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1 Introduction

Thermodynamic description of Tc(iv) solubility and
hydrolysis in dilute to concentrated NaCl, MgCl,
and CaCl, solutionsy

Ezgi Yalgintas,* Xavier Gaona,* Marcus Altmaier, Kathy Dardenne, Robert Polly and
Horst Geckeis

We present the first systematic investigation of Tc(iv) solubility, hydrolysis and speciation in dilute to con-
centrated NaCl, MgCl, and CaCl, systems, and comprehensive thermodynamic and activity models for
the system Tc* —H*-Na*—Mg?*-Ca?*~OH™-Cl™—H,O using both SIT and Pitzer approaches. The results
are advancing the fundamental scientific understanding of Tc(iv) solution chemistry and are highly relevant
in the applied context of nuclear waste disposal. The solubility of Tc(iv) was investigated in carbonate-free
NaCl-NaOH (0.1-5.0 M), MgCl, (0.25-4.5 M) and CaCl, (0.25-4.5 M) solutions within 2 < pH,, < 14.5.
Undersaturation solubility experiments were performed under an Ar atmosphere at T = 22 + 2 °C. Strongly
reducing conditions (pe + pH,, < 2) were imposed with NayS,04, SNCl, and Fe powder to stabilize tech-
netium in the +1V redox state. The predominance of Tc(iv) in the aqueous phase was confirmed by solvent
extraction and XANES/EXAFS spectroscopy. Solid phase characterization was accomplished after attaining
thermodynamic equilibrium using XRD, SEM-EDS, XANES/EXAFS, TG-DTA and quantitative chemical
analysis, and indicated that TcO,-0.6H,O(s) exerts solubility-control in all evaluated systems. The
definition of the polyatomic TcsOs2* species instead of TcO?* is favoured under acidic conditions, con-
sistently with slope analysis (m1c vs. pH,,) of the solubility data gained in this work and spectroscopic evi-
dence previously reported in the literature. The additional formation of Tc(iv)-OH/O-Cl aqueous species
in concentrated chloride media ([Cl"] = 9 M) and pH,, < 4 is suggested by solubility and EXAFS data. The
pH-independent behaviour of the solubility observed under weakly acidic to weakly alkaline pH,, con-
ditions can be explained with the equilibrium reaction TcO,:0.6H,O(s) + 0.4H,O(l) & TcO(OH),(aq).
Solubility data determined in dilute NaCl systems with pH,, > 11 follow a well-defined slope of +1, consist-
ent with the predominance of TcO(OH)s~ previously selected by NEA-TDB. In concentrated MgCl, and
CaCl, solutions with pH,, > 8, the formation of the ternary Mgs[TcO(OH)sI** and Cas[TcO(OH)s]**
species is proposed based on the slope analysis of the solubility data, model calculations and previous
observations for analogous An(v) and Zr(v) systems. The formation and stability of these hitherto
unknown Tc(iv) species are supported by DFT calculations. Based on the newly generated experimental
data and previous spectroscopic observations, new comprehensive chemical, thermodynamic and activity
models (SIT, Pitzer) for these systems are derived.

and potential contribution to the dose rate of radioactive waste
in the long-term. Two main oxidation states of Tc (+vir and +v)

9T is a fission product of >**U and **Pu forming with a high
yield in nuclear reactors. The behaviour of “*Tc in repositories
for radioactive waste needs to be properly assessed due to its
redox sensitive character, very long half-life (¢,,, ~ 2.13 x 10° a)
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control the potential release and migration of this radio-
nuclide from the repository into the biosphere. Te(vu) is the
most stable oxidation state in suboxic/oxidizing environments,
forming the highly mobile TcO,” anion over the entire pH
range with very high solubility and very weak sorption pro-
perties." In contrast, Tc(iv) forms sparingly soluble oxides
TcO,xH,0(s) under reducing conditions, and thus it is
expected to control the chemical behaviour of Tc under the
redox conditions expected in deep underground repositories
for radioactive waste.

This journal is © The Royal Society of Chemistry 2016
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The geochemical conditions in underground repositories
are mostly defined by the host-rock formation, composition of
the groundwater, backfill material, waste inventories and waste
form, among others. Although dilute conditions (I < 0.1 M) are
normally expected for intruding waters in clay and crystalline
host-rock formations, high saline (5 M < I < 15 M) systems are
expected in certain sedimentary rocks and salt-rock for-
mations. The latter systems are characterized by high concen-
trations of Na®, Mg*', K', ClI- and SO,>~ with lower
contributions of Ca*', HCO;™, F~ and Br™.2 The use of cement-
based materials for conditioning/stabilization of the waste or
construction purposes in a repository potentially leads to an
alteration of the geochemical media buffering the pH in the
hyperalkaline range and inducing a significant increase in the
Ca concentration (~ 0.02 M at pH ~ 12.5).3 In concentrated salt
brine systems, the interaction of MgCl, with cement can
further lead to the formation of concentrated CaCl, systems
(up to 2.0 M) with pHy, ~ 12 (pHy, = —log my+).* The solution
chemistry of radionuclides in saline systems of high ionic
strength cannot be predicted from data and model descrip-
tions gained in dilute systems, mainly because of strong ion
interaction processes taking place in the former, leading to a
potential strong stabilisation or de-stabilisation of species in
brine systems. Besides ion interaction processes which may
significantly affect the chemical behaviour and thermo-
dynamic equilibria, the presence of high concentrations of
cations like Mg>" or Ca”" can further result in the formation of
new aqueous species or solid compounds not observed in
dilute systems. Apart from being an interesting research topic
from the perspective of fundamental aquatic chemistry, this
tendency can lead to completely different chemical properties
and migration behaviour of radionuclides in salt brine
systems, which therefore justifies dedicated research efforts.

The solubility of Tc(iv) was previously investigated by a
number of research groups, in most of the cases at low ionic
strength. Meyer et al.” studied the solubility of Tc(iv) in the pH
range 1 to 10. Two different approaches were used for the
preparation of the solid phase, namely electrodeposition of an
oxide solid phase and the oxide precipitation onto sand par-
ticles from reduction of Tc(vir) by hydrazine. The authors deter-
mined the number of hydration waters in TcO,-xH,O(s) as
(1.63 + 0.28) by weighing the dried solid phases reduced under
acidic and alkaline conditions. Based on their solubility data,
Meyer and co-workers proposed a chemical model with
TcO** and TcO(OH)" species prevailing under acidic con-
ditions. On the other hand, the chemical equilibrium
TcO,-1.6H,0(s) & TcO(OH),(aq) + 0.6H,O(l) was proposed to
explain the very low and pH-independent solubility behaviour
within 4 < pH < 10. Eriksen et al.® performed solubility experi-
ments with an electrodeposited Tc(iv) oxide as a function of
pH and Pco,. Consistently with Meyer and co-workers, these
authors observed a pH-independent solubility (%7 x 107° M)
within the pH range 6 to 9.5. The increase in solubility with
slope +1 observed above pH = 9.5 was interpreted as the for-
mation of the TcO(OH);~ species in accordance with the
chemical reaction TcO,-xH,0(s) & TcO(OH);~ + H' + (x — 2)

This journal is © The Royal Society of Chemistry 2016
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H,0(1) and log Ky o), = —(19:2 + 0.3). Hess et al. (2004)
conducted solubility experiments in dilute to concentrated
saline systems (up to 5.0 M NaCl and 6.0 M HCl) under acidic
to near-neutral pH conditions. Samples were equilibrated for
up to 65 days. The solubility study was complemented with
extensive solid and aqueous phase characterization, including
XRD, UV-vis, XANES/EXAFS and liquid-liquid extraction. In
spite of the high [CI7] considered in the study, the authors
only reported evidence on the formation of Tc(iv)-Cl species
(TeCly(aq) and TeClg>") at pHy, < 1 and I > 2.5 M. The trans-
formation of TcO,-xH,O(s) to TcCly(s) was also proposed to
take place under these conditions. Above pH,, ~ 1, Hess and
co-workers reported the predominance of Tc(iv) hydrolysis
species and explained the significant increase in solubility
observed in concentrated NaCl solutions exclusively by ion
interaction processes. The authors derived comprehensive
chemical, thermodynamic and activity models for Tc(wv) in
acidic HCI-NaCl systems based on their solubility data at short
equilibration times (¢ = 11 days) and the corresponding solid
and aqueous phase characterization. The chemical model
reported by Hess et al. is in agreement with previous publi-
cations available in the literature and with the current NEA-
TDB data selection, although the authors reported greater
log K:,Tco(OH)+ for the TcO(OH)"' species, which accordingly
becomes predominant in the acidic pH region. Later, Liu et al.
(2007)® performed Tc(iv) solubility experiments in simulated
ground water within 1 < pH < 12 and 10~* M < [CO5*7] < 0.05
M. The authors found a good agreement with previous publi-
cations and did not observe any relevant increase in Tc(iv)
solubility due to carbonate complexation. Warwick et al.’
investigated the solubility of Tc(wv) reduced by Sn(u) and Fe(u)
within the pH range 11.8 to 14.4. In contrast to the solubility
data by Eriksen and co-workers, the authors only observed a
slight increase of Tc(w) solubility above pH = 13.5. Unfortu-
nately, no solid phase characterization was conducted by
the authors, and thus it can only be speculated that a more
crystalline solid or alteration phase was eventually responsible
for the control of the solubility in this study. Kobayashi and
co-workers (2013)'% investigated the reduction of Tc(vn) to
Tc(v) in 0.1 M NaCl and the presence of various reducing
systems. The authors compared their experimental results with
thermodynamic calculations of the Tc(vi)/Tc(iv) redox border,
with the aim of assessing the kinetics of the reduction process
and the reliability of E,-pH measurements. Recently, Yalcintas
et al.'* extended the redox experiments by Kobayashi et al. to
dilute and concentrated NaCl and MgCl, solutions in order to
evaluate the effect of elevated ionic strength on the redox be-
haviour of Tc. Besides the impact of salt concentration on the
measured E}, values, a systematic increase in the concentration
of Tc(wv) under acidic conditions was observed with increasing
ionic strength, thus reflecting a relevant impact of ion inter-
action processes on the aquatic chemistry of Te(iv).

Besides these studies specifically targeting the determi-
nation of thermodynamic data, a number of spectroscopic
investigations providing relevant insights into the speciation
of Tc under acidic conditions have been published since

Dalton Trans., 2016, 45, 8916-8936 | 8917
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2000.">7'® Hence, Vichot et al. (2002) investigated the specia-
tion of Tc(iv) in aqueous C1~ and SO,*>” media at pH =~ 1.5 and
I < 3 M.'? Based on the evaluation of their EXAFS data, the
authors proposed the formation of small sized polynuclear
species independently of the composition of the background
electrolyte. EXAFS data disregarded also the presence of Cl-
backscatterers in the first coordination shell of Tec. In 2003, the
same authors confirmed the formation and predominance of
polymeric Tc,,,Op(“"’Z"’]+ species up to pH = 3 using UV-vis spec-
troscopy, clearly contradicting the previously postulated pre-
dominance of the monomeric TcO** and TcO(OH)" species.
The authors interpreted their data with the formation of the
trimer Tc;04"", which shows clear analogies with the cluster
M;0,-9H,0*" previously described for Mo(wv)."* Poineau et al.
(2006)'° investigated the aqueous speciation of Tc in 3.0 M
HCI-NaCl solutions with 0 < pH < 1.5 using a combination of
spectroscopic techniques (UV-vis/NIR and EXAFS). The authors
confirmed the predominance of the Tc,0Cl;,*” species at 0.1
< pH < 1.1, whereas TcCls>~ and Tc, 0, ?")* prevailed below
and above this pH range, respectively.'”

In spite of the abundant experimental studies focussing on
the aquatic chemistry of Tc(wv), a number of open questions
remain with regard to the chemical and thermodynamic
models available for this system. Furthermore, the lack of sys-
tematic studies at elevated ionic strength hinders the develop-
ment of accurate activity models able to predict the chemical
behaviour of Te(wv) at I # 0 and directly impacts the possibili-
ties to model Tc chemistry in salt media. In this context, the
present study aims at a comprehensive and systematic investi-
gation of Tc(wv) solubility and hydrolysis in dilute to concen-
trated NaCl, MgCl, and CaCl, systems relevant for different
nuclear waste disposal concepts and scenarios. Solubility
experiments are complemented with comprehensive solid and
aqueous phase characterisation contributing to the develop-
ment of an accurate chemical model for this system. The
thermodynamic and activity models for the system Tc'"*-H'-
Na'-Mg*"-Ca**~OH -Cl -H,0 are derived based on the newly
generated experimental data using SIT and Pitzer approaches.

1.1. Thermodynamic background

1.1.1 Current NEA-TDB selection for Tc. The thermo-
chemical database project of the Nuclear Energy Agency (NEA-
TDB) is the most comprehensive evaluation of thermodynamic
data currently available for actinides, fission products and
other elements relevant in the context of nuclear waste dispo-
sal. Technetium was initially reviewed in the volume 3 of the
NEA-TDB series," although the thermodynamic selection was
later revisited in the update volume by Guillaumont and co-
authors.'® The outcome is a critically reviewed selection of Tc
thermodynamic data, rather complete for Tc(vi)/Tc(iv) redox
reactions and Tc(v) solubility, hydrolysis and carbonate com-
plexation as summarized in Table 1. TcO,-xH,O(s) is the only
Tc(wv) oxy-hydroxide solid phase selected in the NEA-TDB, and
it is thus assumed to control the solubility of Tc(wv) over the
complete pH-range except under very acidic conditions where
Tc(w)-Cl solid phases may form. The Tc(v) hydrolysis scheme
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Table 1 Stability constants currently selected in the NEA-TDB®® for the
solubility and hydrolysis of Tc(iv)

Solubility, log K

TcO,-1.6H,0(s) © TcO(OH),(aq) + 0.6H,0(1) -8.4+0.5

Hydrolysis, log

TcO(OH),(aq) + 2H" & TcO*" + 2H,0(1) <4
TcO(OH),(aq) + H' & TcO(OH)" + H,0(1) 2.5+0.8
TcO(OH),(aq) + H,O(1) & TcO(OH),” + H' -10.9 + 0.4

selected in the NEA-TDB includes the TcO*" and TcO(OH)*
species forming under acidic conditions, TcO(OH),(aq) prevail-
ing within 3 < pH < 10, and the anionic TcO(OH);~ species
dominating the aqueous chemistry of Tc(iv) under hyper-
alkaline pH conditions. The NEA-TDB performed this selec-
tion based only on the solubility studies by Meyer et al. (1991)°
and Eriksen et al. (1992).°

The first definition of TcO®" as Te(v) cation prevailing
under very acidic conditions dates back to the electrophoretic
study by Gorski and Koch (1969),"> who reported a Tc(iv)
species with charge +2 dominating at pH < 1.3. This formu-
lation was adopted by the NEA-TDB, although more recent
spectroscopic studies strongly hint towards the predominance
of positively charged Tc(v) polyatomic species under acidic
conditions.””® In spite of selecting the TcO(OH);™ species,
Rard and co-workers' acknowledged the need of additional
experimental studies focussing on the alkaline pH region due
to the limited number of data points in the study of Eriksen
et al. (1992).° The lack of experimental studies at I > 0.1 M hin-
dered the development of an activity model for Tc(wv), which
remains as one of the main limitations of the current Tc(iv)
thermodynamic selection in the NEA-TDB.

1.1.2 Activity models used in this work. The experimental
conditions investigated in this study cover dilute (I = 0.1 M) to
highly concentrated saline brine systems (up to I = 13.5 M).
The use of this broad range of ionic strengths allows the
assessment of Tc behaviour as a function of systematically
varying chemical boundary conditions relevant for different
disposal concepts (including disposal in rock-salt formations),
but also permits an accurate extrapolation of the experi-
mentally derived conditional equilibrium constants to I = 0
and simultaneous determination of the corresponding activity
model. Both SIT and Pitzer activity models have been used in
this study, SIT being the approach favoured by the NEA-TDB
and Pitzer being the model widely recognized as the most
accurate and most frequently used for extremely high ionic
strengths (see the ESIT).

2 Materials and methods
2.1 Chemicals

All solutions were prepared with purified water (Milli-Q aca-
demic, Millipore) and purged for 2-3 hours with Ar before use.
All sample preparation and handling procedures were per-
formed in an Ar glovebox with <1 ppm O, at T = 22 + 2 °C.

This journal is © The Royal Society of Chemistry 2016
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A purified and radiochemically well-characterized °°Tc stock
solution (1.3 M NaTcO,) was used for the electrochemical
preparation of the Tc(iv) stock suspension. NaCl (p.a.),
MgCl,-6H,0 (p.a.), Mg(OH),(s), CaCl,-2H,0 (p.a.), Ca(OH),(s),
sodium dithionite (Na,S,0,) and metallic iron powder (grain
size 10 um) were purchased from Merck. SnCl,, pH buffers
PIPES (pK, =6.8), TRIS (pK, =8.3) and tetraphenylphos-
phonium chloride (TPPC) were obtained from Sigma-Aldrich.
HCl and NaOH Titrisol© (Merck) were used for adjusting the
PH of the solutions.

2.2 pH and E;, measurements

The hydrogen ion concentration (pH, = -logmyt) was
measured using combination pH electrodes (type ROSS, Orion)
calibrated against standard pH buffers (2 < pH < 12, Merck).
In salt solutions of ionic strength I,, > 0.1 mol kg™", the
measured pH value (pHcp) is an operational apparent value
related to my: by pHy, = pPHexp + Am. The empirical correction
factor A,, entails both the liquid junction potential and the
activity coefficient of H'. Ay, values determined as a function
of NaCl, MgCl, and CaCl, concentrations are available in the
literature.>>*' In NaCl-NaOH solutions with moy- > 0.03 m,
the H' concentration was calculated from the given mgy- and
the conditional ion product of water.'® In MgCl, and CacCl,
solutions, the highest pHy, (pHmay) is fixed by the precipi-
tation of Mg(OH),(s) and Ca(OH),(s) (or corresponding
hydroxochlorides at Ca or Mg concentrations above ~2 m),
which buffer pH,, at ~ 9 and = 12, respectively.>’

Redox potentials were measured with Pt combination elec-
trodes with the Ag/AgCl reference system (Metrohm) and con-
verted to E, vs. the standard hydrogen electrode (SHE) by
correction for the potential of the Ag/AgCl reference electrode
(+208 mV for 3 M KCl at T = 22 °C). The measurement of Ey
values in highly saline systems was previously discussed
elsewhere.™

2.3 Sample preparation and characterization

The Tc(iv) solid phase used in this study was prepared by
electrochemical reduction of a 0.01 M TcO,~ solution in 1.0 M
HCIl at £ ~ —50 mV vs. SHE, followed by quantitative precipi-
tation of the Tc(wv) suspension in 5 mM Na,S,0, solution at
PHm > 12. The resulting TcO,-xH,O(s) was aged for two
months before further use.

The solubility of Tc(v) was studied from undersaturation
conditions in 0.1-5.0 M NacCl, 0.25-4.5 M MgCl, and 0.25-4.5
M CaCl, solutions. A total of 52 independent batch samples
were prepared in these background electrolytes. The pH values
were adjusted at 1.5 < pH,,, < 14.5 by using HCl-NaCl-NaOH,
HCI-MgCl, and HCI-CaCl, of appropriate ionic strength, as
well as Mg(OH),(s) and Ca(OH),(s). 0.5 M PIPES and 1.0 M
TRIS stock solutions were used for buffering the solubility
samples at pH,, ~ 7 and pH,, & 8, respectively. In both cases,
the final buffer concentration was 12 mM. Based on a previous
comprehensive study on the redox chemistry of Tc(vi)/Te(v) in
dilute to concentrated saline systems,"" Na,S,0,, SnCl, and Fe
powders (depending upon target pH) were used to stabilize the

This journal is © The Royal Society of Chemistry 2016
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+IV redox state of Tc in the solubility samples. Background
electrolyte solutions with adjusted pH,, and E; conditions
were equilibrated for two weeks. About 5 mg of the Tc(v) solid
phase were washed three times with 1 mL of the respective
pre-equilibrated matrix solution and added to 20 mL of the
same matrix solution in 50 mL screw cap centrifuge vials
(Nalgene™, Thermo Scientific). Those samples with expectedly
high solubility were prepared in smaller volumes (1 to 5 mL) to
avoid the complete dissolution of the Tc(wv) solid phase. pHy,
and mr. in the solubility samples were repeatedly measured at
regular time intervals, usually from 3 to 600 days. During this
time, samples were agitated manually about once per week.
After reaching equilibrium conditions (stable pH,, and mr.
readings), the pH of some unbuffered samples was slightly
shifted by addition of acidic or basic solutions of the same
ionic strength to obtain additional data points in the
solubility curve. This approach was strictly followed from pH
values with lower to higher solubility, in order to avoid oversa-
turation conditions and the potential formation of colloidal
phases.”?

Tc concentration in solution was quantified by Liquid Scin-
tillation Counting (LSC, Quantulus, Perkin Elmer) after 10 kD
ultrafiltration (2-3 nm, Pall Life Sciences). Samples for LSC
analysis were mixed with 10 mL of LSC-cocktail Ultima Gold
XR (Perkin-Elmer). The detection limit of LSC for this system
was calculated as ~ 4 x 107'° M (signal of the blank +3 stan-
dard deviations). The error associated with the sorption of Tc
on the ultrafiltration filters was found below the uncertainty of
the measurement of my.. The oxidation state of Tc in the
aqueous phase was determined by solvent extraction as
reported elsewhere.”>?* The supernatant of the sample was
contacted with 50 mM TPPC in chloroform. After vigorous
mixing for 1 minute and subsequent separation of the
aqueous and organic phases by centrifugation, Tc concen-
tration in the aqueous phase was determined by LSC. Since
TcO, " is extracted to the organic solvent, the activity remain-
ing in the aqueous phase is interpreted as Tc(wv).

Solid phase characterization was conducted for selected
batch samples after attaining equilibrium conditions. A frac-
tion of the solid phase (1 mg) was washed 3-5 times with
ethanol under an Ar atmosphere to remove the salt-containing
matrix solution. After the last cleaning step, the solid was re-
suspended in approximately 20 pL ethanol, transferred to a
capped silicon single crystal sample holder (Dome, Bruker),
dried under an Ar atmosphere for a few minutes before sealing
of the sample holder, and transferred outside the glovebox for
the collection the XRD diffractogram. XRD measurements were
performed on a Bruker AXS D8 Advance X-ray powder diffracto-
meter at 10° < 26 < 78° with incremental steps of 0.015° and a
measurement time of 1.7 seconds per step. The spectra
collected were compared with the JCPDS database (Joint
Committee on Powder Diffraction Standards®). After XRD
measurement, the solid phase was dissolved in 1 mL of 2-3%
HNO; and used for quantitative chemical analysis. The dis-
solved solid phase was analysed by LSC and inductively

coupled plasma-optical emission spectroscopy (ICP-OES,

Dalton Trans., 2016, 45, 8916-8936 | 8919


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6dt00973e

Open Access Article. Published on 20 April 2016. Downloaded on 6/20/2026 5:49:32 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Perkin-Elmer Optima 2000™) to determine the Tc and Na, Mg,
or Ca contents, respectively. Analytical errors in the quantitat-
ive chemical analysis by LSC and ICP-OES can be safely con-
sidered to be below 10%. A second fraction of the washed solid
was investigated in the selected samples by scanning electron
microscope-energy disperse spectrometry (SEM-EDS) with the
aim of characterizing the morphology and crystallinity of the
solid phase, and to further assess its chemical composition.
Measurements were performed with a FEI Quanta 650 FEG
equipped with a Noran EDS unit.

The number of hydration waters in the TcO,-xH,O(s) solid
phase used in the present work before and after solubility
experiments was quantified by thermogravimetric analysis
(TG-DTA) using a Netzsch STA 449C equipment. Three
samples were prepared for thermogravimetric analysis: (i)
6.6 mg of the original Tc(wv) solid phase prepared by electro-
lysis and consecutive precipitation in alkaline media (presence
of Na,S,04, pHy =~ 12), (ii) 6.1 mg of the Tc(iv) solid phase
equilibrated in 5.0 M NaCl (presence of Na,S,0,4, pHy, = 12, 13
and 14) and (iii) 1.4 mg of the Tc(wv) solid phase equilibrated
in 4.5 M MgCl, (presence of Sn(u), pH,, = 4). All investigated
samples were washed 3-5 times with ethanol under an Ar
atmosphere to remove the salt-containing matrix solution.
After the last cleaning step, the solid was left to dry under an
Ar atmosphere for 2-3 days and transferred to a glovebox
specifically dedicated to DTA analyses. Measurements were
performed under an Ar atmosphere up to 7 = 200 °C at a rate

of 5 K min~*.

2.4 XAFS measurements

XAFS spectra were recorded at the INE-Beamline for Actinide
Research at ANKA, KIT Campus North,>® in Karlsruhe,
Germany. Both solid and aqueous phases were characterized
by XANES/EXAFS to confirm the redox state of Tc and assess
its coordination environment. Three samples were investi-
gated: (i) the original Tc(wv) solid phase, (ii) a Tc(wv) solid phase
equilibrated in 4.5 M CaCl, at pH,,, = 11.4 and (iii) the super-
natant solution of the solubility sample equilibrated in 4.5 M
MgCl, at pH,, = 2.0 (M. ~ 3 X 107> m). In all cases, approxi-
mately 300 pL of the suspension were transferred to a 400 pL
polyethylene vial under an Ar atmosphere and centrifuged at
4020g for 10 minutes to obtain a compacted solid phase at the
bottom of the vial. The vials were mounted in a gas-tight cell
with windows of the Kapton® film (polyimide) inside the Ar-
glovebox and transported to the INE-Beamline. XAFS measure-
ments were conducted within a few hours after sample
preparation.

Tc-K edge (21044 eV) XAFS spectra (3-4 replicates per
sample) were recorded at room temperature under a continu-
ous flow of Ar. Ge(422) crystals were used in the double crystal
monochromator, Lemonnier-type operating in fixed-exit mode.
The monochromatic beam is focused by a toroidal mirror, deli-
vering a beam spot-size of ~500 x 300 pm? at the sample posi-
tion at a photon energy of 18 keV. The parallel alignment of
the crystal faces was detuned to ~70% of the maximum beam
intensity at the beginning of each scan. The incident intensity

8920 | Dalton Trans., 2016, 45, 8916-8936

View Article Online

Dalton Transactions

was held constant by means of a piezo-driven feedback system
to the second crystal. The intensity of the incoming beam (10)
was monitored using an Ar filled ionization chamber at
ambient pressure. Spectra were recorded in fluorescence mode
using a five pixel LEGe solid state detector (Canberra,
Belgium). Tc spectra were energy-calibrated with respect to the
first inflection point in the XANES spectra of a Mo metal foil
(20000 eV), which was measured simultaneously in trans-
mission geometry.

XANES/EXAFS data reduction and analysis were performed
with the ATHENA/ARTEMIS package following standard pro-
cedures.”” Structural information was obtained following a
multi-shell step-wise approach for the EXAFS data fitting. The
fit included the neighbouring atomic distances (R), EXAFS
Debye-Waller factors (%), coordination numbers (CN) and
relative shift in ionization energy E, (AE,). EXAFS spectra were
Fourier transformed (FT) in the k-range between 2.6-10.4 A~
and 2.0-8.5 A~* using Hanning windows for solid and aqueous
phases, respectively. The fit was performed in R-space
(1.2-2.5 A) using paths files calculated with Feff8.4 based on
the TcO, crystal structure reported in the ICSD database with
record number 17-3151. The coordination number of O-shells
was allowed to vary in the fit, whereas Tc- and Cl-shells were
constrained to 1 and 1.4, respectively. The value of 1.4 for Cl in
the fit of aqueous phases was obtained in a preliminary fit
where CN(Cl) was defined such that the total CN(O) + CN(Cl)
for the first coordination shell was equal to 6. The overall
amplitude factor S,> was set to 0.75 to obtain a good match
with the coordination number of ~6 in the solid and reference
samples.

2.5 Quantum chemical calculations

The stability of the complexes [TcO(OH);’” and
Ca,[TcO(OH);]*" ™ (n = 1-3) in gas and aqueous phases was
investigated by quantum chemical calculations using a combi-
nation of multi reference ab initio methods and density func-
tional theory (DFT). Only multi reference ab initio calculations
on TcO (ref. 28) and density functional theory (DFT) calcu-
lations on TcO>" (ref. 29) have been previously reported in the
literature, whereas no accurate high-level multireference ab
initio calculations on TcO>" are available to date. Provided that
TcO?" is at the core of these complexes, the lack of these calcu-
lations prevents a theoretically sound characterization of the
lowest electronic state. Consequently, we performed pilot
studies on TcO** with high-level multireference Complete
Active Space Self Consistent Field (CASSCF) and Multi Refer-
ence Configuration Interaction (MRCI) calculations to identify
the electronic configuration of the ground states of these
species.”® This is a very important pre-requisite for the theor-
etically sound application of DFT, which is restricted to single
reference states. Calculations were first performed in the gas
phase, and then extended to a simulated aqueous system con-
sisting of a water cluster with 100 water molecules. This cluster
was previously described by Miiller et al and Lenz and
Ojamaia.?'™3?
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3 Results and discussion

3.1 Solubility of Tc(w) in dilute to concentrated NaCl
solutions

Fig. 1 shows the experimental solubility data obtained in the
present work in dilute to concentrated NaCl systems, com-
pared with solubility data previously reported in the literature
(Meyer et al., 1991;> Eriksen et al., 1992;°® Hess et al., 2004;
Warwick et al., 2007°). In the acidic pH region, experimental
data in 0.1 M NacCl agree well with the previous solubility data
in dilute systems reported by Meyer et al. (1991).> The solubi-
lity of Tc(wv) within 2.5 < pH,, < 4 increases up to 3 orders of
magnitude with increasing ionic strength. This trend qualitat-
ively agrees with previous experiments reported by Hess et al.
(2004)” (see also Fig. 1). Strong kinetics are observed for the
sample at pHy, = 2 in 5.0 M NacCl, for which equilibrium is not
attained even after 520 days of contact time. Note that slow
kinetics were also observed by Hess and co-workers in their
solubility experiments, in spite of considering significantly
shorter equilibration times (<61 days).

All investigated NaCl systems follow a well-defined slope of
—2 (log Mrcav) vS. pHm, dashed lines in Fig. 1) within the pHy,-
range 1.5 to 4, which indicates that 2 H' are consumed in the
chemical reaction controlling the solubility of Tc(wv) in this pH
region. This observation agrees very well with the slope analy-
sis in the study of Meyer et al.,> whereas it is in disagreement
with the slope of —1 proposed by Hess et al.” Note that Hess
and co-workers disregarded their solubility data at longer equi-
libration times for the slope analysis (and thus for the defi-

-3 ’ % T % T X T d T 3 T Y T ¥ T
——1/=0, NEA-TDB
1% O /~0, Meyeretal., (1991) 1
+ 1~0, Eriksen et al., (1992)
-4 - 4® 5.0 M NaCl, 29 d, Hess et al., (2004) &
] &> " 2.5 M NaCl, 61 d, Hess et al., (2004)
1 \ \ 0.8 M NaCl, 29 d, Hess et al., (2004)
5 \ O Warwick et al., (2007)
This work:
1 A 5.0 M NaCl
s \ 3.0 M NaCl
1 -6 \ \ 1.0 M NaCl
= O Slope -2 0.5 M NaCl y
£ 1 : B 0.1MNaCI ; 1
/
(=
g -7- -
-8 0
1 \. \ % m] O ’/8 @3 fl
-9 | \ O~ @ eo / <
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\ Slope’+1
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Fig. 1 Tc(iv) experimental solubility data determined in this work in
dilute to concentrated NaCl solutions. Solubility data reported in the lit-
erature under analogous experimental conditions appended in the
figure for comparison purposes. Solid line corresponds to the overall
solubility curve of TcO,:1.6H,0(s) calculated at / = 0 with the current
NEA-TDB thermodynamic selection for Tc(iv). Dashed lines indicate the
slope analysis performed in the present work. The arrow shows the time
dependency of the indicated sample.
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nition of their chemical model), which was mostly based on
solubility data gained after 11 days of equilibration time. Pro-
vided the strong kinetics observed (both in the present work
and in Hess et al.) for the solubility equilibria under acidic
conditions, we consider that the interpretation by the latter
authors is not representing the thermodynamic equilibrium
under these conditions (see Fig. A1 in the ESIT).

At 4 < pH,, £ 9, a pH-independent solubility behaviour is
observed in dilute to concentrated NaCl solutions, indicating
that no H' are exchanged in the chemical reaction controlling
the solubility of Tc(wv) in this pH-region. The concentration of
Tc is not affected by ionic strength either, and thus data in
0.1 M and 5.0 M NaCl show similar solubility. A very large scat-
tering in my. (1-1.5 log-units) is observed in this pH region.
This behaviour is likely related with the very low solubility
(close to the detection limit of LSC) and the expected predomi-
nance of neutral species in solution, which are prone to form
oligomeric species and strongly sorb on surfaces (filters, vessel
walls, solid phases, etc.). A similar behaviour was previously
reported for An(m)/Ln(u) and An(wv).>*** Meyer and co-workers
reported very similar observations, i.e. pH- and ionic strength
independent behaviour and large scattering of the solubility
data. Although not discussed in the original publication, we
hypothesize that the very stable Tc concentrations measured
by Eriksen et al. (1992)° within 6 < pH < 10 (log my. = -8.2)
likely correspond to the detection limit of their quantification
method.

The solubility of Tc(v) increases with a well-defined slope
of +1 (log Mreavy vs. pHm) at pHy, > 11. Although the same
slope is retained, the solubility decreases almost one order of
magnitude when increasing the ionic strength from 0.1 to 5.0
M NaCl. Note that a similar trend with increasing ionic
strength was reported for the solubility of Zr(iv) under alkaline
to hyperalkaline pH conditions,>® where anionic hydrolysis
species are dominant in solution. The solubility data and
slope determined in this work in 0.1 M NaCl are consistent
with the results reported by Eriksen et al. (1992).° Significantly
lower Tc(wv) solubility was observed by Warwick et al. (2007)°
within 12 < pH < 14. Unfortunately, the authors did not prop-
erly characterize the solid phase controlling the solubility.
Although a solubility-control by a more crystalline Tc(iv) solid
phase can be hypothesized, a direct comparison with the solu-
bility data gained in this work is not feasible.

3.2 Solubility data of Tc(wv) in dilute to concentrated MgCl,
solutions

Fig. 2 shows the experimental solubility data obtained in the
present work in dilute to concentrated MgCl, systems. The
solubility of Tc(wv) in the acidic pH region is nearly identical to
the solubility data obtained in NaCl solutions with similar
ionic strength, indicating that the same chemical reaction
likely controls the solubility in both systems. Within the same
pH-region, the solubility of Tc(wv) is significantly increased (up
to 5 orders of magnitude) with the increasing MgCl, concen-
tration. This observation reflects very strong ion interaction
processes taking place between cationic Tc(v) hydrolysis
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Fig. 2 Tc(v) experimental solubility data determined in this work in
dilute to concentrated MgCl, solutions with 2 < pH,, < 9. Solid line
corresponds to the overall solubility curve of TcO,-1.6H,0(s) calculated
at | = 0 with the current NEA-TDB thermodynamic selection for Tc(v).
Dashed lines indicate the slope analysis performed in the present work.
Shadowed area designates the precipitation of Mg(OH),(s) (IMgCl,] <
2 M) or Mg—OH-ClI(s) (IMgCly] > 2 M). Arrows show the time depen-
dency of the indicated samples.

species and Cl7, although the possible formation of new
aqueous species must also be considered. The solubility curve
becomes pH-independent in 4.5 M MgCl, solutions with
PHm < 2 (dotted lines in Fig. 2). A similar behaviour was
reported by Hess et al. (2004)” at pHy, < 0.1 and pH,, < 0.75 in
pure HCI and 5.0 M HCI-NaCl systems, respectively. Hess and
co-workers explained this observation considering a solid
phase transformation from TcO,-xH,O(s) to TcCly(s) and
assuming the predominance of TcCly(aq) in the aqueous
phase. In the present work, the aqueous speciation of Tc in 4.5
M MgCl, solutions with pH,, < 2 has been investigated by
XAFS and is discussed in section 3.4.3. Slow kinetics are
observed in solubility samples in contact with [MgCl,] > 2 M,
where equilibrium conditions (stable pH,, and my. readings)
are only attained after 200 days. Considering mr. data collected
at longer equilibration times, the solubility curves of all evalu-
ated MgCl, systems follow a very well-defined slope of —2
within the pH,range 2 to 6 (depending upon salt concen-
tration). This is in excellent agreement with the solubility data
obtained in the present work in NaCl systems and indicates
that 2H" are consumed in the chemical reaction controlling
the solubility in this pH region.

The solubility of Tc(iv) shows a pH-independent behaviour
at 4 < pHy, < 9 in 0.25 M MgCl,, in analogy with the NaCl
systems. The pH-independent region is significantly smaller in
4.5 M MgCl, (7 £ pHy, < 8), mainly due to the very relevant
increase in the solubility under acidic pH conditions, but also
because of a likely change in the aqueous speciation above
PHm % 8. As in the case of NaCl systems, the solubility of Tc(v)
in this pH region scatters within —8.2 > log mr. > —9.4.
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A steep increase in the Tc(wv) solubility is observed in 4.5 M
MgCl, solutions with pH,, = 8. This behaviour differs from the
findings gained in the NaCl systems, where the formation of
anionic Tc(wv) hydrolysis species (and consequent increase of
the solubility) takes only place at pH,, ~ 11. Similar obser-
vations were previously reported for Zr(iv) and An(v) in concen-
trated alkaline CaCl, solutions.>*>2® Based on the collected
spectroscopic evidence (EXAFS) and model calculations, the
solubility behaviour of Zr(iv) and An(v) under these conditions
was explained with the formation of ternary Ca-Zr(wv)/An(iv)-OH
aqueous species. The predominance of analogous Mg-Tc(v)-OH
aqueous species is accordingly suspected in concentrated alka-
line MgCl, solutions, in spite of the limitations in pH,, posed by
the precipitation of Mg-OH-CI(s) (pHmax = 9). In order to gain
more conclusive insights into the aqueous chemistry of Tc(1v) in
concentrated alkaline MCl, (M = Mg?*, Ca®") systems, the solubi-
lity of Tc(iv) was further investigated in dilute to concentrated
alkaline CaCl, solutions and is discussed in the following
section.

3.3 Solubility data of Tc(wv) in dilute to concentrated CacCl,
solutions

The experimental solubility data obtained in CaCl, solutions
within 7 < pH,, < 12 are shown in Fig. 3. The solubility of
Tc(wv) in 0.25 M CacCl, follows a pH-independent behaviour up
to pH,, ~ 11. A very steep but slow increase in solubility is
observed in more concentrated CaCl, systems. Hence, the
solubility of Tc(iv) in 4.5 M CaCl, increases 3 orders of magni-
tude within 9.5 < pH,, < 10.5 following a well-defined slope of
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Fig. 3 Tc(v) experimental solubility data determined in this work in
dilute to concentrated CaCl, solutions with 7 < pH,, < 12. Solid line
corresponds to the overall solubility curve of TcO,-1.6H,0(s) calculated
with the NEA-TDB for | = 0. Dashed lines indicate the slope analysis
performed in the present work. Shadowed area designates the precipi-
tation of Ca(OH),(s) ([CaCl,] < 2 M) or Ca—OH-CI(s) (([CaCly] > 2 M)
solid phases. Arrows show the time dependency of the indicated
samples.
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+3 (log Mrcrv) vS. PHm, dashed line in Fig. 3). For this system,
equilibrium conditions are not attained above pH,, = 10.5
even after 325 days. The very steep increase in solubility
cannot be explained with the formation of TcO(OH);™ as
described for NaCl systems, but rather points to the predomi-
nance of higher hydrolysis species strongly interacting with
Ca®" ions. In this context, the possible formation of ternary
Ca-Tc(iv)-OH aqueous complexes is discussed in section 4 in
combination with the outcome of DFT calculations summar-
ized in section 3.4.4. The possible formation of ternary
Ca-Tc(v)-OH solid phases in concentrated hyperalkaline
CaCl, systems was assessed by EXAFS and is discussed in
section 3.4.3.

3.4 Tc aqueous and solid phase characterization

3.4.1 Tc redox speciation (solvent extraction). Solvent
extraction was performed with the supernatant solution (after
10 kDa ultrafiltration) of selected solubility samples with
Mre > 107%° m. Table 2 shows the results of the redox distri-
bution of Tc in NaCl and MgCl, solutions. In NaCl solutions,
solvent extraction confirms the predominance of Tc(wv) in the
aqueous phase. This observation is consistent with the predic-
tions based on the measured pH,, and E; values and the Tc
Pourbaix diagrams reported by Yalcintas et al. (2015)."" In 4.5
M MgCl, solutions with pH,, = 2 and 4, solvent extraction
suggests that only 13% and 52% of total mr. corresponds to Tc
(1v), respectively. The fraction of Tc(iv) becomes predominant
(90-95%) at pHy, &~ 9. Similar Tc(vi)/Tc(v) redox distributions
were obtained in our previous study in 4.5 M MgCl, systems.""
The redox state of Tc in the aqueous phase and the potential
impact of Tc(iv)-Cl complex formation to the solvent extraction
method are discussed in detail in section 3.4.3, in connection
with XANES/EXAFS measurements.

3.4.2 Solid phase characterization: XRD, SEM-EDS, quanti-
tative chemical analysis and TG-DTA. Table 3 shows the
results of the solid phase characterization by XRD and quanti-
tative chemical analysis, accomplished for selected solubility
samples in NaCl, MgCl, and CaCl, systems. XRD characteriz-

Table 2 Fraction of Tc(v) in the aqueous phase of selected solubility
samples as quantified by solvent extraction after 10 kD ultrafiltration.
Reducing chemicals and measured pH,, and E,, for each sample are also
provided

Background Reducing Ey

electrolyte system pHy, “ (mvV) %Te(v)°
0.5 M NaCl Na,S,0, 12.4 —670 99

5.0 M NaCl Sn(i) 2.5 80 99

5.0 M NaCl N2,S,0, 13.0 —540 98

5.0 M NaCl Na,S,0, 14.0 —580 98

4.5 M MgCl, Sn(u) 2.0 n.m. 134

4.5 M MgCl, Sn(n) 4.0 —50 52

4.5 M MgCl, Fe Powder 8.9 -170 91

4.5 M MgCl, Sn(m) 9.0 -175 94

“+0.05. ”+ 50 mV. “+ 10%; n.m. = not measured. ¢ Same sample also
investigated by XAFS.
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Table 3 Summary of XRD and quantitative chemical analysis con-

ducted for selected Tc solid phases equilibrated in NaCl, MgCl, and
CaCl, systems

Chemical
Background Reducing analysis
electrolyte system pHn“ XRD Na:Tc
0.5 M NaCl Na,S,0, 12.4 am <0.01
5.0 M NaCl Sn(u) 2.5 am <0.01
5.0 M NaCl Na,S,0, 13.0 n.m. <0.01
5.0 M NaCl Na,S,04 14.0 am <0.01

Mg :Tc
0.25 M MgCl,  Sn(n) 2.0 am <0.01
4.5 M MgCl, Sn(u) 4.0 am <0.01
4.5 M MgCl, Fe Powder 8.9 n.m. 25.0°
45MMgCl,  Sn(u) 9.0 n.m. 0.3

Ca:Tc
2.0 M CacCl, Na,S,0, 11.8 am n.m.
4.5 M CaCl, Sn(u) 10.9 am, (11.6,23,33)  2.7°
4.5 M CaCl, Na,S,0, 11.7 am 1.6°
4.5 M CaCl, Sn(u) 11.4 am, (11.6, 23, 33) n.m.
4.5 M CaCl, Sn(n) 10.7 am, (11.6,23,33)  n.m.

@+ 0.05, n.m. = not measured. ” pH = pH,,x, presence of Mg-OH-Cl(s)
expected. ¢ pH = pHyay, presence of Ca-OH-CI(s) expected.

ation of Tc solid phases equilibrated in NaCl and MgCl, solu-
tions shows broad patterns, reflecting the amorphous
character of the solid phases controlling the solubility in these
systems (Fig. 4, left). Note that Tc(iv) oxide normally exists as a
hydrous amorphous solid phase (TcO,-xH,O(s)), which pro-
vides no marked reflections in powder XRD. The crystalline
TcO,(cr) has been reported to form by thermal decomposition
of NH,TcO,,*”*® and it is not expected under the experimental
conditions used in this work. XRD patterns collected for solid
phases equilibrated in 4.5 M CaCl, with Sn(u) as the reducing
agent systematically show the presence of unknown peaks at
260 =11.6, 23 and 33 (Fig. 4, right). These features could not be
assigned to any compound currently selected in the JCPDS
database for Tc, Ca and/or Sn.>” In the absence of these peaks
in 4.5 M CacCl, solutions of analogous pH,, but with Na,S,0,
as the reducing agent, the features under discussion are attrib-
uted to the formation of a Ca-Sn-OH solid phase.

The SEM images (Fig. 5 and 6) of all investigated samples
show the predominance of amorphous Tc aggregates, in good
agreement with the observed absence of well-defined XRD pat-
terns. The particle size of these aggregates varies between 50
and 80 nm. Quantitative chemical analyses (Table 3) show the
absence of Na in the Tc solid phases controlling the solubility
in NaCl systems, even for those phases equilibrated in 5.0 M
NaCl solutions. Similarly, no Mg is detected in solid phases
controlling the solubility under acidic conditions in 4.5 M
MgCl,, whereas very high Mg content is quantified in alkaline
samples with pHy, ®# pHpnax. SEM images of the later samples
confirm the presence of needle-like precipitates of Mg-OH-Cl
(s) (Fig. 5, right). Similar observations are gained for Tc solid
phases equilibrated in CaCl, solutions with pH;, & pHay, for
which SEM pictures indicate the presence of Ca(OH),(s) and/or
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Fig. 4 XRD patterns collected for Tc solid phases equilibrated in dilute to concentrated NaCl and MgCl, solutions (left), and concentrated CaCl,
solutions (right).
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Fig. 5 SEM pictures of Tc solubility samples equilibrated in 0.5 M NaCl at pH,,, = 12.4 (left) and in 4.5 M MgCl, at pH,, = 9.0 (right). In the right
sample, the coexistence of amorphous TcO,-xH,O(s) aggregates and needle like Mg-oxyhydroxide phases is observed.

HV det mag WD HFW 5 um HV det mag WD HFW 40 ym
KIT KIT

30.00 KV ETD 20 000 x 9.9 mm 14.9 um 30.00 KV ETD 4 000 x 10.0 mm 74.6 pm

Fig. 6 SEM pictures of Tc solubility samples equilibrated in 4.5 M CaCl, at pH,, = 10.7 (left) and in 2.0 M CaCl, at pH,, = 11.8 (right). Coexistence of
Ca-oxyhydroxide and Ca-S phases is observed in the left and right samples, respectively.
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Ca-OH-Cl(s) phases (Fig. 6). The absence of Na, Mg, or Ca in
the Tc solid phases (except those at pH,;, ® pHyyay) controlling
the solubility in NaCl, MgCl, and CaCl, systems, in combi-
nation with the amorphous character of the solid confirmed
by XRD and SEM, strongly points towards a solubility-control
exerted by TcO,-xH,O(s).

TG-DTA analyses indicate a mass loss of 5-11% in the
investigated solid phases, corresponding to x = 0.4-0.8 in
TcO,-xH,0(s). These results highlight the similar hydration
degree of the Tc(v) solid phase in the different background
electrolytes and salt concentrations considered in this study.
The unweighted mean value of the number of hydration
waters x = 0.6 = 0.3 is considered in the following in the defi-
nition of the Tc(wv) solid phase used in this study: TcO,-0.6H,O(s).
Note that a very discrepant number of hydration waters was
previously reported by Meyer and co-workers,” who measured
X = 0.44-4.22 and 1.38-1.81 for solid phases obtained from
acidic and alkaline deposition, respectively. Although the
number of hydration waters has a minor influence on solubi-
lity phenomena and calculations in dilute systems, it becomes
relevant in concentrated brines where water activities signifi-
cantly lower than 1 arise (e.g. a,, = 0.5083 in 4.0 M MgCl,)."®

3.4.3 XANES/EXAFS. Fig. 7 shows the Tc K-edge XANES
spectra of the three investigated samples, namely the original
TcO,-0.6H,0(s) material, the Tc(v) solid phase equilibrated in
4.5 M CaCl, at pH,, = 11.4 (see also Fig. 3) and the supernatant

Te(VII) Te(IV)

|
1 Electrochemically reduced
! Tc0,-0.6H,0

Solid phase
atpH =11.4in 4.5M CaCl,

Aqueous phase
atpH =2.0in 4.5 M MgCl,

Ref. TcO,xH,0

Ref. TcO,’

Normalized fluorescence (a.u.)

21000 21050 21100 21150 21200
E (eV)

Fig. 7 Tc K-edge XANES spectra of the original TcO,-0.6H,0(s) material
(green), Tc(iv) solid phase equilibrated in 4.5 M CaCl, at pH,, = 11.4
(orange) and the supernatant solution in the solubility sample equili-
brated in 4.5 M MgCl, at pH,, = 2 (gray). Reference spectra for Tc(iv)
(TcO,:xH>0(s), blue) and Tc(vi) (TcO,4~, red) collected at the INE-
Beamline are appended in the figure for comparison.
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of the Tc(v) solubility sample equilibrated in 4.5 M MgCl, at
PHm, = 2 (see also Fig. 2). The figure also shows Tc(iv)(s) and
Tc(vi)(aq) XANES reference spectra collected at the INE-
Beamline. The shape and energy position of the inflection
point in the XANES spectra unequivocally confirm the only
presence of Tc(wv) (within the detection limit of the technique,
~5-10%) in all investigated samples. Note that the results
obtained by solvent extraction, i.e. a very low fraction of Tc(v)
in the supernatant of the solubility sample equilibrated in 4.5
M MgCl, at pHy, = 2 (13%, see Table 2) are not confirmed by
XANES showing Tc(v) only.

KP-weighted Tc K-edge EXAFS spectra and corresponding
Fourier transforms are shown in Fig. 8. Structural parameters
of all investigated samples resulting from the fit of the EXAFS
spectra are summarized in Table 4. The EXAFS fit of the orig-
inal TcO,-0.6H,0(s) material shows an O-shell at 2.07 A with a
coordination number (CN) of 6.7, and a Te-shell at 2.59 A with
CN = 1. These results are in excellent agreement with structural
parameters reported in the literature for TcO,-xH,O(s).”
Similar structural parameters are obtained from the fit to
EXAFS data of the Tc(iv) solid phase equilibrated in 4.5 M
CaCl, at pH,, = 11.4. This observation indicates that no solid
phase transformation occurred within the 325 days of equili-
bration time, and that TcO,-0.6H,0O(s) remains as the solubi-
lity-controlling phase under these conditions. Hence, Tc(v)
solubility data obtained in [CaCl,] > 2.0 M at pH,, & pH,ax are
not representative of a thermodynamic equilibrium and can
only be explained by the very slow kinetics in the presence of
Ca(OH),(s) or Ca-OH-CI(s) phases or eventually a solubility
control by an unidentified surface “coating”.

The EXAFS fit of the supernatant solution in the solubility
sample equilibrated in 4.5 M MgCl, at pH,,, = 2 unequivocally
shows the co-existence of O- (CN = 3.5, R = 2.21 A) and CI-
(CN = 1.4, R = 2.53 A) backscatterers in the first coordination
sphere of Tc. The substitution of Tc-Cl by Tc-O interactions
significantly worsens the fit. The addition of a Tc-Tc contri-
bution at R = 2.77 A decreased the residual of the fit (%R),
although this farther shell was disregarded in the final model
due to the limited k-range considered in the fit (2.0 < k [A™"] <
8.5). These observations hint towards the possible formation
of Tc(v)-O/OH-Cl oligomers in acidic concentrated MgCl,
solutions. Note that Poineau and co-workers'® reported the
predominance of the Tc,0CL " species at pH = 0.3 and
[CIT] = 3.0 M. The structural parameters determined for this
species by EXAFS for Tc-O (CN = 1.2, R = 1.79 A) and Tc—Cl
(CN = 4.7, R = 2.36 A) interactions are significantly different
compared to those determined in the present study, suggesting
the predominance of a different aqueous species at pH,, =
2.0 and [CI"] = 9.0 M (present work). The formation of Tc(wv) -
chloride species in acidic concentrated MgCl, solutions is in
line with the results obtained by liquid-liquid extraction.
Hence, the solvent extraction method used in the present work
has been reported to extract into the organic phase not only
MO, species, but also anionic chloride complexes.*®

3.4.4 Quantum mechanical calculations: density Func-
tional theory (DFT). Multireference CASSCF and MRCI calcu-
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Fig. 8 Kk?-Weighted EXAFS spectra and Fourier Transform of the original TcO,-0.6H,0O(s) material (top), Tc(iv) solid phase equilibrated in 4.5 M CaCl,
at pH,, = 11.4 (middle), and the supernatant solution in the solubility sample equilibrated in 4.5 M MgCl, at pH,,, = 2 (bottom). Experimental data are
depicted as solid lines, whereas fits are shown as circles and triangles (modulus and imaginary parts, respectively). Dashed lines correspond to the

FT hanging windows used in the EXAFS fit.

lations show that the lowest doublet and quartet states of TcO>*
are single reference states. Hence, the ground states of the hydro-
lysis species TcO(OH);™ are also quartet single reference states
and therefore the application of large-scale DFT calculations is

8926 | Dalton Trans., 2016, 45, 8916-8936

permitted. This allows for investigating the stoichiometry and
structure of relevant Tc(v) species forming in alkaline CaCl,
solutions, which otherwise cannot be assessed spectroscopically
due to the low Tc(wv) concentrations in solution.

This journal is © The Royal Society of Chemistry 2016
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Table 4 Structural parameters obtained from the EXAFS evaluation of the original TcO,-0.6H,0(s) material, Tc(iv) solid phase equilibrated in 4.5 M
CaCl; at pH,, = 11.4, and the supernatant solution in the solubility sample equilibrated in 4.5 M MgCl, at pH,, = 2

Sample Path CN R(A) o (A% AE, (eV) R-factor
Original TcO,-0.6H,0(s) material Tc-O 6.7 2.07 0.010 —5.146 0.002
R-Space [1.2-2.5 A] Te-Te 1.0% 2.59 0.002

k-Range [2.6-10.4 A™']

Tc(wv) solid phase in 4.5 M CaCl, at pHy,, = 11.4 Tc-O 6.4 2.07 0.009 —5.635 0.015
R-Space [1.2-2.5 A] Tc-Tc 1.0 2.59 0.003

k-Range [2.6-10.4 A™"]

Te(w)(aq) in 4.5 M MgCl, at pH,, = 2 Tc-0 3.5 2.21 0.002 0.842 0.010
R-Space [1.0-2.5 A] Te—Cl 1.4 2.53 0.007

k-Range [2.0-8.5 A™*]

Fit errors: CN: + 20%, R: 0.01 A, ¢* 0.001 A%. “Held constant during the fit.

Tc(wv) solubility data obtained in concentrated CaCl, solu-
tions hint towards the formation of the previously unreported
[TcO(OH)s]>~ moiety in the aqueous phase, considering the
slope of +3 (logmy. vs. pHy,) and the solubility control by
TcO,-0.6H,0(s). In the absence of Ca in the background elec-
trolyte (e.g. NaCl or KCl systems), TcO(OH);~ is the only
anionic hydrolysis species forming under hyperalkaline pH
conditions (see section 3.1 and references therein). As pre-
viously described for Zr(iv) and An(v) (An = Th, Np, Pu), the
formation of highly charged anionic hydrolysis species in con-
centrated alkaline CaCl, solutions is stabilized by the contri-
bution of Ca®" in the second coordination sphere of the

tetravalent cation.?*>3¢

The number of Ca** ions participat-
ing in the complex formation was inferred from model calcu-
lations and EXAFS spectroscopy for Zr(iv) and Th(wv), and was
based on the analogy with Th(w) in the case of Np(wv) and
Pu(v). In this work, the stability of the Ca,[TcO(OH);]*"*
species (n = 1-3) was evaluated by large-scale DFT calculations.
In order to understand the role of Ca*" in the stabilization of
the highly charged [TcO(OH);]*~ moiety, the stability of the
latter in the absence of Ca®>" ions was also investigated.

DFT calculations show that only the Cas[TcO(OH)s]*
species is stable both in the gas phase and enwrapped by one
hundred water molecules (Fig. 9). In contrast, the
Ca[TcO(OH)5], Ca,y[TcO(OH)5]" and [TcO(OH)s]*~ species
break apart both in the gas and aqueous phases, mostly due to
the insufficient or inexistent charge compensation of the
[TcO(OH)s]’~ moiety. Te(iv)-Ca distances optimized by DFT for
the Cas[TcO(OH);]*" species enwrapped by one hundred water
molecules (Rrc_car = 3.01 A, Rye_cas = 3.11 A, Ryc_cas = 3.33 A;
average Rreca = 3.15 A) are in line with distances determined
by EXAFS for Zr(iv)-Ca (R = 3.38 + 0.02 A) and Th(wv)-Ca
(R = 3.98 + 0.02 A) in Caz[Zr(OH)s]*" and Ca,[Th(OH)s]*",
respectively.},*® The outcome of these theoretical calculations
supports the predominance of the Ca;[TcO(OH);]** species in
concentrated CaCl, systems, which otherwise cannot be
assessed by spectroscopic means. The quantum chemical and

1The same trend is reported for the ionic radii of the corresponding metal
cations: Tc(iv) = 0.645 A (CN = 6), Zr(iv) = 0.72 A (CN = 6), Th(iv) = 1.05 A (CN =
8).48

This journal is © The Royal Society of Chemistry 2016

Fig. 9 Optimized structure of the complex Cas[TcO(OH)s]** as calcu-
lated by DFT in the gas phase, and complex enwrapped by 100 water
molecules.

DFT studies performed will be presented in more detail in a
separate manuscript by R. Polly et al currently under
preparation.

4  Tc(iv) chemical, thermodynamic
and activity models

Chemical models describing the aquatic chemistry and rele-
vant equilibrium reactions of Tc(wv) in dilute to concentrated
NacCl, MgCl, and CacCl, are evaluated in this section based on
(i) the slope analyses (log my. vs. pHy,) of experimental solubi-
lity data determined in this work, (ii) detailed solid phase
characterization and identification of solubility controlling
compounds, (iii) spectroscopic (XANES, EXAFS) evidence
gained in this work and previously reported in the literature,
and (iv) the new structural information obtained by DFT calcu-
lations. After deriving the chemical model and defining the
relevant equilibrium reactions for a given system, conditional
solubility constants (logK') are determined for each investi-
gated ionic strength, and extrapolated to I = 0 using both SIT
and Pitzer activity models. SIT and Pitzer ion interaction coeffi-
cients are gained in the process of extrapolation conditional
data to I = 0. Calculation of uncertainties throughout the com-

Dalton Trans., 2016, 45, 8916-8936 | 8927
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plete process is based on the NEA guidelines for the assign-
ment of uncertainties.*!

4.1 Acidic pH conditions (pHy, < 4)

Independent of the background electrolyte, the solubility of
Tc(v) in the acidic pH region systematically increases with
increasing ionic strength. The increase of the solubility is very
similar in NaCl and MgCl, solutions of analogous ionic
strength. The slope (log mr. vs. pHy,) of —2 defined by solubi-
lity data under acidic conditions with 0.1 M <7 < 13.5 M indi-
cates that 2H' are consumed in the chemical reaction
controlling the solubility of Tc in this pH region. The combi-
nation of solvent extraction and XANES analysis confirms that
no oxidation of Te(wv) occurred in the aqueous or solid phases
during the timeframe of the study. A pH-independent solubi-
lity behaviour is observed in 4.5 M MgCl, systems with pH,, <
3.5. EXAFS characterization of the aqueous phase under these
mc- and pH,, conditions confirms the presence of Cl-atoms
in the first coordination sphere of Tc, thus supporting the for-
mation of Tc(wv) chloro-complexes (see section 3.4.3). Although
the equilibrium Tc(iv)—O/OH-Cl(s) < Tc(v)—-O/OH—Cl(aq) is
suspected to control the aqueous chemistry of Tc(wv) under
these conditions (see also discussion in Hess et al., 2004”), solu-
bility data determined in 4.5 M MgCl, and pH,, < 2 have been
disregarded in the chemical and thermodynamic models
derived in this section and are omitted in the following
discussion.

Provided the solubility-control exerted by TcO,-0.6H,O(s)
(see sections 3.4.2 and 3.4.3), the slope of —2 defined by solu-
bility data in acidic dilute to concentrated NaCl and MgCl,
solutions is consistent with the predominance of the
TC,0(OH)Bani2m) Species in the aqueous phase. Although
NEA-TDB (consistently with previous publications) defined the
formation of the TcO** species in this pH region, more recent
spectroscopic studies strongly hint towards the predominance
of cationic polynuclear Tc(iv) species."”>® Based on the
analogy with Mo(v) and the proven formation of the cluster
Mo;0,-9H,0"", Vichot and co-workers'® proposed the for-
mation of the trimeric Tc;0,*" species at pH < 3. The predomi-
nance of trimeric Zr(iv) species was also favoured by Altmaier
et al. (2008) to explain the solubility behaviour of Zr(OH),(s)
under acidic pH conditions.”" In view of the available experi-
mental evidence and in analogy with Mo(wv) and Zr(wv), the pre-
dominance of the trimeric Tc;Os>" species in the acidic pH
region is proposed in the present work. Note that the for-
mation/predominance of other polyatomic species such as
Tc,0;%" or Tc,05>" is also consistent with the available solubi-
lity data and spectroscopic evidence, but has been disregarded
in the chemical model derived in this work. The formation of
the TcO(OH)" species is not needed to properly explain the
experimentally determined solubility data, and has been also
disregarded in the chemical model considered in this work.
The predominance of the latter species under acidic con-
ditions was claimed by Hess and co-workers,” but the large
stability field proposed by the authors for TcO(OH)" is ruled

8928 | Dalton Trans., 2016, 45, 8916-8936
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out in the present work due to the relevant experimental short-
comings discussed in section 3.1.

Besides the formation of Tc;05>", the very large increase in
solubility (>5 orders of magnitude!) between solubility data in
dilute and concentrated chloride media may hint towards the
formation of Tc(iv)-O/OH-Cl aqueous complexes in concen-
trated chloride solutions also beyond pH,, > 4. Previous spec-
troscopic studies'® confirmed the predominance of the
TcCls(H,0)~ and Te,OCly,"~ species in 3.0 M NaCl solutions
with pH < 1.1. Above this pH, the authors proposed the predo-
minance of a polyatomic oxo-cation Tc,0," . In the present
work, the formation of Tc(1v)-O/OH-Cl aqueous complexes in
4.5 M MgCl, solutions with pH,, < 4 is also hinted by EXAFS.
Besides this spectroscopic evidence, Tc(wv) solubility data
follows a well-defined slope of —2 both in dilute and concen-
trated chloride solutions, thus indicating that the number of
H' involved in the solubility reaction is the same in both
cases. Provided the proposed predominance of the Tc;O5>"
species under acidic conditions with low mg-, the possible
formation of Tc(1v) chloro-complexes of the type Tc;05C1% ™ with
1 < m < 4 was also considered in the development of the chemi-
cal model. Thus, chemical reactions (1) and (2) are taken into
account for the assessment of Tc(wv) solubility under acidic
conditions:

Tc0,-0.6H,0(s) +2/3 HY & 1/3 Tc;05*" + 0.93H,0(1) (1)

TcO, - 0.6H,0(s) +2/3 H" +m/3Cl~
& 1/3 Te;05C127™ 4 0.93H,0(1) (2)

with

log K's 1,0, = 1/31log[Te;05*"] — 2/31log[H"] (3)

log K;‘Tczosb = log K's 1c,0,2+ +1/3 log Vs Te,052+ — 2/31og yyy+
+ 0.93 log an,o
(4)

log K’ e-m = 1/31og[Te;05CL, ™| — 2/3 log[H]

s, Tc; 05 Cl
—m/3log[Cl] (5)

log Ks,Tc_;osclfj”"J =log K 's e, 0,0 T 1/31og 7s,Te,05CI% ™

—2/3logyy+ —m/3logyq- + 0.93log ay,o

(6)

In the first step, different chemical models involving the
formation of Tc;05%" and Tc305c1£3"") complexes were evalu-
ated using the SIT approach. Then, the chemical model
chosen was used to fit the corresponding conditional equili-
brium constants with the Pitzer approach to derive log K, and
ion interaction parameters.

4.1.1 SIT approach. Three different approaches were used
to assess the validity of the chemical models involving the for-
mation of Te;052" and Te;05C12 ™™ complexes:

This journal is © The Royal Society of Chemistry 2016
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1. only the formation of Tc;05>" was considered to explain
Tc(w) solubility data in dilute to concentrated NaCl and MgCl,
solutions.

2. Formation of both Tc;052* and Te;05Cl2 ™ with 1 <m <
4 was considered to explain Tc(iv) solubility data in dilute to
concentrated NaCl and MgCl, solutions:

a. Use of Tc(wv) solubility data at low ionic strength (0.1 M
NaCl) and &(Tc;05>7, CI7) = (0.15 + 0.1) kg mol™" estimated
according to charge analogies’® to determine log Ko re,00
Solubility data not explained by the contribution of this
species are then fitted assuming the formation of
Te;,05Cl2™™). Four independent models (including the for-
mation of Tc(wv) chloro-complexes with 1 < m < 4) are
evaluated.

b. Use of Tc(v) solubility data at [CI7] < 3.0 M to determine
log K; . 0,2+ and £(Tc;05>", CI7), and data at [C17] > 3.0 M to
determine log K:TCS oscn and &(Tc;05CIZ ™ Na*/Cl7).

Approach 2a properly explains Tc(wv) solubility data in
dilute to concentrated NaCl and MgCl, solutions (data not
shown). However, this approach suggests the predominance of
Tc;05C1E ™ complexes at [CI7] > 0.5 M. This is in strong con-
tradiction with previous spectroscopic observations, which
confirmed the predominance of Tc,0," * in NaCl systems
with [C]7] £ 3.0 M and pH > 1.1.

Approach 2b clearly overestimates the solubility of Tc(w)
(data not shown). Hence, log Ks.Tc305“ and &(Tc;05>", CI")
derived from solubility data at [CI"] < 3.0 M are able to per-
fectly explain experimental observations gained up to [Cl7] =
9.0 M. Any additional contribution to the solubility provided
by the definition of Te;05C12™) species results in the overesti-
mation of mrv) in equilibrium with TcO,-0.6H,O(s). The
outcome of approach 2b further indicates that the chemical
model in approach 1 is the only one consistent with both solu-
bility in dilute to concentrated NaCl and MgCl, systems and
spectroscopic observations available in the literature.'*"”
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Fig. 10 SIT-plot for the solubility reaction TcO,-0.6H,0(s) + 2/3 H" <
1/3 Tcs05%+ + 0.93H,0(l) considering experimental log K's e 052+ deter-
mined in dilute to concentrated NaCl and MgCl, solutions.
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Fig. 10 shows the perfect agreement between the SIT-plots
derived for NaCl and MgCl, systems considering the only for-
mation of Tc;05>". This observation supports again that the
same chemical model applies to dilute and concentrated chlor-
ide systems, and further that the formation of Tc(iv)-O/OH-Cl
complexes can be disregarded under these pH, and mg-—
conditions.

The y-intercept and slope determined by linear regression
of the SIT-plots in Fig. 10 correspond to log K:,Tcgosﬂ and —Ae
(with —Ae = —1/3 £(Tc;05>", CI7) + 2/3 ¢(H', CI7)), respectively.
The combination of —Ae and ¢(H', Cl17) reported in the NEA-
TDB further allows the calculation of &(Tc;05>", C17). Excellent
agreement is found between log K . .. and &(Tc;05>", CI7)
derived from NaCl and MgCl, systems. The final selection
gained in this work is:

10g K1 0.2+ = —(1.53 + 0.15)
&(Te;05>", CI7) = —(0.42 + 0.05) kg mol "

The SIT ion interaction coefficient determined for Tc,05>"
is much lower than that expected for a typical divalent cation
according with charge-based correlations (¢(M>", CI7) = 0.15 +
0.10 kg mol™).**> However, the use of charge analogies for very
large or oligomeric species must be considered with caution.
The effect of size and the distribution of the formal charge
throughout the voluminous species can lead to large devi-
ations with respect to monomeric/simple species. Similar
effects are observed for ternary Ca-M-OH complexes, as dis-
cussed in section 4.4.

4.1.2 Pitzer approach. Conditional solubility constants
determined in NaCl and MgCl, systems according to eqn (3)
were also fitted following the Pitzer formalism. The values of
log i+ and ay, in eqn (4) are calculated from the parameters
reported by Harvie et al.** The binary parameter @ is only #0
for 2-2 electrolytes. The mixing parameters 6(Tc;05>", Na“)
and ¥(Tc;05>", CI~, Na") are set to zero. IOgK:,Tc3052+v Ao g
and C® are fitted simultaneously for NaCl and MgCl, systems
by minimizing the difference between experimental and mod-
elled log K 1,02+ in both systems. The resulting values are:

10g Kype 0. = —(1.50 + 0.10) B = —0.3681 kg mol *

AV =2.6972 kg mol™*  C? = 0.0063 kg mol >
log I<SO,T0305“ values derived using both SIT and Pitzer
approaches are in excellent agreement. The value of B result-
ing from the Pitzer fit is also in good agreement with the esti-
mate calculated following the approach described by Grenthe
et al.** (B = —0.32 kg mol*).§

Fig. 11 compares the experimental and calculated log K's,
Te,0.2+ for NaCl and MgCl, systems, using both SIT and Pitzer
approaches. The figure clearly shows that both activity models
describe very well experimentally determined log K's e 0.2

§ 4% = 0.15 + £(M,X)-(In 10)/2 for M** — X_ interactions, where £(M,X) is the SIT
ion interaction coefficient determined for the same species.
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NaCl and MgCl, molalities: experimental values (symbols) and calculated
functions based on the SIT (dashed line) and Pitzer models (solid line).

values in dilute to concentrated saline systems, confirming
again the good performance of SIT well beyond I,,, > 3.5 m.

4.2 Weakly acidic to weakly alkaline pH conditions (4 < pH,,
<8/11)

The solubility of Tc(wv) follows a pH-independent behaviour at
4 < pH,, < 11 and 4 < pH,,, < 8 in NaCl and MgCl, or CaCl,
systems, respectively. Provided a solubility-control by
TcO,-0.6H,0(s), this observation indicates that a neutral
hydrolysis species prevails in the aqueous phase within this
pH range. Tc(wv) solubility shows no ionic strength dependency
within this pH region, in good agreement with the behaviour
expected for neutral species. Based on the available experi-
mental evidence and consistently with the NEA-TDB'® selec-
tion, chemical reaction (7) is defined for the control of Tc(wv)
solubility within this pH region.

TcO,-0.6H,0(s) + 0.4H,0(l) < TcO(OH),(aq)  (7)
with

log K's rco(om),,, = log [TcO(OH), (aq)] (8)

log K; reo(om), ., = 108 K'sco(0m), ., + 108 rreo(om), |

(aq.)

— 0.4log an,o (9)

SIT and Pitzer ion interaction coefficients for the neutral
TcO(OH),(aq) species are considered equal to zero. Thus,
log K. is calculated as the average my. measured

& K5 e0(0H) Verage Mirc

within 4 < pH,, < 11, accounting also for the small contri-
bution of water activity in eqn (9). The resulting value
(log I(’;Tco(OH)Z(an = —8.8 + 0.5) is slightly lower but agrees
within the uncertainty with the current NEA-TDB selection

(log K reo(om), (aq) = —8-4 £ 0.5).

Note that the formation and predominance of polyatomic
species of the type Tc,0,,(OH)4, 2m(aq) are also consistent
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with the available experimental evidence. Although the defi-
nition of the monomeric TcO(OH),(aq) species is favoured in
the present work in agreement with the NEA-TDB selection, a
definitive proof-of-concept for the predominance of this
species is still missing.

4.3 Alkaline pH conditions (pH,, > 11) in NaCl system

Solubility data of Tc(iv) in dilute to concentrated NaCl solu-
tions with pH, > 11 follow a well-defined slope of +1. Consid-
ering a solubility-control by TcO,-0.6H,O(s), this observation is
properly explained by the predominance in the aqueous phase
of the TcO(OH);™ species. This chemical model is consistent
with the current NEA-TDB'® selection:

TcO, - 0.6H,0(s) + 1.4H,0(l) < TcO(OH),” + H'  (10)
with

log K's reo(on), = log[TcO(OH), ] + log[H"] (11)

log K;,Tco(OH); = log K'srco(on),- +10g 7s,TcO(OH), (12)

+logyy+ — 1.4log ay,o

Conditional solubility constants (log K's rco(om),-) are deter-
mined based on experimental solubility data in 0.1-5.0 M
NaCl according to eqn (11). The use of eqn (12) allows the
extrapolation of log K’ rco(om),- to I = 0 and the determination
of the corresponding SIT/Pitzer ion interaction parameters.

4.3.1 SIT approach. Eqn (12) is further extended with the
calculation of yrcoom),- and yy- according to the SIT
formalism:

log K's rco(om),~ — 2D — 1.4log a,, = log K:‘Tco(OH)

- [6'(’[‘()O(OH)3_7 Na*) +e(HY, le)} MNac] ’ (13)

The linear regression (log K's reo(on),- — 2D — 1.4log ay,) vs.
Mnac1 (SIT-plot) is shown in Fig. 12. The resulting solubility

-18.0
1 B Experimental log’K‘s TeOOH)s
-18.5 4 - - - - Linear SIT regression
z
) *
& 1 108K’ 1oooms = ~19:27£0.06
< -19.04 —Ae=-0.21+0.02
s e
g Tl
N o5 ¥ e
g TEa
g 1 s
g .k
5 -20.0 ea
%D ] e s
-20.5 E
20 j T d T T T T T T T T T
0 1 2 3 4 5 6
-1
m, ., (molkg’)

Fig. 12 SIT-plot for the solubility reaction TcO,:0.6H,0O(s) + 1.4H,0(l)
© TcO(OH)3™ + H* considering experimental log K's tcoon),- determined
in dilute to concentrated NaCl solutions.
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constant at I = 0, log K_ o) - = —19.27 £ 0.06, is in excel-
lent agreement with the current NEA-TDB selection
(log K reoom), = —19-3 + 0.6), and represents a very signifi-
cant contribution in decreasing the associated uncertainty.
The ion interaction coefficient &(TcO(OH);™, Na*) = (0.09 + 0.02)
kg mol™" is calculated from the slope of the linear regression
(-Ae = —¢(TcO(OH);~, Na') — ¢(H', CI7) = (=0.21 + 0.02) kg
mol ™), considering e(H', CI7) = (0.12 + 0.01) kg mol™" as
reported by Guillaumont et al. (2003).'® This value is in moder-
ate agreement with SIT ion interaction coefficients expected for
a typical monovalent anion £X~, Na') = —(0.05 + 0.10) kg
mol".**> Note that positive SIT ion interaction coefficients have
been previously reported for anionic hydrolysis species of metal
cations with similar ionic radii (e.g. Zr,** Sn*°).

4.3.2 Pitzer approach. Conditional solubility constants
determined in alkaline NaCl systems were also fitted according
to eqn (11) and considering the Pitzer formalism. The binary
parameter f® and the mixing parameters §(TcO(OH);~, CI7)
and ¥(TcO(OH);~, CI~, Na') are set to zero. V) is set to 0.3
based on charge analogies reported elsewhere.** logK;TCo(OH)S,,
A? and C'?) are fitted by minimizing the difference between
experimental and modelled log K's rcofom),- in 0.1 M, 0.5 M, 3.0
M and 5.0 M NaCl systems, and resulted in:

10g K] eoiom), = —(19.32 + 0.10) ¥ = —0.0087 kg mol "
Y =030 kg mol™* C® =0.035 kg? mol >

Excellent agreement is obtained between log K;Tco(OH);
values determined using SIT and Pitzer approaches. The extra-
polation of this value to higher ionic strengths using the Pitzer
activity model derived in this work results in a very good agree-
ment with experimental log K's rco(om),- (Fig. 13). In the case of
SIT, minor deviations (~ 0.1 log-units) appear between experi-

mental and calculated log K’ rco(om),- at [NaCl] > 3.0 M.

-18.5
B Experimental [og.K‘S TeO(OH)s
= = = SIT:log K, ooy = ~19:27 £ 0.06
190 —— Pitzer: g K, o, opp = ~1932£0.10
£
)
2
% -19.5
X
=]
2
-20.0
-20.5 T T T T T T T T T T T T
0 1 2 3 4 5 6
m (molkg")

Fig. 13 Conditional equilibrium constants log K's rcoon),- as a function
of NaCl molality; experimental values (symbols) and calculated functions
based on the SIT (dashed line) and Pitzer models (solid line).
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4.4 Alkaline pH conditions (pH,, > 8) in MgCl, and CacCl,
systems

The solubility of Tc(iv) shows a steep increase with a slope of
+3 (log my. vs. pHy,) in concentrated MgCl, and CaCl, solu-
tions with pH,, > 8 and solubility control by the TcO,-0.6H,O
(s) phase. This observation cannot be explained assuming the
only formation of the TcO(OH);™ species, and requires extend-
ing the chemical model so far available for Tc(iv) under alka-
line conditions. Because of the pH-limitations in MgCl, systems
caused by the precipitation of Mg(OH),(s) or Mg-OH-CI(s)
(PHmax & 9), chemical, thermodynamic and activity models for
MCI, systems (M = Mg, Ca) were first derived for CaCl, where a
significantly larger pH range can be assessed.

The slope of +3 observed in the experimental solubility data
indicates the release of 3H" in the chemical reaction control-
ling the solubility of Tc(wv) in systems with [CaCl,] > 1.0 M and
PH, > 8. Provided the predominance of the solid phase
TcO,:0.6H,0(s), a new aqueous species holding the moiety
[TcO(OH)s]>~ must be defined. Experimental data collected in
NaCl-NaOH systems strongly argue for TcO(OH);™ as limiting
hydrolysis species forming under alkaline to hyperalkaline pH
conditions. The moiety [TcO(OH);]>~ has not been reported in
NaCl media and is thus specifically stabilized by Ca>" or Mg*",
either involving the formation of ternary species of the type
Ca,/Mg,[TcO(OH)s]*"~* or by strong ion interaction processes.
Previous studies focussing on the solubility of Ln(ur), An(um/v/v)
and Zr(v) in concentrated CaCl, systems have pro-
vided unequivocal indications on the formation of ternary
Ca-Ln/An/Zr-OH complexes under alkaline pH
ditions.?"**3>% In most cases, the formation of these species
was accompanied by the full occupancy of the coordination
sphere of the central metal atom, as also occurs in the moiety
[TcO(OH);5]>~ (CNrqv) = 6). Based on the previous evidence
available for An(v) and Zr(wv), the formation of ternary com-
plexes of the type Ca,TcO(OH)?") in concentrated CaCl, solu-
tions is postulated for Tc(wv). The chemical reaction (14) is thus
proposed to control the solubility of Tc(iv) under these conditions:

con-

TcO,-0.6H,0(s)+ nCa>* + 3.4H,0(l) < Ca,TcO(OH)"® + 3H*

(14)
with
log K, . reofomys = 108 [CanTcO(OH)f.)Z"*S)] + 3log[H']
— nlog[Ca®*]
(15)
log Ks,Ca”Tco(OH)(j”"‘) =log K,s.,CanTco(OH)f”’“ + 10g7’s,Ca,,Tco(0H)§2”’“

+ 3logyys —nlogyc.e+ — 3.4log an,0
(16)

Conditional stability constants for reaction (14) are deter-
mined according to eqn (15) from Tc(v) experimental solubi-
lity data gained in 1.0 M, 2.0 M and 4.5 M CacCl, systems. The
value of log K° is calculated by extrapolating the results in high
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ionic strength to I = 0 according to eqn (16). DFT calculations
support the formation and stability of ternary complexes of the
type Ca,TcO(OH)?"~) with n = 3 (see section 3.4.4). In spite of
this and to gain further confidence in the chemical model con-
trolling the chemistry of Tc under these conditions, Tc(iv) solu-
bility data in concentrated [CaCl,] systems with pH,, > 8 have
been evaluated considering four different chemical models
based on eqn (16) with n = 1-4 to justify the quality of the
adopted chemical model. Although it is postulated that the
stabilization of the moiety [TcO(OH);*>"] requires the formation
of a new aqueous complex involving the participation of Ca*",
the fifth case with n = 0 is also evaluated for comparison
purposes. In the first step, log K° values and ion interaction
coefficients are calculated using the SIT approach. In the
second step, the best chemical model selected accordingly
with the criteria described below, was used to derive

log K° s and ion interaction coefficients according
s,Ca, TcO(OH);

to the Pitzer formalism.

4.4.1 SIT approach. Five different sets of 1og K ca rco(orm), e
are calculated according to eqn (14) and considering
n = 0-4 (Table 5). The use of SIT for the determination
of log K’ @ns involves the linear regression of

s,Ca, TcO(OH),
(log K's ca,rco(om),ei-n  — mD — 3.4logay) vs. Mcacl, (see
Fig. A2T). The SIT ion interaction coefficient of the forming
species &(Ca,[TcO(OH);]*" %, Ca®>*/Cl") can be calculated from
the slope of the linear regression (—Ae¢) in combination with
e(HY, CI7) = (0.12 + 0.01) kg mol™" and ¢(Ca*", CI7) = (0.14 +
0.01) kg mol ™" as reported in the NEA-TDB."®

Table 5 log Ksrc%TCo(OH)?n 3)

£(Ca,[TcO(OH)s >3, Ca**/C1™) determined for the five chemi-
cal models evaluated, involving the formation of the binary/
ternary Ca,TcO(OH)?"~®) species with n = 0-4. Table 5 also

shows the “quality parameter” (A), which is calculated as
2

summarizes and

, © cale
log K P —log K* and analyses
Z ' g 5,Ca, TcO(OH) 2"~ g s,Ca, TcO(OH) 2" Y

5

the goodness of the fit. The final selection of the chemical
model for Tc(iv) in concentrated alkaline CaCl, solutions is
based on the criteria described below. Note that a similar strat-
egy was successfully applied by Fellhauer for the evaluation of
the ternary system Ca-Np(v)-OH in dilute to concentrated
CaCl, solutions.*®*”

Table 5
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- Minimization of the “quality parameter” (4, Table 5).

- Consistency of SIT ion interaction coefficients. &(i,j)
are known to correlate with the charge of the ion,** although
significant deviations from this trend are expected for
polyatomic species or voluminous ternary complexes.
£(Ca,[TcO(OH);]*" 3, Ca®*/Cl7) values calculated in the present
work (Table 5) are compared with &(i,j) values reported for
Ca-An(u/iv/v)-OH and Ca-Zr(1v)-OH complexes.

- Shape of the plot log K ca reo(om),en-» vs. CaCl, concen-
tration. The plot should give a smooth shape without jumps or
turning points (Fig. A37).

All the chemical models result in a smooth shape of
the plot log K's vs. Mcacy, (Fig. A31). Chemical models involving
the formation of the [TcO(OH);]*", Ca[TcO(OH)s]” and
Cay[TcO(OH)s]** species led to very large and clearly unrealistic
values of ¢(i,j) and/or A, and consequently were disregarded.
The Ca,[TcO(OH)s]" species shows a relatively low 4, but
retains a very negative SIT ion interaction coefficient. The
chemical model including the species Ca;[TcO(OH);]** species
has the lowest A and holds a less negative SIT ion interaction
coefficient (g(Cas[TcO(OH)s]*", CI7) = —(0.37 + 0.10) kg mol ™).
The latter value is very discrepant with respect to the value esti-
mated according to the charge-analogy concept (¢(M**,Cl7) =
(0.25 + 0.10) kg mol ). As discussed above, the applicability of
charge analogies for the estimation of ¢(7,j) in the case of volu-
minous complexes has been previously challenged in the
literature and is also disregarded in the present case.

Based on the discussion above and considering the clear
inputs obtained from DFT calculations (see section 3.4.4), the
chemical model involving the formation of the ternary
Caz[TcO(OH)s]** species is selected in the present work.

10g K; ¢y reo(om)+ = —(41.53 £ 0.30)
£(Ca3[TcO(OH),**,Cl7) = —(0.37 + 0.10) kg mol*

The same chemical model is considered for the inter-
pretation of experimental observations in concentrated MgCl,
solutions with pH,, > 8. Due to limitations in pH,, caused by
the precipitation of Mg(OH),(s) or Mg-OH-CI(s) (pHmax & 9),
the increase of Tc(wv) solubility with the slope of +3 is only
observed in 4.5 M MgCl,. This allows the only calculation of
log K's mg,teo(om),e+ for this ionic strength. In order to overcome

log K’ values determined from Tc(iv) solubility data in 1.0, 2.0 and 4.5 M CaCl, according to chemical reaction (14) and eqn (15) for n = 0—4.

log K° and &(i,j) values determined using the linear regressions shown in the SIT-plot, Fig. A2

a
IOg Kexperimental

Outcome of SIT - plot

Species

I 1.0M 2.0M 4.5M log K° J e(iy) Quality
[TcO(OH)5]*~ —40.70 —39.00 —36.00 —44.69 £ 0.3 ca* -1.93 +0.10 A=0.10
Ca[TcO(OH);]~ —40.71 -39.32 -36.72 —41.71+£ 0.3 ca* -1.61+0.10 A=0.10
Ca,[TcO(OH)5]" —40.72 —39.64 —37.44 —40.65 + 0.3 cl- —0.60 + 0.10 A=0.04
Caz[TcO(OH);** —40.73 -39.97 —38.16 —41.53 £ 0.3 cl- —0.37 £ 0.10 A =0.00
Ca,[TcO(OH); ™ —40.74 —40.30 —38.88 —44.32 £ 0.3 cl- —0.08 + 0.20 A=0.11

“Uncertainty of log K’ values determined as + 0.3.

8932 | Dalton Trans., 2016, 45, 8916-8936
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the limited data set available, e(Mg;[TcO(OH)s]**, CI7) is con-
sidered w~ ¢(Caz[TcO(OH);]**, Cl7), and log K g tco(om)a+ 1S
accordingly calculated using the SIT approach.

10g K g teo(om),+ = —(40.55 £ 0.50)

This value is significantly higher than log K:ACaJTCO(OH)SF’
thus reflecting the earlier (lower pH,, values) increase in solu-
bility observed in MgCl, systems.

4.4.2 Pitzer approach. The chemical model involving the
formation of the Ca;[TcO(OH)s]*" species was also used for the
extrapolation of the conditional equilibrium constants to I = 0
using the Pitzer formalism. ) was set to 4.30 as rec-
ommended in the literature for M*":X™ interactions.***>**
The binary parameters f® and the mixing parameters
0(Ca,[TcO(OH);]**, Ca®) and ¥(Ca,s[TcO(OH);]**, CI~, Ca*")
were set to zero. log K:,Ca3TcO(OH)53' and f© were fitted for
CaCl, systems by minimizing the difference between experi-
mental and calculated log K's ca rco(on),> in 1.0 M, 2.0 M and
4.5 M CaCl, systems. The resulting values are:

10g Kq ¢, reofom),s = —(41.65 £ 0.30) ) = —0.074 kg mol "

S

Y =4.30 kg mol? c'® = 0.015 kg® mol 2

-38.0

-38.5
-39.0
-39.5

-40.0

*

1°g K 5,Cas[TcO(OH)s]™

-40.5

-41.0

@ Experimental log X'
- = - SIT: logK°

5,Ca3s[TcO(OH)s]**
=-41.53+0.30

=-41.65£0.30

5.Cas[ TeO(OH)s]*
Pitzer: log’K0

5.Cas{ TeO(OH)s|"*

-42.0 T T T T T T T T T T T
0 1 2 3 4 5 6

mg . (molkg")
Fig. 14 Conditional equilibrium constants log K’ ca,tco(om).3+ as a func-

tion of CaCl, molality; experimental values (symbols) and calculated
functions based on the SIT (dashed line) and Pitzer models (solid line).
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The value of #® can also be estimated for M*>": X~ inter-
actions according to A3k = 0.366 + eyx-(In 10)/2** and using
£(Caz[TcO(OH)s]*", CI7) = —0.37 + 0.1 kg mol ™" as determined
in the present study. The resulting estimate (§” = —0.0599)
is in good agreement with the value obtained in the fit.
Fig. 14 shows that both SIT and Pitzer models explain very well
log K's ca,tco(on),+ values determined from the experimental
solubility data.

As in the SIT approach, Pitzer ion interaction parameters
determined for Cas[TcO(OH);]*" are used for Mgs[TcO(OH);]**
to extrapolate the conditional stability constant at 4.5 M MgCl,
to =0 and to calculate log K_\i. reo(om),»+ = —(40.32 £ 0.50).
This agrees within their uncertainties with
log I(:,MgsTco(OH)GH determined using the SIT approach.

value

4.5 Chemical, thermodynamic and activity models for the
system Tc**-Na*-Mg”*-Ca”>*-H"-Cl -OH -H,0

Tables 6 and 7 summarize the chemical, thermodynamic and
(SIT/Pitzer) activity models derived in the present work for the
system Tc*'-Na'-Mg”>*-Ca**-H'-CI"-OH -H,0. Fig. 15-17
show all experimental solubility data determined in the
present work in dilute to concentrated NaCl, MgCl, and CaCl,
systems, respectively, in combination with thermodynamic cal-
culations performed using the SIT and Pitzer activity models
summarized in Tables 6 and 7. The figures show an excellent
agreement between experimental and calculated Tc(wv) solubi-
lity data, which further extends to experimental solubility data
at I ~ 0 reported in the literature. The present work represents
the first comprehensive description of Tc(v) solubility in
dilute to concentrated saline systems, covering acidic to hyper-
alkaline pH conditions.

5 Summary and conclusions

The solubility and speciation of Tc(iv) were successfully investi-
gated in dilute to concentrated NaCl, MgCl, and CacCl, systems
using a systematic combination of undersaturation solubility
experiments, extensive solid phase characterization, aqueous
speciation methods/techniques and DFT calculations. The
chemical, thermodynamic and activity models accordingly
derived improve and further extend the current NEA-TDB ther-
modynamic selection for Tc and offer the first experimentally
derived comprehensive Pitzer model available for highly saline
systems.

Table 6 Equilibrium constants (I = 0, T = 25 °C) determined in the present work for the solid hydrous oxide and hydrolysis species of Tc(v)

Chemical reactions SIT Pitzer

log K° log K°
Tc0,-0.6H,0(s) + 2/3 H' & 1/3Tc;05>" + 0.93H,0 -1.53 £0.15 -1.50 £ 0.10
TcO,+0.6H,0(s) + 0.4H,0 < TcO(OH), —8.80 + 0.50 —8.80 £ 0.50
Tc0,-0.6H,0(s) + 1.4H,0 & TcO(OH);~ + H' —-19.27 + 0.06 —-19.32 £ 0.10
Tc0,-0.6H,0(s) + 3Mg”" + 3.4H,0 & Mgg[Tco(OH)SS]3+ +3H" —40.55 + 0.50 —40.32 + 0.50
Tc0,-0.6H,0(s) + 3Ca*" + 3.4H,0 & Cay[TcO(OH);]*" + 3H" —41.53 + 0.30 —41.65 + 0.30

This journal is © The Royal Society of Chemistry 2016
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Table 7

[kg mol~Y]; Pitzer parameters: %}, fY, 2; 6 in [kg mol™], C" and ¥j; in [kg® mol™

7
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lon interaction coefficients for Tc(iv) hydrolysis species in NaCl, MgCl, and CaCl, media at T = 25 °C. SIT ion interaction coefficents: (i) in

Species SIT Pitzer
Mixing
Binary parameters parameters

i J e(ij) A Y ¢ o i
Te;052 cl- —0.41 + 0.05 -0.3681 2.6972 0.0063 0 0
TcO(OH);~ Na* 0.09 + 0.02 —0.0087 0.3 0.035 0 0

Ca* 0.15" 0.3 1.7 0° 0° 0°
Cay[TcO(OH),]** cl -0.37 £ 0.1 —0.074 4.3% 0.015 0 0
Mg;[TcO(OH); > cl- —-0.37 + 0.1 —0.074 4.3% 0.015 0 0
TcO(OH),(aq) Na', Mg>*, Ca>*, CI~ 0 0 0 0 0 0

“Fixed value for the corresponding charge type, according to ref. 44. ® Estimated value for the corresponding charge type, according to ref. 42.

¢ Estimated value for the corresponding charge type, according to ref. 48.

-3 T T T T T T
@ 5.0MNacl
4 @ 3.0MNaCl
VY 1.0 M NaCl
@ 0.5MNaCl
E 0.1 MNaCl
-5
Solid lines: Pitzer model
Dashed lines: SIT model
K
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8 71 h y -
-8- ‘ o] _
-9 | 4
o <«
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0 2 4 6 8 10 12 14
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Fig. 15 Tc(v) experimental solubility data determined in dilute to con-
centrated NaCl systems (symbols), and calculated solubility of
TcO,-:0.6H,0(s) using the thermodynamic and (SIT/Pitzer) activity
models derived in the present work.

2 ; — ;
\ @ 45MMgCh
@ 3.0MMgCl
@ 2.0MMgCL
WV 1.0 M MgCl2
@ 0.25 M MgCl2

Solid lines: Pitzer model
Dashed lines: SIT model

log M)

Fig. 16 Tc(v) experimental solubility data determined in dilute to con-
centrated MgCl, systems (symbols), and calculated solubility of
TcO,-0.6H,0(s) using the thermodynamic and (SIT/Pitzer) activity models
derived in the present work. Shadowed area indicates the precipitation of
Mg(OH),(s) (IMgCl,] < 2 M) or Mg—OH-Cl(s) (IMgCl,] > 2 M).

8934 | Dalton Trans., 2016, 45, 8916-8936

'3 T T T T
@ 45Mcack
1| @ 2o0mcack 4
4 @ 1.0McaClz
E 0.25M CaClz
'5 7] Solid lines: Pitzer model |
Dashed lines: SIT model
K

£
2 71 / 1
2 ®

-8 PO P4 , 4

° 7 8
-9 ) 4
(4]
®e ¢ « 8
PH, =12
'1 0 T T T T T
7 9 10 1 12 13
pH

Fig. 17 Tc(iv) experimental solubility data determined in dilute to con-
centrated CaCl, systems (symbols), and the calculated solubility of
TcO,:0.6H,0(s) using the thermodynamic and (SIT/Pitzer) activity
models derived in the present work. Shadowed area indicates the
precipitation of Ca(OH),(s) ([CaCly] < 2 M) or Ca—OH-Cl (s) ([CaCl,] >
2 M) solid phases.

TcO,-0.6H,0(s) is the solid phase controlling the solubility
of Tc(w) in all the evaluated systems, except under acidic con-
ditions with a very high chloride concentration where the for-
mation of a Tc(iv)-Cl solid phase is hinted from solubility
experiments in agreement with the literature. The previously
unreported formation of the polynuclear Tc;O5>" species
under acidic pH conditions is accepted based on the slope
analysis of solubility data gained in the present work and spec-
troscopic evidence available in the literature. The predomi-
nance of this species in the aqueous phase under acidic
conditions (instead of TcO** + TcO(OH)") properly explains the
experimental observations from dilute to concentrated saline
systems, except in very acidic systems with a high chloride con-
centration where the formation of binary Tc(iv)-Cl or ternary
Tc(1iv)-O/OH-Cl aqueous species is indicated by spectroscopic
techniques. The pH-independent chemical reaction
TcO,:0.6H,0(s) + 0.4 H,O(l) & TcO(OH),(aq) controls the

This journal is © The Royal Society of Chemistry 2016
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solubility of Tc(iv) under weakly acidic to alkaline pH con-
ditions. The stability field of TcO(OH),(aq) decreases in con-
centrated saline systems due to the greater stabilization of
charged species and the formation of new ternary complexes
in concentrated alkaline MgCl, and CaCl, systems.
log K:ATCO(OH)Z(aq) = —(8.8 + 0.5) determined in the present
work agrees well within the uncertainties with the value cur-
rently selected in the NEA-TDB. The solubility of Tc(iv)
increases with a slope of +1 (log my. vs. pHy,) in NaCl systems
with pH,, > 11, indicating the predominance of TcO(OH);™ as
previously selected in the NEA-TDB and decreases about one
order of magnitude with increasing ionic strength due to ion
interaction processes. A very different behaviour of Tc(wv) is
observed in concentrated alkaline MgCl, and CacCl, systems,
where a steep increase of the solubility with a well-defined
slope of +3 is observed. The formation of Mg;[TcO(OH);]>" and
Caz[TcO(OH);]*" species is proposed based on the slope analy-
sis, model calculations and previous solubility and spectro-
scopic evidence available for An(wv) and Zr(wv). DFT calculations
further support the key role of Ca*" in stabilizing the highly
charged [TcO(OH);]>~ moiety.

The comprehensive thermodynamic model derived in the
present work for the system Tc**-Na*-Mg**-Ca**-H'-Cl -
OH -H,O0 at T'= 25 °C provides an accurate and robust tool for
the calculation of Tc(wv) solubility in a diversity of geochemical
conditions. This new thermodynamic model represents a sig-
nificant improvement and is highly relevant for calculating
reliable Tc(iv) source term concentrations in the context of
safety assessments for nuclear waste repositories.
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