experiments in the absence of SnCl2, no decrease in

m(Tc)tot was observed over time. This indicates that reducing
conditions, and the subsequent reduction to Tc(IV), are
necessary to induce a decrease in technetium solubility. This is
supported through a wide range of studies in the literature
characterizing pertechnetate as highly stable, soluble, and
mobile in oxidizing, aqueous environments.2 The observed
continued persistence of elevated technetium concentrations in
solution also suggests that in the absence of reducing
conditions, all five organic ligands investigated within this
study do not appear to have a significant reducing effect on
technetium.
A decrease in m(Tc)tot was observed over time for

experiments conducted in the presence of SnCl2 but in the
absence of any ligand. Long-term m(Tc)tot were lowest at pHm
∼ 9 and highest at pHm ∼ 13, as expected from the calculated
ligand-free solubility of TcO2(am,hyd). The m(Tc)tot for both
[TcO4

−]i = 10−3 and 10−5 M systems approached the
thermodynamically calculated solubility of TcO2(am,hyd)
over time, but due to lower initial technetium concentrations,
the 10−5 M system approached this solubility limit more
quickly than the 10−3 M system. We hypothesize that if these
systems were monitored further, ligand-free oversaturation
experiments would have achieved m(Tc)tot concentrations
equivalent to the selected thermodynamic model.

Figure 4. Oversaturation experimentally measured aqueous m(Tc)tot at [L]tot = 0 M (black squares) or 100 mM (colored symbols) in the presence
(solid symbols) or absence (open symbols) of SnCl2 with [TcO4

−]i = 10−3 M (top panel) or 10−5 M (bottom panel) where L = (a, b) EDTA, (c, d)
NTA, and (e, f) citrate. Data points increase in size with increasing equilibration time: t1 = 41 days, t2 = 88 days, and t3 = 173 days. Solid and dotted
lines correspond to the thermodynamically calculated solubility of TcO2(am,hyd) under different solution conditions based on values from the
literature (Table S3).9,10,15−17 Gray dashed lines represent the LSC detection limits for the experimental analyses, and all error bars are either
represented or contained within data symbols.



Experiments conducted in the presence of organic complex-
ing ligands again exhibited a split in solubility trends between
weakly complexing ligands�oxalate and phthalate�and
strongly complexing ligands�EDTA, NTA, and citrate. Figure
3 displays the oversaturation solubility data for weakly
complexing ligands. For both ligands, we observed a decrease
in m(Tc)tot over time, similar to ligand-free experiments.
Lower concentration experiments ([TcO4

−]i = 10−5 M) for
both weakly complexing ligands were either the same as or
approaching similar m(Tc)tot to undersaturation solubility
experiments, suggesting that these systems are close to
achieving equilibrium. Phthalate experiments at [TcO4

−]i =
10−3 M exhibited higher m(Tc)tot than oxalate experiments,
but both still displayed consistent decreases in concentration at
each sampling time point and would likely approach the
m(Tc)tot observed in ligand-free experiments if observed over
longer time periods. This suggests that while both ligands can
be considered weakly complexing, they may exhibit slightly
different kinetics at elevated Tc concentrations or may even
proceed through different reaction mechanisms before Tc
precipitation. These data and the suggestion of an equilibrium
between over- and undersaturation conditions provide further
support for the conclusion that if Tc(IV)−oxalate or Tc(IV)−
phthalate complexes formed under the investigated conditions,
they did not become the predominant species in solution
within our experiments.
Strongly complexing ligands led to an even slower decrease

of the initial Tc concentration (Figure 4). The decrease in Tc
concentration observed in most of the systems can only be
explained with the precipitation of a Tc(IV) solid phase
(expectedly TcO2(am,hyd)) after the reduction of Tc(VII) to
Tc(IV) in the aqueous phase. Two main hypotheses can be
raised to explain the very slow precipitation kinetics: (i)
formation of polynuclear complexes, likely triggered by the
presence of hydroxo groups in ternary Tc(IV)−OH−L
moieties, and (ii) formation of a transient state involving the
presence of other oxidation states of Tc, likely Tc(V)−L. In
our previous study with gluconate, a chelating ligand with one
carboxylic and five alcohol groups, oversaturation experiments
with Tc(VII) in the presence of SnCl2 as a reducing agent
resulted in even slower precipitation kinetics than those
observed in the present study for EDTA, NTA, and citrate.36

In the Tc−gluconate system, Tc K- and L3-edge XANES
confirmed that in the presence of the Sn reducing agent, Tc
was exclusively found in the +IV oxidation state, but in the
absence of any Sn reducing agent, the +V oxidation state was
observed. It is notable, as well, that the formation of colloidal/
polynuclear species further stabilized by inorganic (e.g.,
CO3

2−) or organic ligands (e.g., isosaccharinic acid) has
been previously described for other tetravalent elements such
as the actinides.37−39 A long-term study with Tc−citrate and
Tc−EDTA systems from oversaturation conditions involving
Tc K- and L3-edge XANES is currently ongoing in an attempt
to characterize the chemistry occurring in these systems more
definitively, and the main findings will be summarized in a
separate publication. Although this ongoing study will help to
unravel the chemistry of technetium in the transient state, the
results obtained in the present study strongly point to an end
point defined by Tc(IV) aqueous complexes and solid
compounds in the very reducing conditions investigated in
this work.

Applicability within Environmental Systems. This
work presents an investigation of alkaline and hyperalkaline

solubility data from both undersaturation and oversaturation
conditions and subsequent comparison to available thermody-
namic data for Tc(IV)−L systems within the literature (L =
EDTA, NTA, citrate, oxalate, and phthalate). Undersaturation
conditions were investigated to glean information regarding
thermodynamic equilibrium, as these conditions normally
promote relatively quick equilibration and limited variation in
experimental conditions over time. Oversaturation conditions
were implemented to further investigate redox contributions
and potential transience within Tc−L systems.
Currently, most available thermodynamic models within the

literature were derived from studies conducted under acidic
conditions. Thus, experimental comparisons to these thermo-
dynamic values are necessary to truly establish equilibrium
speciation of Tc(IV) under conditions relevant for nuclear
waste disposal. Five organic ligands containing 2−4 carboxylate
groups, along with additional alcohol and amine functional
groups, were investigated to determine the impact of
coordination number and additional functional groups on
overall technetium solubility, as well.
The two weakly complexing ligands with predicted

coordination numbers (CN) ≤ 2�oxalate and phthalate�
were found to have limited effects on overall technetium
solubility from pHm 9 to 13. As neither over- nor under-
saturation studies exhibited a clear increase in solubility with
respect to ligand-free control experiments, it was determined
that if Tc(IV)−oxalate or Tc(IV)−phthalate complexes do
form, they do not become the predominant, solubility-
controlling species in alkaline solutions. Likely, these
complexes are outcompeted by the formation of Tc(IV)-
hydrolysis species under high-pH conditions.
All three strongly complexing (CN ≥ 3) ligands�EDTA,

NTA, and citrate�exhibited a clear impact on aqueous
technetium solubility. From undersaturation conditions, this
increase in solubility was well-described by current NTA and
citrate thermodynamic models, but not well-described for the
EDTA systems. From oversaturation conditions, all three
systems maintained elevated aqueous technetium concen-
trations with little to no variation over time indicating the
formation of a potential metastable state (i.e., potential
stabilization of different technetium moieties than those
included within the models). In line with previous studies
with the Tc−gluconate system, this work supports that very
slow precipitation kinetics occur in the presence of chelating
ligands with CN ≥ 3.
Ultimately, this work has shown that under hyperalkaline

conditions, such as those which would be expected in
cementitious, nuclear waste disposal scenarios, hydrolysis is
expected to compete with both strongly and weakly complex-
ing organic ligands investigated within this study. From this
work, we would expect the investigated organic complexing
ligands to show a limited impact on the overall solubility and
mobility of technetium in long-term disposal scenarios in
repositories for L/ILW.
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