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Preface

This volume on technetium is the third volume in a series of critical reviews of the
chemical thermodynamic properties of elements of special importance to modelling
efforts for the safety assessment of radioactive waste disposal systems, and is the only
one concerned with a fission product element. The first two volumes were reviews of
the chemical thermodynamics of uranium and americium. Thermochemical data for
neptunium and plutonium are being reviewed for a later volume.

The OECD Nuclear Energy Agency (NEA) began the Thermochemical Data Base
(TDB) project in 1984 as a collaboration between the Data Bank of the NEA and the
Division of Radiation Protection and Radioactive Waste Management. Review com-
mittees were recruited by Anthony Muller in 1984 and 1985 for the various elements
of interest. Anthony Muller left the NEA in 1986 and was replaced by Hans Wanner.

The first meetings of the review teams took place in the autumn of 1987, at which
time preliminary plans were made for the scope of each volume and sections were
assigned to be written by each team member. It has taken more than ten years since the
first meeting of the technetium committee to get this volume written. A main reason
for taking this long was the loss of four committee members due to job changes or
health reasons, which made this the smallest of the NEA review committees. However,
another factor was the lack of consistent funding for the committee members, which
brought the work on this book to a standstill on several occasions.

Editing of the various drafts of the volume on technetium has been performed by
Hans Wanner (1986 to 1992), Ignasi Puigdomenech (1992 to 1995), M. C. Amaia
Sandino (1995 to 1997), and most recently by Erik Osthols (1998 and 1999). During
this time they have been assisted by members of the NEA Data Bank including Isabelle
Poirot (now Muller), Isabelle Forest, Cecile Lotteau, Sasha Koo-Oshima, Frederique
Joyeux and Isabelle Claudel.

The first meeting of the technetium committee took place at the NEA Data Bank in
Gif-sur-Yvette, France, on October 14-15, 1987. Present were the committee chairman
Jean Paquette and the committee members Malcolm H. Rand, Joseph A. Rard, and
John R. Thornback, along with (from the NEA) Hans Wanner, Isabelle Poirot (Muller),
and Jean-Claude Parneix. The second meeting of the committee took place at the NEA
Data Bank in Gif-sur-Yvette, France, on May 14-15, 1990. Present were the chairman
Joseph A. Rard and committee members Malcolm H. Rand and John Thornback, along
with (from the NEA) Hans Wanner, Isabelle Forest, and K. Miyahara. The third and fi-
nal meeting of the technetium committe took place at the Swiss Federal Nuclear Safety
Inspectorate in Villigen, Switzerland on October 28-30, 1996. Present were the chair-
man Joseph A. Rard and committee members Giorgio Anderegg, Malcolm H. Rand,
and Hans Wanner, along with (from the NEA) M. C. Amaia Sandino.

Jean Paquette resigned from the technetium committee early in 1988 after changing
jobs to a nonnuclear field of work, and | became the new chairman. Jean Paquette’s
replacement, and his replacement’s replacement, both left the technetium committee
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within about a year after joining because of health reasons and job changes, respect-
ively. Giorgio Anderegg was added to the technetium committee in 1993 and Hans
Wanner in 1996. John Thornback left the technetium committee in 1996.

The original plans for the book on technetium included having sections on the or-
ganic compounds and complexes of technetium, and rough drafts for several of those
sections were written by John Thornback. However, in order to finish this book without
delaying any longer, it became necessary to reduce the scope of this book by elim-
inating these draft sections. A few types of the organic compounds and complexes
of technetium are discussed in this book together with their corresponding inorganic
compounds and complexes. The main types of these compounds and complexes are the
oganometallic hydrides, nitrosyl and thionitrosyl compounds and complexes, and com-
plexes containing organic selenide, arsenic, or antimony ligands. The NEA is preparing
a separate volume on compounds and complexes of technetium and other radioactive
elements of interest with selected simple organic ligands.

This volume was written as a truly collaborative effort. The sections on the aqueous
redox chemistry of technetium (except for examining the claims for the existence of
aqueous T&h) and the solubility of Tc@ 1.6H,O(s) were written originally by Gior-
gio Anderegg and were revised and expanded by Hans Wanner. Malcolm Rand wrote
the sections on technetium metal and the intermetallic compounds. The sections on
anhydrous binary oxides and binary sulphides were a collaboration between Malcolm
Rand and myself. All of the remaining sections were written by me. However, Mal-
colm Rand also made significant contributions to several of those sections by perform-
ing statistical thermodynamic calculations for technetium halides and oxohalides, and
by helping to update some existing sections by reviewing recent publications. The large
number of sections written by me was not due to any particular desire or talent on my
part. Rather, it is due to the fact that | had financial support for a longer period of time
than did any of the other team members.

This volume contains a detailed description of the phase relations, reaction chem-
istry, and physicochemical properties of technetium and its various compounds, com-
plexes, and aqueous species. The discussion is much more detailed than was given in
the earlier volumes on uranium and americium, and was necessary because of the ex-
treme complexity of the chemistry of technetium. This complexity arises because of the
ability of technetium to form compounds with technetium valences rangingfrbto
+7, and because of its strong tendency to form binuclear and polynuclear compounds
and complexes. Its chemistry is so complex that much of it is poorly understood, and
many of the phase relations (including the technetium-oxygen system) are incompletely
characterised. The authors of this volume hope that by presenting a detailed discussion
of what is known and what is not known about the chemistry and thermodynamics of
technetium, some of the readers will be inspired to determine some of the missing in-
formation or to reconcile discrepancies between seemingly contradictory information
or conclusions published in the literature.

Livermore, California, October 1997 Joseph A. Rard, Chairman
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Foreword

This is the third volume of a series of expert reviews of the chemical thermodynamics
of key chemical elements in nuclear technology and waste management. A volume on
neptunium and plutonium is currently in progress. The recommended thermodynamic
data are the result of a critical assessment of published information.

The data base system developed at the Data Bank of the OECD Nuclear Energy
Agency (NEA),cf. Sectionll.6, ensures consistency not only within the recommended
data set on technetium but also among all the data sets to be published in the series.

The NEA Data Bank provides a number of services that may be useful to the reader
of this book.

e The recommended data can be obtained via Internet directly from the NEA Data
Bank.

e The NEA Data Bank maintains a library of computer programs in various
areas. This includes geochemical codes such as PHREEQE, EQ3/6, MINEQL,
MINTEQ, PHRQPITZ,etc, in which chemical thermodynamic data like those
presented in this book are required as the basic input data. These computer
codes can be obtained on request from the NEA Data Bank.

We’'d like to hear from you!

If you have comments on the NEA TDB reviews, please contact us and tell us what
you liked, what you didn’t like, and of course about any errors you find in the reviews.
See below for information on where to find us.

How to contact the NEA TDB project

Information on the NEA and the TDB project, on-line access to selected data, com-
puter programs etc., as well as many documents in electronic format, is available at
http://www.nea.fr

If you have comments on the TDB reviews, or wish to request further information,
please send electronic mailtdb@nea.fror, if this is not possible, write to

OECD Nuclear Energy Agency, Data Bank
Le Seine-St. Germain

12, boulevard des Tles

F-92130 Issy-les-Moulineaux, FRANCE


http://www.nea.fr
mailto:tdb@nea.fr
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Chapter |

Introduction

.1 Background

If hazardous waste is stored in an underground tank or in a geological formation, the
principal mode of transport of the hazardous components away from the repository
will be, in most cases, through the aqueous phase, either as dissolved species or as
suspended material. It is obviously essential to understand, to model, and to predict
the reactions that will occur between the hazardous waste components and the ground-
water, between the hazardous waste components and the container in which they were
initially enclosed, and between the waste components and the surrounding geological
material. This will allow estimates to be made of the amounts of the hazardous com-
ponents being transported away from the repository. To do the necessary calculations
requires that the groundwater composition and temperature be known, along with the
chemical composition of the rocks in the surrounding geological media. In addition, the
thermodynamic stabilities and solubilities of the compounds and complexes that can
form under these conditions must also be known. In other words, a reliable, critically
assessed, thermodynamic data base is required for all of the hazardous components.

In the area of radioactive waste management, the hazardous radioactive constituents
consist, to a large extent, of fission products, residual fuel, and actinides produced by
the operation of nuclear reactors, in addition to lesser amounts from other sources such
as waste from medical procedures done with radioactive isotopes. The fission product
99T¢ is produced in appreciable amounts during the burning of nuclear fuel, with a
fission yield of about 6.1% from the thermal neutron fissiof%t) and 5.9% from
fission 0f23%Pu [7OLAV/POZ, 87LIE/BAU, 93LIE]. Much of this technetium ends up
in the high activity waste of reprocessing plants. Part of the technetium is also present
in the intermetallic (Mo, Tc, Ru, Rh, Pd) “white phases” in spent nuclear fuel, which
are difficult to dissolve.

In recognition of the need for an internationally acceptable, high quality, and (so
far as possible) comprehensive data base for the safety assessment of nuclear waste dis-
posal, in 1984 the Radioactive Waste Management Committee (RWMC) of the OECD
Nuclear Energy Agency decided to initiate the Nuclear Energy Agency Thermochem-
ical Data Base Project (NEA-TDBBpMUL, 88WAN, 90WAN].

The highest priority was assigned by the RWMC to performing critical reviews
for the chemical thermodynamic properties of the compounds and aqueous species of
uranium, americium, technetium, neptunium, and plutonium. The first two volumes
of this series on uraniumM®PGRE/FUG and americium 95SIL/BID] have since been

1



2 |. Introduction

published. The present effort constitutes the third volume of this series.

.2 Focus of the review

As mentioned in the previous section, the primary focus of this volume is to provide a
critical review of the chemical-thermodynamic properties of technetium relevant to the
safety assessment of radioactive waste repositories in the geosphere. Major consider-
ations of this review thus include examining data relevant to the release of hazardous
waste components from a repository into the geosphere, including the chemical interac-
tion of the hazardous waste components with its primary container, with the “backfill”
material, with groundwater, and with the geological “near field” materials. Ground-
waters and porewaters provide the primary media for the transport of these hazardous
components away from a repository and for their transport through the surrounding
geological media and the biosphere. Thus a knowledge of the chemical and thermody-
namic properties of the various hazardous waste components and their interaction with
groundwaters of various chemical compositions is of fundamental importance to this
review.

A secondary focus of this review is to examine data relevant to understanding the
chemical state of technetium in spent fuel, under conditions in which it might be emit-
ted from a nuclear reactor, and under conditions used in reprocessing of spent nuclear
fuel. Thus, some discussion is devoted to the intermetallic compounds of technetium
and to the phase diagrams of technetium with other metals and with carbon, and to
the high-temperature thermodynamics of technetium and some of its compeLgds,
Te(g), TcO(g), TeC(9), TeS(9), Tekg), TcOsF(g), ete

A major effort was made for assessing the thermodynamic properties of aqueous
species of technetium at ambient temperature conditions. There is a remarkable lack
of thermodynamic data for technetium and its compounds and complexes above room
temperature. The available data are mainly restricted to vapour pressure measurements
and partial phase diagrams for a few systems. The method selected in this review for
the thermodynamic analysis of ionic interactions between ionic components in water
is the specific ion interaction equation (SIT), see Appel@iX his method allows the
selected evaluated thermodynamic data of this review to be used in a general and con-
sistent manner for thermodynamic modelling calculations, regardless of the type and
chemical composition of the groundwater, subject to the restriction that the maximum
ionic strengths not exceed those imposed by the available experimental data evaluated
in this review.

The most important solid phases for predicting the maximum concentrations of
technetium in agueous solutions and of the release of technetium from a repository are
(at different values of ) probably Tc(cr), Tc@(cr), TcO, - 1.6H20(s), and various
less-soluble pertechnetate salts such as K{@® Reasonably complete thermody-
namic data are available for these compounds, data which, in most cases, are of fairly
high quality. There are also fairly high quality thermodynamic data for most of the
aqueous species in the technetium-water system:, Ta@ the various hydrolysed
forms of Tc(IV). However, the available data for Tc(lll) is ambiguous because of un-
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certainties about its actual degree of hydrolysis, and there is a lack of thermodynamic
data for most of the complexes of technetium(lll) and Tc(IV) with inorganic ions. A
few stability constants have been measured for these aqueous ions, but in most cases,
insufficient data is available to permit calculation of their Gibbs energies of formation.

This review also contains a detailed discussion of the chemistry and reactions of
technetium. In some cases this chemical information can provide valuable information
about whether certain technetium complexes will form under repository conditions,
even when a lack of thermodynamic data precludes a rigorous thermodynamic mod-
elling calculation. For example, the aqueous ions ﬁ@lnd TcBé‘ are very well
known, but the available thermodynamic data for them is not complete enough to cal-
culate their Gibbs energies of formation. However, the available chemical information
indicates that they form only in solutions possessing both high acidity and high concen-
trations of the corresponding halide ions, and that thes%Tm)(ll undergo essentially
complete hydrolysisin a typical groundwater. Thus, the lack of Gibbs energies of form-
ation for them, in the assessed thermodynamic data base, will have no adverse impact
on modelling calculations related to an underground repository.

Although the main focus of this review is to obtain a critically-evaluated chemical-
thermodynamic data base for technetium, doing these calculations requires thermody-
namic data for various other chemical elements and compounds. These auxiliary data
were taken from the most recent CODATA Key ValuBSCOX/WAG whenever pos-
sible. Thermodynamic values for certain other compounds and aqueous species were
selected in the volume on uraniu®GRE/FUG. The internal consistency of all se-
lected thermodynamic data is ensured by software developed at the NEA Data Bank.
To retain this consistency in applications of the thermodynamic data base for techne-
tium, it is imperative that the selected auxiliary thermodynamic data be used for all
calculation.

Literature coverage for this review is intended to be complete through 1994 and
most of 1995. However, a few references from 1996-1998 are also cited.

1.3 Known isotopes of technetium

All 21 isotopes of technetium with mass numbers fréfiic to 11°Tc have been re-
ported, as have 7 nuclear isomeP$™Tc, 94MT¢, 95MT¢, 96mTc 97MTC 99MTC and
102mtc. However, in several cases the identifications of the isotopes are tentative. All
isotopes of technetium are radioactive. The majority of these isotopes have half lives
ranging from 0.82 second$!fTc) to 61.2 days{™Tc) and are therefore not a signi-
ficant concern for the disposal of nuclear waste. KirB2KIR] has given a complete
list of these isotopes, their half-lives, the method first used to prepare each isotope, and
references to the original publications.

Only three of these isotopes have long enough half lives to be a concern for the
disposal of nuclear wast&/Tc with t;» = 2.6 x 10° years 8Tc with ty» = 4.2 x
108 years, and®Tc with ty /2 = 2.14 x 10° years. Two of these isotopes are prepared
by irradiation of molybdenum with deuterons or protons. The third of these long-lived
isotopes?9Tc, is the mostimportant one for nuclear waste disposal since several tonnes
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are produced each year as fission products in nuclear reactors. Significant amounts of
99MT¢ are also prepared in “technetium generators” by irradiatictidb (usually as
molybdenum trioxide) with neutrons. This isotope decays very cleanly with a half-life
of t12 = 6.02 hours to forn?®Tc, by emission of a nearly monoenergetic 140 keV
gamma ray $2KIR, 93JUR/BER; °°™Tc has been extensively used in nuclear medi-
cine [B2SEl.

Virtually all of the technetium used in the thermodynamic measuremeft3is
and thus all evaluated thermodynamic values given in this review pertain to this isotope.

.4 The discovery and natural occurrence of techne-
tium and its utilisation

In 1869 Dmitri lvanovich Mendeleev reported his periodic table in a reasonably com-
plete form, which provided a systematic ordering of the elements based on their molar
masses. Mendeleev predicted that two of the gaps in this table would be filled by heav-
ier analogs of manganese, which he named eka-manganese and dvi- or dwi-manganese
(from the Sanskrit words for one and two), and that their “atomic weights” would be
approximately 100 and 190, respectively. “Dwi-manganese” is now known as rhenium.

The search for new elements in various rocks and minerals became more systematic
after the publication of Mendeleev’s periodic table, since chemically similar elements
might be expected to be found in the same types of ores. There were numerous claims
for the discovery of new elements, some of which proved to be correct. However,
the majority of the claims for the purported new elements were erroneous, and usu-
ally resulted from mixtures of several elements being misidentified as being a single
element. Several of these claimed new elements seemed to have “atomic weights” or
chemical properties that appeared to correspond to eka-manganese. There are a number
of published descriptions of the convoluted history of the search for Mendeleev’s eka-
manganesesPBOY2 62KEN, 68KOT/PAV, 82KIR, 93KUR]. Two of these descrip-
tions are fairly detailedd2KEN, 82KIR], and were used as the source of information
for the following discussion.

The first of the candidate elements for eka-manganese was reported by Osann in
1828 as an extract from platinum ores, and was named polinium by him. He later ac-
knowledged that this “element” was actually an impure fraction or iridium. In 1846
Hermann reported the isolation of the “element” ilmenium from various ores, which
was reportedly found occurring with niobium and tantalum. However, other workers
claimed that ilmenium was actually a mixture of titanium, niobium, and tantalum or
that it was an impure sample of niobium. In 1877 Kern reported the discovery of the
new “element” davyum (which was named after Sir Humphrey Davy) which he be-
lieved belonged to the platinum group metals. He originally predicted that davyum
(Da) would have an “atomic weight” of about 100. Kern later determined that it had
an “atomic weight” of 154, which made it too heavy to be the elusive eka-manganese.
Barriére claimed in 1896 to have isolated an “element” from monazite sand that had an
“atomic weight” of 104 and named it lucium. However, Crookes showed that lucium
was mainly yttrium, along with lesser amounts of several other rare earth elements.
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Ogawa, in 1909, reported the isolation of a new “element” from thorianite, reinite, and
molybdenite which he named nipponium (Np). It had an “atomic weight” of about
100. Evans had claimed the discovery of an “element” the previous year and which
had essentially identical properties. These two “elements” are usually assumed to be
identical. There were no lines in the X-ray emission spectrum of this “element” that
could not be attributed to known elements, and its identity remains uncertain. Moseley
in 1913 described the use of the X-ray emission spectrum frequencies to determine the
atomic number of elements, and thereby showed that the eka-manganese of Mendeleev
should fall between elements molybdenum (atomic number 42) and ruthenium (atomic
number 44). Thus it should have an atomic number of 43. Gerber attempted to isolate
element 43 from various molybdenum and tungsten ores but without success. How-
ever, in 1917, he proposed that the as yet undiscovered element 43 should be named
neo-molybdenum rather than eka-manganese, because of his belief that its chemistry
should resemble that of molybdenum more closely than that of manganese. In con-
trast, Bosanquet and Keeley had the opposite viewpoint that the chemistry of element
43 should resemble that of manganese, and searched for it in manganese ores. Their
results, published in 1924, were also negative. They proposed that element 43, once
discovered, should be named moseleyum (Ms).

The most substantial claim for the isolation of element 43 came from Noddack,
Tacke, and Berg in 1925. They isolated a concentrate of material extracted from colom-
bite, FeNb2Og, which they estimated contained 5% of element 75 and 0.5% of element
43. Their discovery of element 75, which they named rhenium, was verified by others.
Evidence for element 43 was based on three X-ray emission lines which fell close to
their anticipated frequencies. Noddack, Tacke, and Berg named the element 43 mas-
urium (Ma) after the East Prussian area of Masuria. The spectroscopic plates upon
which this identification was made were later reported to have been broken, and no
further evidence for masurium was obtained. However, the name masurium continued
to be used in the scientific literature until the late 1940s.

These searches for element 43 in natural minerals were based on the reasonable
expectation that it was present along with the other heavy elements when the earth
formed ca. 46 x 10° years ago, and that, although it might be rare, it would still be
present in the earth’s crust. However, as noted above, all isotopes of technetium are
radioactive and the one with the longest half-life,

98Tc, has a half-life of; , = 4.2x10° years. About4.6x10°%)/(4.2x 10P) ~ 1095
half-lives of this isotope have occurred since it was deposited on the primordial earth,
and thus the fraction still remaining should t2)199° = 2 x 10-33Cfor this isotope
and even less for the other isotopes. Obviously no detectable amounts of this primordial
technetium still exist.

The first verified identification of element 43 was made by Perrier and Segre, who
published their results in 1937 and 1939 PER/SEG39PER/SEG Their sample was
extracted from a molybdenum plate that had been irradiated with a deuteron beam and
its associated secondary neutrons in the cyclotron at Berkeley, California. Short lived
isotopes of element 43 could not be detected since there was a six week delay in the
chemical processing of the molybdenum plate, during which time the plate was being
shipped from Berkeley to Italy. Perrier and Sed@@PER/SEGcarried out some fairly
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complicated chemical separations in order to isolate element 43 from this irradiated
molybdenum. A variety of chemical treatments and precipitation sequences were used
to remove zirconium and molybdenum. Since none of these other precipitates were
radioactive, and since the solution phase remained radioactive, they concluded that the
radioactivity was due to some other element which could only be element 43. Some of
the chemical properties of element 43 were determined, and, as expected, were similar
to those of rhenium. In 1946 they named this element technetium after the Greek word
for artificial, te x vic6¢.

The original isotope isolated by Perrier and Segré was undoubt&8Te which
was produced from®Mo by a (d, n) reactiong2KIR].

The isotope€?Tc is produced in major amounts in fission reactors and thus is ex-
pected to be present in uranium ores from the spontaneous fissféfofHowever,
as noted by Kenna and Kurod@l[KEN/KUR], the steady-state concentration of tech-
netium expected in uranium ores is quite small giversth@ x 10'° years half-life for
spontaneous fission 8f8U. They estimated that a sample of pitchblende containing
50 mass-% uranium would contain about3®g of °°Tc per kg of ore, which cor-
responds to a mass fraction of 8. To isolate technetium in such extremely small
amounts would obviously require extremely careful and sophisticated chemical pro-
cessing of the ore.

The first indisputable identification of “natura®Tc was made from an uranium
ore by Kenna and Kurod&KEN/KUR]. Starting with 3.3 kg of pitchblende from
the former Belgian Congo, they removed most fission products and decay products by
using a complicated series of chemical separations. They succeeded in separating about
1 pg of99Tc, which they detected by its characteristic beta decay energy. Their isolated
samples oP°Tc produced only 2 to 3 decays per minute, which is close to the decay
rate expected fot°Tc if it were initially present in secular equilibrium with t#é8U.

Given the minuscule amounts $iTc present in this pitchblende, its near quantitative
separation was a remarkable achievement. See refer@®&isll/KEL, 82KUR] for
detailed flow charts of the separation procedure.

In 1951 Moore $1MOQ reported three spectroscopic lines in the solar spectrum
that were tentatively attributed by her to Tc Il. As discussed by KeBRKIEN], this
identification has been disputed. Spectroscopic lines due to Tc | have been identi-
fied in many M, S, C and N-type stars, and mostly in “variable-type” sta28/ER
77CHE 82ALL/KEL]. However, there is disagreement whet®@rc [77CHH or °°Tc
[93LAK/SAF] forms in these stars.

Extremely low concentrations 8#Tc can be found in the environment around the
earth. Part of this technetium is a relic of atmospheric testing of nuclear weapons,
part is from the low-activity level waste which is discharged in the ocean from a few
nuclear reprocessing plant87LIE/BAU], and part from accidental airborn releases
from nuclear facilities. In aqueous systems under oxidising conditions most of the
technetium is oxidised to TcPions, which can be quite mobile.

Bishop, Beetham, and Cuf89BIS/BEH have reviewed published results for the
uptake, excretion, and bioaccumulation of technetium by living organisms, Beasley and
Lorz [B6BEA/LOR reviewed the biological behaviour of technetium in marine envir-
onments, and SeideBRSE] has summarised various medical aspects of technetium.
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Various medical applications and use of radiopharmaceutic2¥8% have been
reviewed by Seideld2SE]. Jurissoret al. [93JUR/BER have reviewed the chemistry
of many of these radiopharmaceuticals.

I.5 Review procedure and results

The object of this review is to provide a comprehensive literature survey of pub-
lished chemical-thermodynamic data for technetium and its inorganic compounds and
aqueous species; to provide an internally consistent recalculation of published ther-
modynamic data; and to assess the available thermodynamic data in order to provide
a set of recommended values of Gibbs energies and enthalpies of formation along
with entropies and heat capacities. Previous reviews are cited and provide a valu-
able source of literature references and critical assessments of earlier literature data.
A number of guidelines for this reevaluation of primary literature data have been re-
ported as part of the NEA-TDB projec@3OST/WAN 92GRE/WAN 98WAN/OST,
98WAN/OST2 98WAN]. Extracts from some of these are included in Chafitend
Appendice<C andD of the present report.

The critically assessed thermodynamic data for technetium are summarised
in Chapterlll and are discussed and described in detail in ChapterReported
uncertainty limits represent the estimated 95% confidence limits. If an experimental
thermodynamic quantity was reported along with its uncertainty in a publication,
and the uncertainty was not otherwise identified, it was assumed to be an estimated
one standard deviation uncertainty. These assessed thermodynamic values all refer
to the reference temperature of 298.15 K and the standard pressure of 1 bar. For
aqueous solutions the standard states are infinite dilution for enthalpies of dilution
and apparent molar heat capacities, and for Gibbs energies the solute standard state
is a hypothetical ideal solution with a mean molality of 1 méig—! and a mean
molal activity coefficient equal to 1. For the thermodynamic modelling of technetium
in a real system with non-zero ionic strength and/or a temperature different from
298.15 K, itis necessary, in general, to recalculate these standard state thermodynamic
values to the actual non-standard state conditions. Unfortunately, there are very few
experimental heat capacities for the compounds and aqueous species of technetium, so
extrapolations of the data base to higher temperatures will require the estimation of
heat capacities.

The quality of thermodynamic modelling calculations can be no better that the
quality of the input data upon which they are based. That quality will depend not only
on the uncertainties of the assessed thermodynamic properties, but will also depend on
the completeness of the thermodynamic data base. It is important that the user of the
technetium thermodynamic base, summarised in Chalterecognise that the data
base may not be complete for all applications, and that some gaps are present. These
gaps in the thermodynamic data are pointed out in Chaptand are summarised in
Sectionl.7 of the present chapter.
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.6 Previous reviews of the chemical or thermodynamic
properties of technetium

This volume was written to provide a comprehensive and internally consistent chem-
ical thermodynamic data base for technetium, and to examine its inorganic chemistry
in detail. A number of earlier reviews are available which overlap with portions of
the present review. In most cases, advances in the knowledge of the chemistry, elec-
trochemistry, and thermodynamic properties of technetium have occurred since those
reviews were published, which makes portions of those reviews out of date or which
vitiates some of their conclusions or their assessed thermodynamic values. However,
there is still much valuable information contained in these reviews, and many of them
will now be mentioned. Some of these reviews cover aspects of the chemistry of tech-
netium not covered in detail in the present review, and thus are valuable supplements to
the present volume. However, much new information has been published since some
of the earlier reviews appeared, which in some cases indicates the earlier chemical in-
formation was erroneous or makes the assessed thermodynamic information obsolete.
Thus the reader is encouraged to read more recent publications in these areas.

There are two excellent reviews of the crystal structural data and unit cell para-
meters for inorganic and organometallic compounds and complexes of technetium
[82BAN/MAZ, 87MEL/LIE]. The comprehensive review by Bald&@IBAL] extends
this coverage to the beginning of 1993.

Among the earliest reviews of the chemistry of technetium are the books by Colton
[65COL], Peacock §6PEA, Canterford and Coltong8CAN/COL, and Lavrukhina
and Pozdnyakow[OLAV/POZ], and the book chapter by Kotegov, Pavlov, and Shvedov
[68KOT/PAV]. These books also summarise thermodynamic and electrochemical data
available at that time. Peacock’s article in the book Comprehensive Inorganic Chem-
istry [73PEA summarises the available vapour pressure data for technetium halides
and oxohalides, including some from studies that have never been published. The re-
port by Friedman§1FR|[ summarises available data on the photochemical and electro-
chemical behaviour of aqueous solutions containing technetium salts and complexes.
Spitsynet al. [85SPI1/KUZ have reviewed the technetium cluster compounds. The ex-
cellent review article by Balda®fBAL] contains an enormous amount of information
about the inorganic and organometallic compounds and complexes of technetium and
contains 685 literature references.

The Gmelin Handbook of Inorganic Chemistry Supplemental Volume 1, published
in 1982, contains a considerable amount of information about technetium in addition
to some of the topics covered in the present review. Other topics covered include the
history of the search for technetium in nature, various aspects of the nuclear physics
of technetium, and the applications of technetium in biology and in medicine. Various
aspects of the environmental chemistry and biological chemistry of technetium were
reviewed by Bishop, Beetham, and Cu®BIS/BEH and its biological and medical
aspects by Seide8pSEI.

Several topical symposia in recent years have been devoted to technetium. For ex-
ample, “The Topical Symposium on the Behaviour and Utilization of Technetium” was
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held in Sendai, Japan, from March 18-29, 1993. Selected papers from this symposium
were published in Volume 63 of Radiochimica Acta. The Tc-99 conference was held
in Southampton, U. K., April 8-9, 1998. The proceedings of this meeting should be
published sometime during 1999.

There are also a number of reviews devoted to the thermodynamic and/or
electrochemical properties of technetium. The earliest reviews were by Latimer
[52LAT] and Zoubov and Pourbai6ZOU/POU. Relatively little thermodynamic
data was available at the time they were written, and their estimated results*for Tc
are rejected by this review since there is no credible evidence for the existence of
this ion. More extensive reviews have been published since then by Magee and
Cardwell [4AMAG/CAR], Paquette, Reid, and Rosing80PAQ/RE], Rard B3RAR],

Magee and Blutstein8bMAG/BLU], Zelverte B8ZEL], and Lemire and Garisto
[89LEM/GAR]. Puigdomenech and Brun®%PUI/BRU have estimated the heat
capacities and entropies for various aqueous ions and complexes and a few solid
compounds of technetium. However, nearly all solubility data for Fe®@H>0(s)

were published after those reviews were written, as have a much more extensive emf
study of the TcQ/TcO, - xH20(s) redox couple and a direct determination of the
enthalpy of formation of Tcg(cr). Thus more thermodynamic data are available for

the present review, which allowed a more accurate and more extensive data base to be
produced for technetium.

.7 Some gaps in our knowledge of the chemical and
thermodynamic properties of technetium

Technetium can form compounds with a wide variety of valence states ranging up to
+7. Its chemistry is quite complicated and, in many cases, is poorly understood. In
ChapterV the chemical and thermodynamic properties of technetium are discussed in
detail. There are some significant gaps in the available information. Below we sum-
marise the most important information needed to improve the quality of the technetium
thermodynamic data base for the safety assessment of nuclear waste disposal. We hope
that some of the readers of this volume will help to provide this missing information.

1. There is a lack of experimental heat capacities for Tc(cr) above 15 K, which are
needed for the direct determination of the entropies. However, the entropy of
Tc(cr) is reasonably well established based on comparison to data for Re(cr) and
from theoretical understanding of the dependence of the entropy of metals on
their outer shell electronic configuration and other factors.

2. Of the anhydrous solid oxides, only Tg@r) and TeOz(cr) are reasonably
well characterised. There are reports of various red and black oxides, possibly
TcO3(s) and TeOs(s). The identity of these solid oxides needs to be determ-
ined. There is a need for heat capacities and thus entropies for(dry@nd
TcpO7(cr). An experimental entropy for 5©7(cr) would then allow the ther-
modynamic evaluation for TO7 - HoO(s) to be refined.
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Spectroscopic measurements fopOe¢(g) need to be extended to determine the
frequency of the lowest vibrational fundamental, which is needed to reduce the
uncertainty of the statistical thermodynamic calculations. Existing vapour pres-
sure measurements for J@;(cr) are quite limited in temperature range and ac-
curacy, and additional experimental measurements are needed to give a more
accurate value of enthalpy of sublimation of,0g(cr) and thus of the enthalpy

of formation of TeO7(g). There are also significant inconsistencies between
different determinations of the solubilities of Tg(@r) as a function of pH.

. There are claims for the existence of a number of lower-valence hydrous oxides

of technetium, of which the greatest amount of evidence is for a hydrous oxide
of Tc(lll). Additional evidence is needed to ascertain which of these purported
hydrous oxides really exist, and attempts need to be made to characterise them
thermodynamically.

. The authors of several studies reported protonation constants for the formation

of undissociated pertechnetic acid, TIOH)(aq) or HTcQ(aq). Most of these
studies were performed in acidic nitrate solutions, where the incomplete disso-
ciation of nitric acid makes the analysis of these results highly uncertain, or in
acidic chloride solutions at a single ionic strength. A better characterisation of
this protonation constant is definitely needed.

. There are almost no equilibrium constants determined for the formation of com-

plexes between Tc(lll) and Tc(lV), even with most of the common inorganic
anions present in groundwater. The only available equilibrium constants of this
type from which Gibbs energies of formation can be determined are hydroxide
and mixed hydroxide/carbonate complexes of Tc(lV). A more detailed character-
isation of the equilibria involving hydroxide and carbonate complexes of Tc(IV),
especially at high pHs, and the determination of equilibrium constants for other
inorganic complexes of Tc(lll) and Tc(IV) are critically needed for the reliable
geochemical modelling of solubility and speciation of dissolved technetium.

. Low temperature heat capacities and entropies are available fg{cf.abitho.),

TcFg(cr, cubic), and Tck ), as are vapour pressures from 256.83 to 324.82 K.
An enthalpy of formation of Tc§{cr, cubic) is required to complete the
thermodynamic evaluation for this compound. This compound is very important
because of its presence as a volatile impurity during the recovery of uranium
from spent nuclear fuel, using gaseous diffusion of(d.

. Either Tc$Q(s) or TeSy(s) could potentially form as a solubility-limiting phase

for technetium in groundwaters under very reducing conditions. Experimental
thermodynamic data are required to replace the rather uncertain estimated values
for these compounds.



Chapter Il

Standards, Conventions, and
Contents of the Table$

This chapter outlines and lists the symbols, terminology and nomenclature, the units
and conversion factors, the order of formulae, the standard conditions, and the fun-
damental physical constants used in this volume. They are derived from international
standards and have been specially adjusted for the TDB publications.

.1 Symbols, terminology and nomenclature

[1.1.1 Abbreviations

Abbreviations are mainly used in tables where space is limited. Abbreviations for
methods of measurement are kept to a maximum of three characters (except for com-
posed symbols) and are listed in Table.

Other abbreviations may also be used in tables, such as SHE for the standard hydro-
gen electrode or SCE for the saturated calomel electrode. The abbreviation NHE has
been widely used for the “normal hydrogen electrode”, which is by definition identical
to the SHE. It should nevertheless be noted that NHE customarily refers to a stand-
ard state pressure of 1 atm, whereas SHE always refers to a standard state pressure of
0.1 MPa (1 bar) in this review.

[1.L1.2 Symbols and terminology

The symbols for physical and chemical quantities used in the TDB review follow the
recommendations of the International Union of Pure and Applied Chemistry, [IUPAC
[79WHI, 88MIL/CVI]. They are summarised in Tabllel.

[1.1.3 Chemical formulae and nomenclature

This review follows the recommendations made by IUPACJEN 77FER 90LEI]
on the nomenclature of inorganic compounds and complexes, except for the following
items:

TThe version of this chapter included here differs somewnhat from those included in the other books in the
series Chemical Thermodynami@2[GRE/FUG 95SIL/BID].

11
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i) The formulae of coordination compounds and complexes are not enclosed in
square bracket¥[LJEN Rule 7.21]. Exceptions are made in cases where square
brackets are required to distinguish between coordinated and uncoordinated lig-
ands.

i) The prefixes “oxy-" and “hydroxy-" are retained if used in a general vy,
“gaseous uranium oxyfluorides”. For specific formula names, however, the
IUPAC recommended citatiorv LJEN Rule 6.42] is usede.g, “uranium(IV)
difluoride oxide” for URO(cr).

An [UPAC rule that is often not followed by many autho®LPEN Rules 2.163
and 7.21] is recalled here: the order of arranging ligands in coordination compounds
and complexes is the following: central atom first, followed by ionic ligands and then
by the neutral ligands. If there is more than one ionic or neutral ligand, the alphabetical
order of the symbols of the ligating atoms determines the sequence of the ligands. For
example(U0O2)2CO3(OH); is standard(UO2)2(OH)3CO; is non-standard and is not
used.

Abbreviations of names for organic ligands appear sometimes in formulae. Fol-
lowing the recommendations by IUPAC, lower case letters are used, and if necessary,
the ligand abbreviation is enclosed within parentheses. Hydrogen atoms that can be re-
placed by the metal atom are shown in the abbreviation with an upper case “H”, for ex-
ample: Hedta, Am(Hedta)(s) (where edta stands for ethylenediaminetetraacetate).

Table II.1: Symbols and terminology.

Symbols and terminology
length I
height h
radius r
diameter d
volume \
mass m
1Y
t
%
A
-

density (mass divided by volume)

time

frequency

wavelength

internal transmittance (transmittance of the medium itself,
disregarding boundary or container influence)

internal transmission density, (decadic absorbance): A
[0g1o(1/T)

molar (decadic) absorption coefficiert; cgl

relaxation time T
Avogadro constant Na

(Continued on next page)
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Table 11.1: (continued)

Symbols and terminology

relative molecular mass of a substafite M,
thermodynamic temperature, absolute temperature T
Celsius temperature t
(molar) gas constant R
Boltzmann constant k
Faraday constant F
(molar) entropy Sn
(molar) heat capacity at constant pressure Cp

,m
(molar) enthalpy Hm
(molar) Gibbs energy Gm
chemical potential of substance B "B
pressure p
partial pressure of substanceg;p P
fugacity of substance B fs
fugacity coefficient:fg/ pg Vi.B
amount of substan&d n
mole fraction of substance B/} ; ni XB

molarity or concentration of a solute substance B (amountcg, [B]
of B divided by the volume of the solutiof%)

molality of a solute substance B (amount of B divided by mg
the mass of the solveri#)

mean ionic molalit{?, mﬂ_f**‘” =

mirm’ my

activity of substance B ap
VB

yB

activity coefficient, molality basisag/mg

activity coefficient, concentration basess /cg
vitvo)

mean ionic activit{, a’ ag=a,a at
mean ionic activity coefficieft, y"* "~ = yityls an
osmotic coefficient, molality basis ¢

ionic strength:lym = 2 3 mZZorlc = 3 37 6 2 I

SIT ion interaction coefficient between substangeaBd £(B1,By)

substance B

stoichiometric coefficient of substance B (negative for VB
reactants, positive for products)

general equation for a chemical reaction =0 5 veB
equilibrium constari? K
rate constant k

(Continued on next page)
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Table 11.1: (continued)

Symbols and terminology

Faraday constant F
charge number of an ion B (positive for cations, negative fag
anions)

charge number of a cell reaction n
electromotive force E
pH = — logylay+/(mol- kg™1)]

electrolytic conductivity K
superscript for standard stéte °

@The ratio of the average mass per formula unit of a substan%g td the mass of an atom
of nuclide2C.
()¢t Sections 1.2 and 3.6 of the IUPAC manuz@WHI].

(©This quantity is called “amount-of-substance concentration” in the IUPAC man9e/IHI].
A solution with a concentration equal tolinol - dm=3 is called a 0.1 molar solution or a
0.1 M solution.

(@D A solution having a molality equal to Dmol- kg~ is called a 0.1 molal solution or a 0.1 m
solution.

®For an electrolyte N, X,_ which dissociates into4 (= vy + v_) ions, in an agueous
solution with concentratiom, the individual cationic molality and activity coefficient are
My (= vym) and y (= ar/my). A similar definition is used for the anionic symbols.
Electrical neutrality requires thaty zy =v_z_.

(f)SpeciaI notations for equilibrium constants are outlined in Se¢tiaré. In some case¥c
is used to indicate a concentration constant in molar unitsKgn@ constant in molal units.

@ see Sectiotl.3.1.

[1.L1.4 Phase designators

Chemical formulae may refer to different chemical species and are often required to
be specified more clearly in order to avoid ambiguities. For examplgddéurs as a

gas, a solid, and an aqueous complex. The distinction between the different phases is
made by phase designators that immediately follow the chemical formula and appear
in parentheses. The only formulae that are not provided with a phase designator are
aqueous ions. They are the only charged species in this review since charged gases are
not considered. The use of the phase designators is described below.

e The designator (l) is used for pure liquid substaneas, H>O(l).

e The designator (aq) is used for undissociated, uncharged agueous spegies,
U(OH)4(aqg), CQ(aq). Since ionic gases are not considered in this review, all
ions may be assumed to be aqueous and are not designed with (aq). If a chemical
reaction refers to a medium other thap®(e.g, D20, 90% ethanol/10% $D),
then (aq) is replaced by a more explicit designagar, “(in D20)” or “(sIn)”. In
the case of (sIn), the composition of the solution is described in the text.
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Table 11.2: Abbreviations for experimental methods

aix
cal
chr
Cix
col
con
cor
cou
cry
dis
em
emf

tls
vit

anion exchange

calorimetry

chromatography

cation exchange

colorimetry

conductivity

corrected

coulometry

cryoscopy

distribution between two phases
electromigration

electromotive force, not specified
glass electrode

ion selective electrode with ion X stated
ion exchange

rate of reaction

mole volume determination
nuclear magnetic resonance
polarography

potentiometry

proton relaxation

quinhydrone electrode

emf with redox electrode

review

spectrophotometry

solubility

transient conductivity

thermal lensing spectrophotometry
voltammetry

method unknown to the reviewers

15
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e The designator (sIn) is used for substances in solution without specifying the
actual equilibrium composition of the substance in the solution. Note the differ-
ence in the designation ofd® in Egs. (1.2) and (I.3). H2O(l) in Reaction (1.2)
indicates that HO is present as a pure liquiidg., no solutes are present, whereas
Reaction [1.3) involves a HCI solution, in which the thermodynamic properties
of H2O(sIn) may not be the same as those of the pure liqgw@@. In dilute
solutions, however, this difference in the thermodynamic propertiesOf ¢an
be neglected, and4®D(sIn) may be regarded as pure®{l).

Example:
UOCI(cr) + 2HBr(slny = UOBr(cr) + 2 HCI(sIn) (1)
UO,Cly - 3H20O(cr) = UO2Clz - HoO(cr) + 2H0()  (11.2)
UO3(y) +2HCI(sln) = UOClx(cr) + H20(sIn) (11.3)

e The designators (cr), (am), (vit), and (s) are used for solid substances. (cr) is
used when it is known that the compound is crystalline, (am) when it is known
that it is amorphous, and (vit) for glassy substances. Otherwise, (S) is used.

e In some cases, more than one crystalline form of the same chemical composition
may exist. In such a case, the different forms are distinguished by separate desig-
nators that describe the forms more precisely. If the crystal has a mineral name,
the designator (cr) is replaced by the first four characters of the mineral name in
parenthese®.g, SiOx(quar) for quartz and Sigjchal) for chalcedony. If there
is no mineral name, the designator (cr) is replaced by a Greek letter preceding
the formula and indicating the structural phase), «-UFs, 8-UFs.

Phase designators are also used in conjunction with thermodynamic symbols to
define the state of aggregation of a compound a thermodynamic quantity refers to.
The notation is in this case the same as outlined above. In an extended nathtion (
[82LAF]) the reference temperature is usually given in addition to the state of aggreg-
ation of the composition of a mixture.

Example:

AfGS, (Nat, ag 29815 K) standard molar Gibbs energy of formation of
aqueous N& at 298.15 K
Sh (UO2S0Oy - 2.5H,0, cr, 29815 K)  standard molar entropy of S0y - 2.5H,0(cr)

at 298.15 K

Cp,m (UO3, «, 29815 K) standard molar heat capacity®@fUO3 at
298.15 K

AfHm(HF, sIn, HF - 7.8H,0) enthalpy of formation of HF diluted 1:7.8 with

water
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Table 11.3: Abbreviations used as subscripts\ofo denote the type of chemical pro-
cesses.

Subscript ofA  Chemical process

at separation of a substance into its constituent gaseous atoms
(atomisation)

dehyd elimination of water of hydration (dehydration)

dil dilution of a solution

f formation of a compound from its constituent elements

fus melting (fusion) of a solid

hyd addition of water of hydration to an unhydrated compound

mix mixing of fluids

r chemical reaction (general)

sol process of dissolution

sub sublimation (evaporation) of a solid

tr transfer from one solution or liquid phase to another

trs transition of one solid phase to another

vap vaporisation (evaporation) of a liquid

I1.L1.5 Processes

Chemical processes are denoted by the operatarritten before the symbol for a
property, as recommended by IUPAB2LAF]. An exception to this rule is the equi-
librium constantcf. Sectionll.1.6. The nature of the process is denoted by annotation
of the A, e.g, the Gibbs energy of formatiomy\:Gn, the enthalpy of sublimation,
AsupHm, etc The abbreviations of chemical processes are summarised inIT&ble

The most frequently used symbols for processes/gi@ and AtH, the Gibbs
energy and the enthalpy of formation of a compound or complex from the elements in
their reference states (cf. Tables).

[1.1.6 Equilibrium constants

The IUPAC has not explicitly defined the symbols and terminology for equilibrium
constants of reactions in aqueous solution. The NEA has therefore adopted the con-
ventions that have been used in the wStkbility constants of metal ion complexss

Sillén and Martell p4SIL/MAR, 71SIL/MAR]. An outline is given in the paragraphs
below. Note that, for some simple reactions, there may be different correct ways to
index an equilibrium constant. It may sometimes be preferable to indicate the number
of the reaction the data refer to, especially in cases where several ligands are discussed
that might be confused. For example, for the equilibrium

mM+qL = Mplq (I1.4)
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both 84, m andp(11.4) would be appropriate, angh m(11.4) is accepted, too. Note that,

in general K is used for the consecutive or stepwise formation constani3asdsed

for the cumulative or overall formation constant. In the following outline, charges are
only given for actual chemical species, but are omitted for species containing general
symbols (M, L).

11.L1.6.1 Protonation of a ligand

+ N _ [Hr L]
Ht +H_1L = HL  Kgr = ] (11.5)
+ N _ [HI'L]
rHY 4L = HL B, = RSl (11.6)

This notation has been proposed and used by Sillén and Ma&4SI[/MAR], but it
has been simplified later by the same auth@isSIL/MAR] from K1 to K,. This re-
view retains, for the sake of consistencly,Eqgs. (I.7) and (1.8), the older formulation
Of Kl’r .

For the addition of a ligand, the notation shown in BdZj is used.

HLg—1+L = HL K :ﬁ (1.7)
" oo 47 [HLgallL] '
Eq. (1.8) refers to the overall formation constant of the specigis¢
[HrLql
+ N _ a
rH" +qL = HiLq Bgr = TIRARE (11.8)

In Egs. (1.5), (11.6) and (I.8), the second subscriptcan be omitted if = 1, as shown
in Eq. (1.7).

Example:

[HPO; ]
[HH[PO; ]

[H2PO; ]
[HT12[PO;} ]

H" +PO;” = HPG;™  Bri=pi=

2HY + PG} = HPO,  fi2=

11.1.6.2 Formation of metal ion complexes

ML
MLg-1+L = MLgq q= [ME_qif]][L] (11.9)
M+qL = MLq  fq= MLql (11.10)

~ [M][L]e
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For the addition of a metal ion.e., the formation of polynuclear complexes, the
following notation is used, analogous to B ):

M+ Mm il = MplL K1m=M (1.11)
' [M][Mm-1L]
Eq. (1.12) refers to the overall formation constant of a complexl.
. _ [MmLq]

The second index can be omitted if it is equal ta.&, fq,m becomegq if m = 1.
The formation constants of mixed ligand complexes are not indexed. In this case, it
is necessary to list the chemical reactions considered and to refer the constants to the
corresponding reaction numbers.

It has sometimes been customary to use negative values for the indices of the pro-
tons to indicate complexation with hydroxide ions, OHThis practice is not adopted
in this review. If OH™ occurs as a reactant in the notation of the equilibrium, it is
treated like a normal ligand L, but in general formulae the index variabteused
instead ofg. If H2O occurs as a reactant to form hydroxide complexe$) i con-
sidered as a protonated ligand, HL, so that the reaction is treated as described below
in Egs. (1.13) to (I1.15) usingn as the index variable. For convenience, no general
form is used for the stepwise constants for the formation of the compjglxg¥, . In
many experiments, the formation constants of metal ion complexes are determined by
adding to a metal ion solution a ligand in its protonated form. The complex formation
reactions thus involve a deprotonation reaction of the ligand. If this is the case, the
equilibrium constant is supplied with an asterisk, as shown in Eg$3) and (1.14)
for mononuclear and in EqlI(15) for polynuclear complexes.

[MLqI[H*]
N + * _ q
MLg_1+HL = MLq+H Kq = ML 1ALl (11.13)
[MLgI[HT]9
N + * _ q
M+qHL = MLg+qH Pa = "ML (11.14)
X [MmLgl[HT]9
MM +qHL = MpLq+qH" ﬁq,mzwm]r:w (11.15)
Example:
[UOFH][H']
Uos" + HF = UOF* +H* K==
i [(UO2)3(OH)ZIHTT®
3UOST +5H0() = (UOp)3(OH)f +5H"  *Bs3= [uo§+]53

Note that an asterisk is only assigned to the formation constant if the protonated
ligand that is added is deprotonated during the reaction. If a protonated ligand is added



20 1. Standards, Conventions, and Contents of the Tables

and coordinated as such to the metal ion, the asterisk is to be omitted, as shown in
Eq. (1.16).

" B [M(H, L)g]
+qu|— — M(Hrl—)q ,Bq = m (||.16)
Example:
[UO2(H2POy)5 |
UOZt 4+ 3HPO; = UO(HoPOy);  Ba= 3
2 2 2 s 7 [UOZ][H.PO; PP

11.1.6.3 Solubility constants

Conventionally, equilibrium constants involving a solid compound are denoted as “sol-
ubility constants” rather than as formation constants of the solid. An index “s” to the
equilibrium constant indicates that the constant refers to a solubility process, as shown
in Egs. (1.17) to (11.19).

Malp(s) = aM+bL  Kgo = [MJA[L]P (1.17)

Ks.ois the conventional solubility product, and the subscript “0” indicates that the equi-
librium reaction involves only uncomplexed aqueous species. If the solubility constant
includes the formation of aqueous complexes, a notation analogous to that BfExy.

is used:

m mb
— Malp(s) = MplL — —q]L
a aLb(s) mq+<a Q)

(-9
Ksgm = [MmLql[L]\ 2 (11.18)
Example:
UOsF(c) = UOFT +F Ks11=Ks1= [UOFH][F]
Similarly, an asterisk is added to the solubility constant if it simultaneously involves
a protonation equilibrium:

m mb mb
2 Malp(s) + (; - Q> HT = Mplq+ <? - Q> HL

(%-a)
Keagm = MmLallHL (119)

1 (9)

Example:

U(HPQy)2 - 4H,0(cr) + HY = UHPQ' 4 HoPO; + 4 H0(1)
[UHPOZ T ][H2PO; |

Ks11 = "Kg1 = (]
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11.L1.6.4 Equilibria involving the addition of a gaseous ligand

A special notation is used for constants describing equilibria that involve the addition
of a gaseous ligand, as outlined in E.20).

[MLg]

Mlg-1+L@ = Mbg  Kpg =m0

(11.20)

The subscript “p” can be combined with any other notations given above.

Example:

_ [CO(aq]

~ pco,

3UG" +6COxg) + 6H0() = (UO2)3(COnE™ +12H'

_ [(UO2)3(COg)g” IHT]*2

C UOTRY,

UO,COs(cr) + CO(Q) + H20(l) = UO,(CO3)5~ +2H*™

[UO2(CO3)3 ™ I[H*]?
Pco,

CO(g) = COz(ag) Kp

"Bp.6.3

>ka,s,Z =

In cases where the subscripts become complicated, it is recommendé&d dnat be
used with or without subscripts, but always followed by the equation number of the
equilibrium to which it refers.

11.L1.6.5 Redox equilibria

Redox reactions are usually quantified in terms of their electrode (half cell) potential,
E, which is identical to the electromotive force (emf) of a galvanic cell in which the
electrode on the left is the standard hydrogen electrode, SHHE accordance with

the “1953 Stockholm Convention8BMIL/CVI]. Therefore, electrode potentials are
given as reduction potentials relative to the standard hydrogen electrode, which acts
as an electron donor. In the standard hydrogen electrog@) ks at unit fugacity

(an ideal gas at unit pressure, 0.1 MPa), antdislat unit activity. The sign of the
electrode potentialE, is that of the observed sign of its polarity when coupled with

the standard hydrogen electrode. The electrode potential is related to the Gibbs energy
changeA Gy, and the equilibrium constait as outlined in Eq.I(.21).

1 RT
E°=—-—AG, = —1InK"® .21
nF~ ™" nF (1-21)
The symbolE®° is used for the emf of a standard galvanic cell relative to the standard
hydrogen electrode (all components in their standard st&t8gctionll.3.1, and with

2The definitions of SHE and NHE are given in Sectibf.1.
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no liquid junction potential). EqlK.21) can then be written in terms &°, A,Gp,, and
Ke.
For example, for the hypothetical galvanic cell:

Fe(ClOa4)2(aq a})
i Fe(ClOg)3(aq ay)

Pt|Hz(g, p= 1bay |[HCl(ag ar = 1) Pt, (11.22)

where denotes a liquid junction and™a phase boundary, the cell reaction is:
FET +1Hyg = Fe +HT (11.23)

For convenience Reactiotl.23) can be represented by half cell reactions, each
involving an equal number of “electrons”, as shown in the following equations

Fet +e- = Fe&t (11.24)
IHa(@ = HT +e (1.25)

where “e” is a symbol devoid of any physical or chemical significance, and therefore
its name, “electron”, might be misleading but this inconvenience is compensated by its
usefulness.

Equilibrium constants may be written for these half cell reactions in the following
way:

o e+
Ko(l.24) = — et 11.26
2y = (11.26)
K°(.25) = wzl (by definition (11.27)
Hz

In addition, A,Gy, (11.25) = ArHp, (11.25) = A§;, (11.25) = 0 by definition, at all
temperatures, and therefateGy, (11.24) = A(Gp, (11.23).

The following equations describe the change in the Gibbs energy and redox poten-
tial of Reaction (1.23), if pn, anday+ are equal to unitydf. Eq. (1.21)):

AGm(123) = AGS(1.23) + RTIn (aFﬁ>
Ares+
R _RT (e
E(l23) = E°(11.23) nF|n<aFe3+) (11.28)

The “activity of electrons” in Egs.I(.26) and (1.27) may be interpreted to repres-
ent the relative tendency for electrons to leave an aqueous solution. For the standard
hydrogen electrode.- = 1 (by the convention expressed in EY.47)), while re-
arrangement of Eqll(26) for the half-cell containing the iron perchlorates in ¢e22
gives:

a
—logipae- = logigK°(11.24) —log;g (ai:)
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and by the convention in EqlI27):

—logjpas = IogloKo(II.ZS)—Iogm(;'::i) (1.29)

A comparison of Eqs.I(.28) and (1.29) taking into account Eqli(21) shows that
for the right half-cell inll.22:

F
—logjpae = RTINI0 E(1.23) (11.30)

The splitting of redox reactions into two half cell reactions by introducing the sym-
bol “e™”, which according to Eqll.30 is related to the standard electrode potential, is
arbitrary but justified by the usefulness of the resulting equations. When calculating
the equilibrium composition of a chemical system, bath™and H* can be chosen
as components and they can be treated numerically in a similar way: equilibrium con-
stants, mass balancgtc may be defined for both. However, while'Hepresents the
hydrated proton in aqueous solutio® ™ is void of chemical and physical signific-
ance, and its concentration must be set to zero during the calculations (arbitrary values,
however, may be assigneddg- which are then related t& by Eq. (1.30)).

In the literature on geochemical modelling of natural waters, it is cus-
tomary to represent the “electron activity” of an aqueous solution with the
symbol “pe” or “p” (= —logipas-) by analogy with pH £ —log;gay+),
and the redox potential of an aqueous solution relative to the standard hy-
drogen electrode is usually denoted by either “Eh” dfy" (see for example
[81STU/MOR 82DRE 84HOS 86NOR/MUN)).

[1.1.7 Order of formulae

To be consistent with CODATA, the data tables are given in “Standard Order of Ar-
rangement” 82WAG/EVA]. This scheme is presented in Figutel below which
shows the sequence of the ranks of the elements in this convention. The order fol-
lows the ranks of the elements.

Fore. g.uranium, this means that, after elemental uranium and its monoatomic ions
(e.g, U*t), the uranium compounds and complexes with oxygen would be listed, then
those with hydrogen, then those with oxygen and hydrogen, and so on, with decreasing
rank of the element and combinations of the elements. Within a class, increasing coef-
ficients of the higher rank elements go before increasing coefficients of the lower rank
elements. For example, in the U-O-F class of compounds and complexes, a typical
sequence would be UQFer), UOF4(cr), UOR4(g), UOzF(ag), UOFT, UOsF»(ag),
UO2F2(cr), UO2F2(g), UOFS, UOF2~, U,O3Fg(cr), etc Formulae with identical
stoichiometry are in alphabetical order of their designators.

[1.1.8 Reference codes

The references cited in the review are ordered chronologically and alphabetically by
the first two authors within each year, as described by CODAAAGAR/PAR. A
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Figure Il.1: Standard order of arrangement of the elements and compounds based on
the periodic classification of the elements (from RBR\WAG/EVA)).

O mOmOmOmtme.
OmOmOmOmE e

reference code is made up of the final two digits of the year of appearance (if the
publication is not from the 20 century, the year will be put in full). The year is
followed by the first three letters of the surnames of the first two authors, separated by
a slash.

If there are multiple reference codes, a “2” will be added to the second one, a “3”
to the third one, and so forth. Reference codes are always enclosed in square brackets.

[1.2 Units and conversion factors

Thermodynamic data are given according to $)yatéme International d’unité (S|
units). The unit of energy is the joule. Some basic conversion factors, also for non-
thermodynamic units, are given in Talblet.

Since a large part of the NEA-TDB project deals with the thermodynamics of
aqueous solutions, the units describing the amount of dissolved substance are used very
frequently. For convenience, this review uses “M” as an abbreviation of “afrol-3”
for molarity, ¢, and, in Appendice€ andD, “m” as an abbreviation of “molkg~1”
for molality, m. It is often necessary to convert concentration data from molarity to
molality and vice versa. This conversion is used for the correction and extrapolation
of equilibrium data to zero ionic strength by the specific ion interaction theory which
works in molality units ¢f. AppendixC). This conversion is made in the following way.
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Table 11.4: Unit conversion factors

To convert from to multiply by

(non-SI unit symbol) (SI unit symbol)

angstrom (A) metre (m) 1 x 1010 (exactly)
standard atmosphere (atm) pascal (Pa) 1.01325x 10° (exactly)
bar (bar) pascal (Pa) 1x 10° (exactly)
thermochemical calorie (cal) joule (J) 4.184 (exactly)
entropy unit (e.u2 cal- K=1.mol=) | J.K=1.mol"! | 4.184 (exactly)

Molality is defined asng moles of substance B dissolved in 1000 grams of pure water.
Molarity is defined agg moles of substance B dissolved({00Q — cg M) grams of
pure water, wherg is the density of the solution ingm~3 andM the molar mass in
g-mol~1. From this it follows that

100Gcs

m = —
1000 — cgM

Baes and MesmerpBAE/MES p.439] give a table with conversion factors (from mol-
arity to molality) for nine electrolytes and various ionic strengths. Conversion factors
at 298.15 K for twenty one electrolytes, calculated using the density equations reported
by Séhnel and Novotny85SOH/NQV], are reported in Tabld.5.

Example:
1.00MNaClQ £ 1.05mNaClQ
1.00 M NaCl 2 1.02m NaCl
400MNaClQ, £ 4.95mNaClQ
6.00MNaNQ@ £ 7.55mNaNQ

It should be noted that equilibrium constants, unless they are dimensionless, need also
to be converted if the concentration scale is changed from molarity to molality or vice
versa. For a general equilibrium reactions=0) g vgB, the equilibrium constants can

be expressed either in molarity or molality unikg or Ky, respectively:

logioKe = Z"B logyoCa
B

log; o Km Z v log;oMs
B

With (mg/cg) = o, or (log;gmg — 10g;¢Cr) = 109190, the relationship betweellc
andK, becomes very simple, as shown in Ed.31).

logioKm = log;oKe+ ) velogigo (1.31)
B
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Table I.5: Factorg for the conversion of molaritygg, to molality,mg, of a substance
B, in various media at 298.15 K (calculated from densitie85OH/NOV).

o = mg/cg (dm® of solution per kg of HO)
c(M) | HCIO, NaClO, LiCIO, NH,CIO;  Ba(ClOy),  HCI NaCl Licl
0.10 1.0077 1.0075 1.0074 1.0091 1.0108 1.0048 1.0046 1.0049
0.25 1.0147 1.0145 1.0141 1.0186 1.0231 1.0076 1.0072 1.0078
0.50 1.0266 1.0265 1.0256 1.0351 1.0450 1.0123 1.0118 1.0127
0.75 1.0386 1.0388 1.0374 1.0523 1.0685 1.0172 1.0165 1.0177
1.00 1.0508 1.0515 1.0496 1.0703 1.0936 1.0222 1.0215 1.0228
1.50 1.0759 1.0780 1.0750 1.1086 1.1491 1.0324 1.0319 1.0333
2.00 1.1019 1.1062 1.1019 1.2125 1.0430 1.0429 1.0441
3.00 1.1571 1.1678 1.1605 1.3689 1.0654 1.0668 1.0666
4.00 1.2171 1.2374 1.2264 1.0893 1.0930 1.0904
5.00 1.2826 1.3167 1.1147 1.1218 1.115p
6.00 1.3547 1.4077 1.1418 1.1423
c(M) KCl NH4Cl  MgCly CaCh NaBr HNO;  NaNO;  LiNOg
0.10 1.0057 1.0066 1.0049 1.0044 1.0054 1.0056 1.0058 1.0059
0.25 1.0099 1.0123 1.0080 1.0069 1.0090 1.0097 1.0102 1.0103
0.50 1.0172 1.0219 1.0135 1.0119 1.0154 1.0169 1.0177 1.0178
0.75 1.0248 1.0318 1.0195 1.0176 1.0220 1.0242 1.0256 1.0256
1.00 1.0326 1.0420 1.0258 1.0239 1.0287 1.0319 1.0338 1.0335
1.50 1.0489 1.0632 1.0393 1.0382 1.0428 1.0478 1.0510 1.0497
2.00 1.0662 1.0855 1.0540 1.0546 1.0576 1.0647 1.0692 1.0667
3.00 1.1037 1.1339 1.0867 1.0934 1.0893 1.1012 1.1090 1.1028
4.00 1.1453 1.1877 1.1241 1.1406 1.1240 1.1417 1.1534 1.1420
5.00 1.2477 1.1974 1.1619 1.1865 1.2030 1.1846
6.00 1.2033 1.2361 1.2585 1.2309
c(M) | NH;NO3  H,S0;  NaSO;  (NHa)2SOs  HaPO,  NayCO;  KoCO;  NasCN
0.10 1.0077 1.0064 1.0044 1.0082 1.0074 1.0027 1.0042 1.0069
0.25 1.0151 1.0116 1.0071 1.0166 1.0143 1.0030 1.0068 1.0130
0.50 1.0276 1.0209 1.0127 1.0319 1.0261 1.0043 1.0121 1.0234
0.75 1.0405 1.0305 1.0194 1.0486 1.0383 1.0065 1.0185 1.0342
1.00 1.0539 1.0406 1.0268 1.0665 1.0509 1.0094 1.0259 1.0453
1.50 1.0818 1.0619 1.0441 1.1062 1.0773 1.0170 1.0430 1.0686
2.00 1.1116 1.0848 1.1514 1.1055 1.0268 1.0632 1.0984
3.00 1.1769 1.1355 1.2610 1.1675 1.1130 1.14%4
4.00 1.2512 1.1935 1.4037 1.2383 1.1764 1.2083
5.00 1.3365 1.2600 1.3194 1.2560 1.277B
6.00 1.4351 1.3365 1.4131 1.3557
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> g vB is the sum of the stoichiometric coefficients of the react@nEq. (1.47), and

the values obp are the factors for the conversion of molarity to molality as tabulated in
Tablell.5 for several electrolyte media at 298.15 K. The differences between the val-
ues in Tabldl.5 and the values listed in the uranium NEA-TDB revid2 GRE/FUG

p.23] are found at the highest concentrations, and are no largeetb@93 dn¥/kg,
reflecting the accuracy expected in this type of conversions. The uncertainty intro-
duced by the use of Eqll31) in the values of logy Km will be then no larger than
+0.001) g vB.

1.3 Standard and reference conditions

[1.3.1 Standard state

A precise definition of the term “standard state” has been given by IURBRCAF].

The fact that only changes in thermodynamic parameters, but not their absolute values,
can be determined experimentally, makes it important to have a well-defined standard
state that forms a base line to which the effect of variations can be referred. The IUPAC
[82LAF] definition of the standard state has been adopted in the NEA-TDB project.
The standard state pressupg, = 0.1 MPa (1 bar), has therefore also been adopted,

cf. Sectionll.3.2. The application of the standard state principle to pure substances
and mixtures is summarised below. It should be noted that the standard state is always
linked to a reference temperatucg, Sectionll.3.3.

e The standard state for a gaseous substance, whether pure or in a gaseous mixture,
is the pure substance at the standard state pressure and in a (hypothetical) state
in which it exhibits ideal gas behaviour.

e The standard state for a pure liquid substance is (ordinarily) the pure liquid at the
standard state pressure.

e The standard state for a pure solid substance is (ordinarily) the pure solid at the
standard state pressure.

e The standard state for a solute B in a solution is a hypothetical liquid solution, at
the standard state pressure, in whigh = m° = 1 mol- kg%, and in which the
activity coefficientyg is unity.

It should be emphasised that the usé,@.g, in AfHy, , implies that the compound
in question is in the standard state and that the elements are in their reference states.
The reference states of the elements at the reference tempecht&ectionll.3.3) are
listed in Tablell.6.

[1.3.2 Standard state pressure

The standard state pressure chosen for all selected data is 0.1 MPa (1 bar) as recom-
mended by the International Union of Pure and Applied Chemistry IURFRLAF].
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Table I1.6: Reference states for some elements at the reference temperature of 298.15K
and standard pressure of 0.1 MB2WAG/EVA, 89COX/WAG, 91DIN].

O, gaseous Al crystalline, cubic

H,  gaseous Zn  crystalline, hexagonal
He  gaseous Cd  crystalline, hexagonal
Ne  gaseous Hg liquid

Ar  gaseous Cu  crystalline, cubic

Kr  gaseous Ag crystalline, cubic

Xe  gaseous Fe  crystalline, cubic, bcc
Fo,  gaseous Tc  crystalline, hexagonal
Clo gaseous V crystalline, cubic

Bry  liquid Ti crystalline, hexagonal

I> crystalline, orthorhombic Am crystalline, dhcp

S crystalline, orthorhombic Pu crystalline, monoclinic
Se crystalline, hexagonal (“black”) Np  crystalline, orthorhombic
Te crystalline, hexagonal U crystalline, orthorhombic
N>  gaseous Th  crystalline, cubic

P crystalline, cubic (“white”) Be crystalline, hexagonal
As  crystalline, rhombohedral (“grey”) Mg  crystalline, hexagonal
Sb  crystalline, rhombohedral Ca crystalline, cubic, fcc
Bi crystalline, rhombohedral Sr crystalline, cubic, fcc
C crystalline, hexagonal (graphite) Ba  crystalline, cubic

Si crystalline, cubic Li crystalline, cubic

Ge crystalline, cubic Na  crystalline, cubic

Sn  crystalline, tetragonal (“white”) K crystalline, cubic

Pb  crystalline, cubic Rb  crystalline, cubic

B B, crystalline, rhombohedral Cs  crystalline, cubic

However, the majority of the thermodynamic data published in the scientific literat-
ure and used for the evaluations in this review, refer to the old standard state pressure
of 1 “standard atmospherez(0.101325 MPa). The difference between the thermo-
dynamic data for the two standard state pressures is not large and lies in most cases
within the uncertainty limits. It is nevertheless essential to make the corrections for the
change in the standard state pressure in order to avoid inconsistencies and propagation
of errors. In practice the parameters affected by the change between these two standard
state pressures are the Gibbs energy and entropy changes of all processes that involve
gaseous species. Consequently, changes occur also in the Gibbs energies of formation
of species that consist of elements whose reference state is gaseous (H, O, F, CI, N,
and the noble gases). No other thermodynamic quantities are affected significantly. A
large part of the following discussion has been taken from the NBS tables of chemical
thermodynamic propertie82WAG/EVA], see also Freema8{4FRH.

The following expressions define the effect of pressure on the properties of all
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substances:
oH LAY
(—) - V—T(—) —V(1—aT) (1.32)
P/t oT D
dC 2v
(_p) - (XY (1.33)
P/t oT?)
(3_S> — Va—— (ﬂ) (11.34)
p/+ T/
<§> -V (11.35)
p /1
1 /0V
h = —|—= 1.
where « V(8T>p (1136)
For ideal gasesy = Rl ande = R = 1. The conversion equations listed be-

low (Egs. (1.37) to (Il.zf4)) apply to I%he small pressure change from 1 atm to 1 bar
(0.1 MPa). The quantities that refer to the old standard state pressure of 1 atm are as-
signed the superscrifit™ here, the ones that refer to the new standard state pressure
of 1 bar the superscrigt.

For all substances the change in the enthalpy of formation and the heat capacity is
much smaller than the experimental accuracy and can be disregarded. This is exactly
true for ideal gases.

AfH®O(T) - AH@™(T) = 0 (11.37)
CPI(T)—C@™(T) = 0 (1.38)
For gaseous substances, the entropy difference is
(bar) (atm) pam
SP(TM)-S (T) RIn W
= RIn1.01325
= 010943 K'.mol™™ (1.39)

This is exactly true for ideal gases, as follows from Bf§34) with o = V- The

entropy change of a reaction or process is thus dependent on the number of moles of

gases involved:
(atm)
5 x RIn L
p(bal)

— §x010943 K 1. mol?,

Ars(bar) _ ArS(atm)
(1.40)

wheres is the net increase in moles of gas in the process.
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Similarly, the change in the Gibbs energy of a process between the two standard
state pressures is

p(atm)

(ban _ @@am _ LI
AG AG = 8§ x RTIn ( p(ba0>

= —8x0.03263kJ mol™* at29815K. (I.41)

Eq. (1.41) applies also taA;G®P2) — A¢G@™M since the Gibbs energy of formation
describes the formation process of a compound or complex from the reference states
of the elements involved:

AGP _ A GAM  — 5003263k molt at29815K.  (11.42)

The change in the equilibrium constants and cell potentials with the change in
the standard state pressure follows from the expression for Gibbs energy changes,
Eq. (1.42):

ArG(baD o ArG(atm)
B RTIn10

p(atm)

5 In (W) 5o p(atm)
= X —————— 2L = X -
In10 G0\

= § x 0.005717 (1.43)
ArG(bar) _ ArG(atm)
B nF

p(a\tm)
RTIn (2o

nF
0.000338

log;o K 2" — logyo K @™

E(bar) _ E(atm)

= §x
at 29815 K. (11.44)

It should be noted that the standard potential of the hydrogen electrode is equal to
0.00 V exactly, by definition.

H +e = IHa0 E° £'0.00v (11.45)

This definition will not be changed, although a gaseous substan¢g), s involved
in the process. The change in the potential with pressure for an electrode potential
conventionally written as

Agt+e- = Ag(cn

should thus be calculated from the balanced reaction that includes the hydrogen elec-
trode,

Agt + IHa(9) = Ag(cn +H".
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Heres = —0.5. Hence, the contribution t& from an electron in a half cell reaction
is the same as the contribution of a gas molecule with the stoichiometric coefficient of
0.5. This leads to the same valuesads the combination with the hydrogen half cell.

Example:
Fe(cr) + 2HY = Fét + Hy(g) s= 1 gan _ g@m — 000017V
COyx(g) = COyx(ag) §=-1 logyo K 02 — Jog; g K @M = _0,0057
NH3(@) + 302(9) = NO(@ + 3H20(9 §= 025 AGP — AGE™ — —0,008kJ- mol~*
$Cla(9) +20,(g) + & = ClO, §=-3 AsG®a _ A;G@M — 098 kJ- mol~L

[1.3.3 Reference temperature

The definitions of standard states given in Sectidmake no reference to fixed tem-
perature. Hence, it is theoretically possible to have an infinite number of standard
states of a substance as the temperature varies. It is, however, convenient to complete
the definition of the standard state in a particular context by choosing a reference tem-
perature. As recommended by IUPAB2LAF], the reference temperature chosen in

the NEA-TDB projectisT = 29815 K ort = 25.00°C. Where necessary for the dis-
cussion, values of experimentally measured temperatures are reported after conversion
to the IPTS-6869COM. The relation between the absolute temperalu(i, kelvin)

and the Celsius temperatur€’C) is defined byt = (T — Tg) whereTo = 27315 K.

1.4 Fundamental physical constants

The fundamental physical constants are taken from a publication by CODATA
[86COD0. Those relevant to this review are listed in Tabl&.

1.5 Uncertainty estimates

One of the principal objectives of the NEA-TDB development effort is to provide an
idea of the uncertainties associated with the data selected in the reviews. In general the
uncertainties should define the range within which the corresponding data can be repro-
duced with a probability of 95%. In many cases, a full statistical treatment is limited or
impossible due to the availability of only one or few data points. Appebdiescribes

in detail the procedures used for the assignment and treatment of uncertainties, as well
as the propagation of errors and the standard rules for rounding.

1.6 The NEA-TDB system

A data base system has been developed at the NEA Data Bank that allows the stor-
age of thermodynamic parameters for individual species as well as for reactions. The
structure of the data base system allows consistent derivation of thermodynamic data
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Table II.7: Fundamental physical constants. These values have been taken from
CODATA [86C0OD0. The digits in parentheses are the one-standard-deviation uncer-
tainty in the last digits of the given value.

Quantity Symbol | Value Units
speed of light in vacuum c 299792458 m-s1
permeability of vacuum to 47 x 1077

=12566370614.. | 100’/N-A2
permittivity of vacuum € 1/ucc2

=8854187817.. | 10°12¢c2.51.m1
Planck constant h 6.626 075%40) 103475
elementary charge e 1.602 177 3349) 10719¢
Avogadro constant Na 6.022 1367136) 1023 mol~?!
Faraday constant, F 96 485309(29) C-mol~1
Na x e
molar gas constant R 8.31451Q70) J-K~1.mol~1
Boltzmann constant, k 1.38065812) 10233. k1
R/Na
Non-SI units used with
Sl
electron volt,(e/C) J eV 1.602 177 3349) 107197
atomic mass unit, u 1.660 540210) 10~27kg
u=m = £m%0)

for individual species from reaction data at standard conditions, as well as internal
recalculations of data at standard conditions. If a selected value is changed, all the
dependent values will be recalculated consistently. The maintenance of consistency of
all the selected data, including their uncertaintiegfs AppendixD), is ensured by the
software developed for this purpose at the NEA Data Bank. The literature sources of
the data are also stored in the data base.

The following thermodynamic parameters, valid at the reference temperature of
298.15 K and at the standard pressure of 1 bar, are stored in the data base:

AtGp, the standard molar Gibbs energy of formation from the ele-
ments in their reference statel - mol—1)
AfH5,  the standard molar enthalpy of formation from the elements
in their reference statéJ - mol—1)
S, the standard molar entrogy- K—* - mol~?)
Cim the standard molar heat capaaify K—* - mol™)

For aqueous neutral species and ions, the valuestGf, , AtHg, , &, andCj
correspond to the standard partial molar quantities, and for individual aqueous ions they
are relative quantities, defined with respect to the aqueous hydrogen ion, according to
the convention§9COX/WAQG that AtH3,(H',aq T) = 0, and thal§;,(H*, aqT) =
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0. Furthermore, for ainised solutd3 containing any number of different cations and
anions:

AfHS(Bi,ag) = Z vy AfH? (cation aq) + Z v_ AfHZ (anion ag)

+ -
Sh(Bi.ag) = > v S(cationag + Y v S (anion aq.
+ —

As the thermodynamic parameters vary as a function of temperature, provision is made
for including the compilation of the coefficients of empirical temperature functions for
these data, as well as the temperature ranges over which they are valid. In many cases
the thermodynamic data measured or calculated at several temperatures were published
for a particular species, rather than the deduced temperature functions. In these cases,
a non-linear regression method is used in this review to obtain the most significant
coefficients of the following empirical function:

F(T) = a+bxT+cxT24+dxT 14exT24+fxInT+gxTInT

i
+hxVT+—=+jxT3+kxT73 11.46
Nl (11.46)
Most temperature variations can be described with three or four paranstbrand
e being the ones most frequently used. In the present review,Gijly (T), i.e,, the
thermal functions of the heat capacities of individual species, are considered and stored
in the data base. They refer to the relation

Com(T) = a+bxT+exT?+dxT 1+exT?

and are listed in Tabld§.3.

The pressure dependence of thermodynamic data has not been the subject
of critical analysis in the present compilation. The reader interested in higher
temperatures and pressures, or the pressure dependency of thermodynamic functions
for geochemical applications, is referred to the specialised literature in thiseagea,
[82HAM, 84MAR/MES, 88SHO/HEL, 88TAN/HEL, 89SHO/HEL 89SHO/HEL?2
90MON, 91AND/CAS.

Selected standard thermodynamic data referring to chemical reactions are also
compiled in the data base. A chemical reactioh) involving reactants and products
‘B”, can be abbreviated as

0 = > viB (1.47)
B

where the stoichiometric coefficientg, are positive for products, and negative for
reactants. The reaction parameters considered in the NEA-TDB system include:

logoK?  the equilibrium constant of the reaction, logarithmic
AGy, the molar Gibbs energy of reaction(kJ- mol~1)
ArHp,  the molar enthalpy of reaction (kJ- mol—1)
ArS,, the molar entropy of reaction (J-K~1.mol™ 1)
ACy  the molar heat capacity of reaction(J- K=+ - mol™)
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The temperature functions of these data, if available, are stored according tio46);. (
The equilibrium constant?, is related toAGp, according to the following rela-
tion,
AGh,
RTIn(10)

and can be calculated from the individual valueae®y, (B) (for example, those given
in Tableslll.1 andIV.1), according to

logyo Ky =

1

logyo K¢ R —
0910 By RTIN(10)

> g AGh(B). (11.48)
B

1.7 Presentation of the selected data

The selected data are presented in ChapterandIV. Unless otherwise indicated,
they refer to standard conditionsf.(Sectionll.3) and 298.15 K (25.00C) and are
provided with an uncertainty which should correspond to the 95% confidence level
(see AppendiD).

Chapterlll contains a table of selected thermodynamic data for individual com-
pounds and complexes of technetium (Tablel), a table of selected reaction data
(Tablelll.2) for reactions concerning technetium species, and a table containing se-
lected thermal functions of the heat capacities of individual species of technetium
(Tablelll.3). The selection of these data is discussed in Chapiter

ChapterlV contains, for auxiliary compounds and complexes that do not contain
technetium, a table of the thermodynamic data for individual species (IMf)eand a
table of reaction data (Tabl¥.2). Most of these values are the CODATA Key Val-
ues B9COX/WAG. The selection of the remaining auxiliary data is discussed in
Chapter VI of the uranium reviev@RGRE/FUG.

All the selected data presented in Tablgsl, I11.2, IV.1 andIV.2 are internally
consistent. This consistency is maintained by the internal consistency verification and
recalculation software developed at the NEA Data Bank in conjunction with the NEA-
TDB data base systensf. Sectionll.6. Therefore, when using the selected data for
technetium species, the auxiliary data of Chaptemust be used together with the
data in Chaptelll to ensure internal consistency of the data set.

It is important to note that Tabld$l.2 and V.2 include only those species for
which the primary selected data are reaction data. The formation data derived there-
from and listed in Tabléll.1 is obtained using auxiliary data, and their uncertainties
are propagated accordingly. In order to maintain the uncertainties originally assigned
to the selected data in this review, the user is advised to make direct use of the re-
action data presented in TablBs2 and V.2, rather than taking the derived values
in Tableslll.1 andIV.1 to calculate the reaction data with Edl.48). The later ap-
proach would imply a twofold propagation of the uncertainties and result in reaction
data whose uncertainties would be considerably larger than those originally assigned.

The thermodynamic data in the selected set refer to a temperature of 298.15 K
(25.00C), but they can be recalculated to other temperatures if the corresponding data
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(enthalpies, entropies, heat capacities) are avail@1PI/RAR. For example, the
temperature dependence of the standard reaction Gibbs energy as a function of the
standard reaction entropy at the reference temperalgre=(29815 K), and of the

heat capacity function is:

T

ATG?n(T) = AI’H;’](TO) + / ArC;’de
To

T ACE
-7 (ArS;(To) +[T er’de>,

0

and the temperature dependence of the standard equilibrium constant as a function of
the standard reaction enthalpy and heat capacity is:

. . AHL(To) (1 1
1 T 1 T ACE m
————— | AC]dT =dT
RTInO Jr, ~  P™ T Rino) ™ T ’

whereR is the gas constantf Tablell.7).

In the case of aqueous species, for which enthalpies of reaction are selected or can
be calculated from the selected enthalpies of formation, but for which there are no se-
lected heat capacities, it is in most cases possible to recalculate equilibrium constants
to temperatures up to 100 to 1D with an additional uncertainty of perhaps about
1 to 2 logarithmic units, due to the disregard of the heat capacity contributions to the
temperature correction. However, it is important to observe that “new” aqueous spe-
cies,i.e, species not present in significant amounts &2and therefore not detected,
may be significant at higher temperatures, see for example the work by Ciavatta, luli-
ano and Portog7CIA/IUL]. Additional high-temperature experiments may therefore
be needed in order to ascertain that proper chemical models are used in the modelling
of hydrothermal systems. For many species, experimental thermodynamic data are not
available to allow a selection of parameters describing the temperature dependence of
equilibrium constants and Gibbs energies of formation. The user may find information
on various procedures to estimate the temperature dependence of these thermodynamic
parameters ing7PUI/RAR.






Chapter Il

Selected technetium data

This chapter presents the chemical thermodynamic data set for technetium species
which has been selected in this review. Tallld contains the recommended thermo-
dynamic data of the technetium compounds and complexes, TaBléhe recommen-
ded thermodynamic data of chemical equilibrium reactions by which the technetium
compounds and complexes are formed, and THbRthe temperature coefficients of
the heat capacity data of Talle.1 where available. Tabl#l.2 does not contain all
conceivable reactions but only those for which primary data selections have been made
in this review. These selected reaction data have been used, together with auxiliary
data presented in Table V.1, to derive the corresponding formation data inlTable
The uncertainties associated with the auxiliary data may in some cases be large, lead-
ing to comparatively large uncertainties in the so derived formation data. This is the
main reason for including a table for reaction data (Tdhl@), where the selected
uncertainties are directly based on the experimental accuracies.

The species and reactions in Tablikd., 111.2 andlll.3 appear in standard order of
arrangementf. Fig.11.1).

The selected thermal functions of the heat capacities, listed in Td3erefer to
the relation

Com(T) = a+bxT+exT?+dxT 1+exT2 (n.1)

No references are given in these tables since the selected data are generally not dir-
ectly attributable to a specific published source. A detailed discussion of the selection
procedure is presented in Chaptéer

A warning: The addition of any other aqueous species to this internally consistent
data base can result in a modified data set which is no longer rigorous and can lead to
erroneous results. The situation is similar, to a lesser degree, with the addition of gases
and solids.

It should also be noted that the data set presented in this Chapter may not be “com-
plete” for all the conceivable systems and conditions. Gaps are pointed out in the
various sections of Chapter.

37



38 IIl. Selected technetium data

Table I1l.1: Selected thermodynamic data for technetium compounds and complexes.
Selected thermodynamic functions for some Tc species are also given in Ap@ndix
All ionic species listed in this table are aqueous species. Unless noted otherwise, all
data refer to 298.15 K and a pressure of 0.1 MPa and, for aqueous species, infinite
dilution (I = 0). The uncertainties listed below each value represent total uncertainties
and correspond in principle to the statistically defined 95% confidence interval. Values
obtained from internal calculatiowf. footnotes (a) and (b), are rounded at the third
digit after the decimal point and may therefore not be exactly identical to those given
in ChapterV. Systematically, all the values are presented with three digits after the
decimal point, regardless of the significance of these digits. It should be noted that
insufficient auxiliary data are available in a number of cases to derive formation data
from the reactions listed in Tabld.2. The chemical formulae concerned by this con-
straint are marked with. The data presented in this table are available on PC diskettes
or other computer media from the OECD Nuclear Energy Agency.

Compound AtGhy AfHG Sh Com
(kJ-mol~1) *kJ-mol™ly  3-K1.moly I-K1.mold
Te(en) 0.000 Q000 32500 249009@
+0.700 +1.000
Te(g) 630.709® 675000P) 181052 207959(@
+25001 +25.000 +0.010 +0.010
Te(l)
TcO(g) 3574923 390000 244109 312569
+57.001 +57.000 +0.600 +0.750
TcO?+ > —116801P
TcOy(cr) —4018523  —457.800 50000
+11.762 +11.700 +4.000
TcO, —637.408@ 729400 199600 —15.000
+7.616 +7.600 +1.500 +8.000
TeOZ™ ~575761D
+8.880
TcOy~ ~5215340)
+12.336
Tcp07(cr) —950284@ 1126500 192000 1604000
+15562 +14.900 +15.000 +15.000
Tcp07(g) —904823®  —10081000 436641 146736©
+16.462 +16.063 +12.000 +5.000
TcO(OH)™ —345379b)
+9.009
TcO(OH),(ag) —568249D)
+8.845
TcO,-1.6H,0(s) —7584810)
+8.372
TcO(OH)3 —7431720)
+9.135

(Continued on next page)
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Compound AtGhy AfHG S Com
(kJ-mol~1) *&kJ-mol™ly  3-K1.moly I-K1.mol}
Tcp07-HoO(s) —1194300 —1414146D 278921@
+15500 +14.905 +72.138
TcFg(cr, cubic 253520 1578409
+0.510 +0.320
TcFg(Q) 359136 120703
+4.500
TcOzF(g) 306879 772610©
+0.677 +0.308
TeclZ~®
Tcocg~®
Tco,Cly~®
TcOsCl(g) 317636 803659°
+0.797 +0.308
TeBrZ~
TeS(g) 4919239 549000 255990 34474
+65.001 +65.000 +1.000 +1.000
NH4TcOu(cr) —7220000
+7.632
(NHz)2TcClg(cr®
(NH4)2TcBrg(cn®
TcC(g) 7656002 826500 242500
+40.250 +40.000 +15.000
TcCO3(OH)2(ag) —968901P
+9.010
TcCO3(OH)3 —11586640)
+9.486
TITcO4(cr) —700174D
+7.653
AgTcOu(cr 578977
+7.654
NaTcQy-4H,0(s) —1843412D)
+7.622
KTcOy(cr —932923® 1035100 164780 123300
+7.604 +7.600 +0.330 +0.250
KoTeClg(er®
KoTeBrg(cn®

(Continued on next page)
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Table 111.1: (continued)
Compound AtGhy AfHG S Com
(kJ-mol~1) *&kJ-mol™ly  3-K1.moly I-K1.mol}

RbyTcClg(cr®

Rb,TcBrg(cn)

CsTeQy(cn —949698D

+7.671
CsTeClg(en®
CsTeBrg(cn®

@value calculated internally with the Gibbs-Helmholtz equationG, = AfHS—T X 3‘1’” .
(value calculated internally from reaction data (see T#lbi2).

(©Temperature coefficients of this function are listed in TaHla.

@For this substance heat capacity values are given in Se¢tlon

(®For this compound heat capacity values are given in Sett@n

(f)OnIy reaction data are selected for this compowfdlablelll.2.
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Table I11.2: Selected thermodynamic data for reactions involving technetium com-
pounds and complexes. All ionic species listed in this table are aqueous species. Unless
noted otherwise, all data refer to 298.15 K and a pressure of 0.1 MPa and, for aqueous
species, infinite dilutionl( = 0). The uncertainties listed below each value represent
total uncertainties and correspond in principal to the statistically defined 95% confid-
ence interval. Values obtained from internal calculatifinfootnote (a), are rounded

at the third digit after the decimal point and may therefore not be exactly identical to
those given in Chapteér. Systematically, all the values are presented with three digits
after the decimal point, regardless of the significance of these digits. The data presen-
ted in this table are available on PC diskettes or other computer media from the OECD
Nuclear Energy Agency.

Species Reaction
|Og10 K®° ATG?n ArHﬁ-l ArS-)n
(kI-mol Yy (kJ-mol™1)  (I-K~1.mol1)
Tc(g) Tce(er) = Te(g)
675000
+25.000
Tco?t 2HT + TcO(OH),(ag) = 2H,0(1) + TcO?t
< 4.000 —22832
Tcoi_ TCOZ +e = Tcofl_
—10.8000 61.647
+0.800 +4.566
Tcoi’ TcO, +2e = Tcoi’
—20.3009 115873
+1.700 +9.704
Tcp07(9) TcpO7(cn = Tep07(9)
118400
+6.000
TcOOH)* HT + TcO(OH)»(ag) = HoO(l) + TcOOH) ™
2.500 —14.270
+0.300 +1.712
TcO(OH)2(ag) Tc0y-1.6Hy0(s) = 0.60H,O(l) + TcO(OH)»(ag)
—8.400 47948
+0.500 +2.854

TcOp 1.6HO(s)  4HY 4 TcOy + 36 = 0.40H,0() + TcO,-1.6H,O(s)
37.829D 215930

+0.609 +3.476
TcO(OH)5 Ho0(l) 4+ TcO(OH)s(ag) = HT + TcO(OH)5
—10.900 62218
+0.400 +2.283
TcoO7:-H20(s) Ho0(g) + TcpO7(cr) = TcpO7-Ho0O(9)
—45.820
+0.400

(Continued on next page)
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Table 111.2: (continued)

Species Reaction
|Og10 K®° ArG?n ArHﬁ] Ar$ﬂ
(kJ-mol Yy (kJ-mol™1)  (I-K~1.mol1)
TcFs(9) TcFg(cr, cubio = TcFg(g)
—0.5359 3.055@ 34540 105600
+0.327 +1.868 +1.300 +4.500
TcOCI3~ H20() + TCOCE™ = CI~ + 2H* + TcO,Cl3~
—2.950 16839
+0.150 +0.856
NH4TcOy(cr) NHI + TcO, = NH4TcO4(cr)
0.910 —-5.194
+0.070 +0.400
(NHg)2TcClg(cr)  2NHJ + TeCE™ = (NHz)2TcClg(cn)
7.988 —45596
+1.000 +5.708
(NHg)2TcBrg(ch 2NHI + TcBrg_ = (NHy)2TcBrg(cr)
6.680 —38.130
+1.000 +5.708
TcCO3(OH)2(ag)  COu(g) + TcO(OH)2(ag = TcCO3(OH)2(ag)
1.100 —6.279
+0.300 +1.712
TcCO3(OH)5 COx(9) + H20(l) 4+ TcO(OH)2(ag) = H* + TeCO3(OH)3
—7.200 41098
+0.600 +3.425
TITcO4(cr) TcO, + TIt = TITcO4(cn
5.320 —30.367
+0.120 +0.685
AgTcOy(cr) Agt +TcO, = AgTcOu(cr)
3.270 —18.665
+0.130 +0.742
NaTcQy-4Ho,0(s)  4HoO(l) + Nat +TcO, = NaTcy-4H0(s)
—0.790 4509
+0.040 +0.228
K, TcClg(cr) 2K* + TcCE™ = KoTcClg(cn
9.610 —54.854
+1.000 +5.708
K, TcBrg(cr) 2K+ + TcBrg_ = K,TcBrg(cr)
6.920 —39.500
+1.000 +5.708
Rb, TcClg(cr) 2RB" + TcCE™ = RbyTcClg(cn)
11120 —63473
+1.000 +5.708
R, TcBrg(cr) 2Rbt + TcBrgf = RbyTcBrg(cn)
9.470 —54.055
+1.000 +5.708

(Continued on next page)
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Species Reaction

|Og10 K®° ArG?n ArHﬁ] Ar$ﬂ

(kJ-mol Yy (kJ-mol™1)  (I-K~1.mol1)
CsTcQy(cn Cst +TcO, = CsTcQi(cn
3.650 —20.834

+0.130 +0.742
CsTcClg(cr) 2Cst + TcCIg’ = CsTcClg(cn)

11.430 —65.243

+1.000 +5.708
Cs,TeBrg(cn) 2Cst + TcBrg’ = CsTcBrg(cn

11.240 —64.158

+1.000 +5.708

@value calculated internally with the Gibbs-Helmholtz equatiapGs, = ArHS — TALSS,
() value calculated from a selected standard potential.
(©value of log o K° calculated internally fronGg,.
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Table I11.3:  Selected temperature coefficients for heat capacities marked®ith
Tablelll.1, according to the fornC; ,, (T) =a+bT +c T2 + e T~2. The functions

are valid between the temperatuf@gn, and Tmax (in K). Units are K ~1.mol~1.

Compound a b c e Tnin Tmax
Te(en 25004100 43145103 —2.754610° —~1.313010° 298 2430
Tc(g) 249130101 —191834102  251282710° —5.6180010 298 600
Tc,07(cr) 155107 8.6.1072 ~1.810° 298 392
TcRg(cr, cubig  7.208110  2.8766610°1 268 311
TcOzF(g) 7.6120101 534274102 -253393110° —1.1144610° 298 1000

TcO3Cl(g) 8.033610" 463950102 —2.20085610™° —1.0532210° 298 1000




Chapter IV

Selected auxiliary data

This chapter presents the chemical thermodynamic data for auxiliary compounds and
complexes which are used within the NEA's TDB project. Auxiliary data used in the
evaluation of the recommended technetium data in Table Ill.1 and 111.2 are taken from
Table IV.1 and IV.2. It is therefore essential to always use these auxiliary data in con-
junction with the selected technetium data. The use of other auxiliary data can lead to
inconsistencies and erroneous results.

The values in the Tables of this Chapter are either CODATA Key Values, taken from
Ref. [B9COX/WAG, or were evaluated within the NEA's TDB project, as described in
Chapter VI of the uranium reviev@pGRE/FUG.

TablelV.1 contains the selected thermodynamic data of the auxiliary species and
TablelV.2 the selected thermodynamic data of chemical reactions involving auxiliary
species. The reason for listing both reaction data and entropies, enthalpies and Gibbs
energies of formation is, as described in Chafiterthat uncertainties in reaction data
are often smaller than the deriv&g] , AtHy, andAfG;p, , due to uncertainty accumu-
lation during the calculations.

All data in TableslV.1 andIV.2 refer to a temperature of 298.15 K, the standard
state pressure of 0.1 MPa and, for aqueous species and reactions, to the infinite dilution
reference statd (= 0).

The uncertainties listed below each reaction value in TAbRare total uncertain-
ties, and correspond mainly to the statistically defined 95% confidence interval. The
uncertainties listed below each value in TalMd have the following significance:

o for CODATA values from B9COX/WA(, the + terms have the meaning: “it
is probable, but not at all certain, that the true values of the thermodynamic
quantities differ from the recommended values given in this report by no more
than twice thet terms attached to the recommended values".

o for values from P2GRE/FUG, the + terms are derived from total uncertainties
in the corresponding equilibrium constant of reactiof TablelV.2), and from
the+ terms listed for the necessary CODATA key values.

CODATA [89COX/WAQ values are available for C{Qg), HCQG;, cog—, H2PO,

and HPCi‘. From the values given foktHp, andS;, the values oA¢Gy, and, con-
sequently, all the relevant equilibrium constants and enthalpy changes can be calcu-
lated. The propagation of errors during this procedure, however, leads to uncertainties
in the resulting equilibrium constants that are significantly higher than those obtained
from experimental determination of the constants. Therefore, reaction data #6g)CO
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HCO;3, CO§* and /PO, , which were absent from the corresponding Tabl@ in
[92GRE/FUQG, are included in this volume to provide the user of selected data for
technetium speciesf, Chapterll) with the data needed to obtain the lowest possible
uncertainties on reaction properties.

Note that the values in Tabld¥.1 andIV.2 may contain more digits than those
listed in either 89COX/WAQ or in Chapter VI of P2GRE/FUG, because the data in
the present chapter are retrieved directly from the computerised data base and rounded
to three digits after the decimal point throughout.
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Table IV.1: Selected thermodynamic data for auxiliary compounds and complexes,
including the CODATA Key Values§9COX/WA(G of species not containing uran-

ium, as well as other data that were evaluated in Chapter VI of the uranium review
[92GRE/FUQG. All ionic species listed in this table are aqueous species. Unless noted
otherwise, all data refer to 298.15 K and a pressure of 0.1 MPa and, for aqueous spe-
cies, a reference state or standard state of infinite dilutica (0). The uncertainties

listed below each value represent total uncertainties and correspond in principle to the
statistically defined 95% confidence interval. Valuebaid typeface are CODATA

Key Values and are taken directly from ReB9COX/WAG without further evaluation.
Values obtained from internal calculatiasf, footnotes (a) and (b), are rounded at the
third digit after the decimal point and may therefore not be exactly identical to those
givenin Chapter VI of Ref.92GRE/FUQG. Systematically, all the values are presented
with three digits after the decimal point, regardless of the significance of these digits.
The data presented in this table are available on PC diskettes or other computer media
from the OECD Nuclear Energy Agency.

Compound AtGhy AfHR S Com
*kJ-mol™hy  kI-moYy @G-K1.mol @G-K1.moll
0o(g) 2317439 249180 161059 21912
+0.100 +0.100 +0.003 +0.001
0,(9) 0.000 Q000 205152 29378
+0.005 +0.003
H(g) 203276@ 217.998 114717 20786
+0.006 +0.006 +0.002 +0.001
HT 0.000 Q000 Q000 Q000
Ho(g) 0.000 Q000 130680 28836
+0.003 +0.002
OH~ —157220® 230015 —10.900
+0.072 +0.040 +0.200
H,0(g) —2285828 241826 188835 33609
+0.040 +0.040 +0.010 +0.030
HoO(l) —237140®  _285830 69950 75351
+0.041 +0.040 +0.030 +0.080
H,05(ag) —1911709
+0.100
He(g) 0.000 Q000 126153 20786
+0.002 +0.001
Ne(g) 0.000 Q000 146328 20786
+0.003 +0.001
Ar(g) 0.000 Q000 154846 20786
+0.003 +0.001
Kr(g) 0.000 Q000 164085 20786
+0.003 +0.001
Xe(g) 0.000 Q000 169685 20786
+0.003 +0.001

(Continued on next page)
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Table 1V.1: (continued)

Compound AfGhy AfHS S Com
*kJ-mol™hy  kI-moYy  @-K1.mol @G-K1.moll
F(g) 62.2800@ 79.380 158751 22746
+0.300 +0.300 +0.004 +0.002
F —281523®  _335350 —13.800
+0.692 +0.650 +0.800
F2(9) 0.000 Q000 202791 31304
+0.005 +0.002
HF(ag) —299675P 3231500 88.000@
+0.702 +0.716 +3.362
HF(g) —275400®  —273300 173779 29137
+0.700 +0.700 +0.003 +0.002
HF, -583709  —655500" 926839
+1.200 +2.221 +8.469
Cl(g) 105305@ 121301 165190 21838
+0.008 +0.008 +0.004 +0.001
cl- —131217®  _167.080 56600
+0.117 +0.100 +0.200
Cla(9) 0.000 Q000 223081 33949
+0.010 +0.002
clo~ —37.669
+0.962
Clo, 10.250
+4.044
Clog —7.903®  —104000 162300
+1.342 +1.000 +3.000
clo, —7.890@  —128100 184000
+0.600 +0.400 +1.500
HCI(g) —95298@ 92310 186902 29136
+0.100 +0.100 +0.005 +0.002
HClO(ag) —80.023D
+0.613
HCIO,(ag) —0.938b
+4.043
Br(g) 82.379@ 111870 175018 20786
+0.128 +0.120 +0.004 +0.001
Br- —103850®  —121410 82550
+0.167 +0.150 +0.200
Bro(ag 4.900
+1.000
Bra(9) 3.105@ 30.910 245468 36057
+0.142 +0.110 +0.005 +0.002
Bro(l) 0.000 Q000 152210
+0.300
Bro— —32,0950
+1.537

(Continued on next page)



Table I1V.1: (continued)

49

Compound AfGhy AfHS S Com
*kJ-mol™hy  kI-moYy  @-K1.mol @G-K1.moll
BrO; 19070®  —66.700 161500
+£0.634 +0.500 +£1.300
HBr(g) -53361@  —36.290 198700 29141
+0.166 +0.160 +0.004 +0.003
HBrO(ag) —81.356P
+£1.527
1(g) 70.172@ 106.760 180787 20786
+0.060 +£0.040 +£0.004 +0.001
I~ —51724® 56780 106450
+£0.112 +0.050 +0.300
I2(cn) 0.000 0000 116140
+0.300
12(9) 19.323® 62.420 260687 36888
+£0.120 +0.080 +£0.005 +0.002
[e>y —126338% 219700 118000
+£0.779 +0.500 £2.000
HI(Q) 1.700® 26,500 206590 29157
+£0.110 +0.100 +0.004 +0.003
HIO3(ag) —130836P
+£0.797
S(cr) 0.000 Q000 32054 22750
+£0.050 +0.050
=) 2366899  277.170 167829 23674
+0.151 +0.150 +0.006 +0.001
o 120695
+11610
$2(9) 79686@ 128600 228167 32505
+0.301 +0.300 +£0.010 +£0.010
SO(9 —300095@  —-296810 248223 39842
+0.201 +0.200 +0.050 +0.020
Sle’n ~487.4720)
+£4.020
S05” ~519291P)
+£11345
Slorm —744004®  —909340 18500
+£0.418 +0.400 +£0.400
HS™ 12243%  -16300 67000
+£2.115 +1.500 +5.000
H,S(a0) —27.648® 38600 126000
+£2.115 +£1.500 +5.000
H2S(g) —33443® 20600 205810 34248
+0.500 +0.500 +£0.050 +£0.010
HSQOy -528684
+£4.046

(Continued on next page)
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IV. Selected auxiliary data

Table 1V.1: (continued)

Compound AfGhy AfHS S Com
*kJ-mol™hy  kI-moYy  @-K1.mol @G-K1.moll
HS,05 —5283660
+11.377
H,S03(a0) —539187D
+4.072
HSO, —755315® 886900 131700
+1.342 +1.000 +3.000
Se(cn) 0.000 Q000 42270 25030
+0.050 +0.050
Sey(cn) —225100
+2.100
SeG~ ~361597P)
+1.473
HSeOy —409544
+1.358
HoSeQ(aq) —425527D)
+0.736
Te(cn) 0.000 Q000 49221 25550
+0.050 +0.100
N(g) 455537@ 472680 153301 20786
+0.400 +0.400 +0.003 +0.001
N2(9) 0.000 Q000 191609 29124
+0.004 +0.001
\y 348200 275140 107710@
+2.000 +1.000 +7.500
NO3 —110794®  _206.850 146700
+0.417 +0.400 +0.400
HN3(ag) 3213720 260140 147381
+2.051 +10.050 +34.403
NHz(ag) —26673P  _g1170D 1090400
+0.305 +0.326 +0.913
NH3(g) —16.407®  —45940 192770 35630
+0.350 +0.350 +0.050 +0.005
NH —79.398%  —133260 111170
+0.278 +0.250 +0.400
P(am) —7.500
+2.000
P(cr) 0.000 Q000 41090 23824
+0.250 +0.200
P(g) 280093@ 316500 163199 20786
+1.003 +1.000 +0.003 +0.001
P2(9) 103469 144,000 218123 32032
+2.006 +2.000 +0.004 +0.002
P4(9) 24,4199 58.900 280010 67081
+0.448 +0.300 +0.500 +1.500

(Continued on next page)
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Table I1V.1: (continued)

Compound AfGhy AfHS S Com
*kJ-mol™hy  kI-moYy  @-K1.mol @G-K1.moll
PO; —1025491®  _1284400D —220970®
+1.576 +4.085 +12.846
P05~ —1935503D
+4.563
HPOZ —1095985@  —1299000 —33500
+1.567 +1.500 +1.500
HoPO, —1137152@ 1302600 92500
+1.567 +1.500 +1.500
H3POy(ag) —1149367® —1294120b 161912
+1.576 +1.616 +2.575
HP,03~ —1989158D
+4.482
HoP,02~ 20271179
+4.445
H3P207 —2039960P
+4.362
H4P,07(ag) —2045668P —22802100 274919D
+3.299 +3.383 +6.954
As(cr) 0.000 Q000 35100 24640
+0.600 +0.500
AsO, —350022% 429030 40600
+4.008 +4.000 +0.600
AsOy~ —6483609 888140 —162800
+4.008 +4.000 +0.600
AsyO5(cr —7824493 924870 105400 116520
+8.016 +8.000 +1.200 +0.800
As,Og(cubi) —11524453 1313940 214200 191290
+16.032 +16.000 +2.400 +0.800
As,0g(mono) —1154006® 1309600 234000
+16.041 +16.000 +3.000
HAsO,(ag) —402925@  _456500 125900
+4.008 +4.000 +0.600
HpAsOy —587.078@ 714790 110500
+4.008 +4.000 +0.600
H3AsOz(aq) —639681@ 742200 195000
+4.015 +4.000 +1.000
HASOS~ —714592%  —906340 ~1.700
+4.008 +4.000 +0.600
HpAsO, —753203® 909560 117000
+4.015 +4.000 +1.000
H3AsOy(aq) —766119®  —902500 184000
+4.015 +4.000 +1.000
(Asp05)3-5H,0(cr) —4248400
+24.000

(Continued on next page)
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IV. Selected auxiliary data

Table 1V.1: (continued)

Compound AfGhy AfHS S Com
*kJ-mol™hy  kI-moYy  @-K1.mol @G-K1.moll
Shcn 0.000 Q000 45520 25260
+0.210 +0.200
C(cn 0.000 Q000 5740 8517
+0.100 40.080
C(g) 671254® 716680 158100 20839
+0.451 +0.450 +0.003 4+0.001
CO(g) -137168®  _110530 197660 29141
+0.173 +0.170 +0.004 40.002
COy(a0) —385970® 413260 119360
+0.270 +0.200 +0.600
CO2(9) —394373@ 393510 213785 37135
+0.133 4+0.130 +0.010 4+0.002
cos~ —527.900®  —675230 —50.000
4+0.390 +0.250 +1.000
HCOy —586845@ 689,930 98400
+0.251 4+0.200 +0.500
SCN™ 92700 76400 144268
+4.000 +4.000 +18974
Si(er) 0.000 Q000 18810 19789
+0.080 4+0.030
Si(g) 405525@ 450000 167981 22251
+8.000 +8.000 +0.004 4+0.001
SO, (quan —856287@  —910700 41460 44602
+1.002 +1.000 +0.200 4+0.300
SiOp(OH)3~ -1175651 1381960 —1.488P
+1.265 +15330 +51592
SIO(OH); -1251740 1431360 88,0240
+1.162 +3.743 +13144
Si(OH)4(ag) —1307735P 14569600 1899733
+1.156 +3.163 +11.296
Si,O3(0H)3~ —2269878D
+2.878
Sip0p(OH)5 —2332096P
+2.878
SigOg(OH)3~ —30485360
+3.870
SigO5(OH)3~ —32919550
+3.869
SisOg(OH);~ —4075179D
+5.437
SisO7(OH)E~ ~4136826")
+4.934
SiF4(g) —1572772@ _1615000 282760 73622
+0.814 +0.800 +0.500 +0.500

(Continued on next page)
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Compound AfGhy AfHS S Com
*kJ-mol™hy  kI-moYy  @-K1.mol @G-K1.moll
Ge(cr) 0.000 Q000 31090 23222
+0.150 +0.100
Ge(g) 3312099 372000 167904 30733
+3.000 +3.000 +0.005 +0.001
GeOy(tetr) —521404® 580000 39710 50166
+1.002 +1.000 +0.150 +0.300
GeR(9) —1150018@ —1190200 301900 81602
+0.584 +0.500 +1.000 +1.000
Sn(er) 0.000 Q000 51180 27112
+0.080 +0.030
Sn(g) 266223 301200 168492 21259
+1.500 +1.500 +0.004 +0.001
Sret —27.624@ —8.900 —16.700
+1.557 +1.000 +4.000
SnQtetn —251913®  _280710 57170 47783
+0.220 +0.200 +0.300 +0.300
SnOy(cass —515826@ 577630 49040 53219
+0.204 +0.200 +0.100 +0.200
Ph(cr) 0.000 Q000 64800 26650
+0.300 +0.100
Ph(g) 1622323 195200 175375 20786
+0.805 +0.800 +0.005 +0.001
PRt —24.238@ 0.920 18500
+0.399 +0.250 +1.000
PbSQ(cr) —813036@  —919970 148500
+0.447 +0.400 +0.600
B(cr) 0.000 Q000 5900 11087
+0.080 +0.100
B(g) 521012® 565000 153436 20796
+5.000 +5.000 +0.015 +0.005
O () —1194324@ _1273500 53970 62761
+1.404 +1.400 +0.300 +0.300
B(OH)3(aq) —969268® 1072800 162400
+0.820 +0.800 +0.600
B(OH)3(ch —969667® —1094800 89950 86060
+0.820 +0.800 +0.600 +0.400
BF3(g) —1119403@ —1136000 254420 50463
+0.803 +0.800 +0.200 +0.100
Al(cn 0.000 Q000 28300 24200
+0.100 +0.070
Al(g) 289376@ 330000 164554 21391
+4.000 +4.000 +0.004 +0.001
Al3+ —491507® 538400 —325000
+3.338 +1.500 +10.000

(Continued on next page)
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Table 1V.1: (continued)

Compound AfGhy AfHS S Com
*kJ-mol™hy  kI-moYy  @-K1.mol @G-K1.moll
Al503(coru) —1582257@ 1675700 50920 79033
+1.302 +1.300 +0.100 +0.200
AlF3(cr —1431096@ —1510400 66500 75122
+1.309 +1.300 +0.500 +0.400
TI+ —32.400
+0.300
Zn(cr 0.000 Q000 41630 25390
+0.150 +0.040
Zn(g) 94.813® 130400 160990 20786
+0.402 +0.400 +0.004 +0.001
zZn2t —147203® 153390 —109.800
+0.254 +0.200 +0.500
ZnO(cr) —320479® 350460 43650
+0.299 +0.270 +0.400
Cd(cr) 0.000 Q000 51800 26020
+0.150 +0.040
Cd(g) 77.230@ 111800 167749 20786
+0.205 +0.200 +0.004 +0.001
cdt —77.733®  _75920 —72.800
+0.750 +0.600 +1.500
cdoer —228661®  _258350 54800
+0.602 +0.400 +1.500
CdSQ-2.667H,O(cr)  —1464959@ 1729300 229650
+0.810 +0.800 +0.400
Ha(9) 31.842@ 61.380 174971 20786
+0.054 +0.040 +0.005 +0.001
Hag() 0.000 Q000 75900
+0.120
Hg?t 164667 170210 —36.190
+0.313 +0.200 +0.800
Hg3" 153567 166870 65740
+0.559 +0.500 +0.800
HgO(mon —58523® 90,790 70250
+0.154 +0.120 +0.300
HgyCla(cr) —210725® 265370 191600
+0.471 +0.400 +0.800
HgoSOs(cr) —625780®  —743090 200700
+0.411 +0.400 +0.200
cu(cr) 0.000 Q000 33150 24440
+0.080 +0.050
Cu(g) 297672 337400 166398 20786
+1.200 +1.200 +0.004 +0.001
cuwt 65.040® 64.900 —98.000
+1.557 +1.000 +4.000

(Continued on next page)
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Table I1V.1: (continued)

Compound AfGhy AfHS S Com
*kJ-mol™hy  kI-moYy  @-K1.mol @G-K1.moll
CusSQ(cn —662185® 771400 109200
+1.206 +1.200 +0.400
Ag(cn) 0.000 Q000 42550 25350
+0.200 +0.100
Ag(g) 246.007® 284.900 172997 20786
+0.802 +0.800 +0.004 +0.001
Agt 77.096@ 105,790 73450
+0.156 +0.080 +0.400
AgCl(cr) —109765® 127010 96250
+0.098 +0.050 +0.200
Ti(en 0.000 Q000 30720 25060
+0.100 +0.080
Ti(g) 428403 473000 180298 24430
+3.000 +3.000 +0.010 +0.030
TiOo (ruti) —888767®  —944000 50620 55080
+0.806 +0.800 +0.300 +0.300
TiCla(g) —726324® 763200 353200 95408
+3.229 +3.000 +4.000 +1.000
Th(cr 0.000 Q000 51800 26230
+0.500 +0.050
Th(g) 5607453 602000 190170 20789
+6.002 +6.000 +0.050 +0.100
ThO,(cr) —1169238@ _1226400 65230
+3.504 +3.500 +0.200
Be(cr) 0.000 Q000 9500 16443
+0.080 +0.060
Be(g) 286202 324,000 136275 20786
+5.000 +5.000 +0.003 +0.001
BeO(brom) —580090®  —609.400 13770 25565
+2.500 +2.500 +0.040 +0.100
Mg(cr) 0.000 Q000 32670 24869
+0.100 +0.020
Mg(9) 112521® 147.100 148648 20786
+0.801 +0.800 +0.003 +0.001
Mg2* —455375®  _467.000 —137.000
+1.335 +0.600 +4.000
MgO(cr —569312® 601600 26950 37237
+0.305 +0.300 +0.150 +0.200
MgFa(cr) —1071051@ —1124200 57200 61512
+1.210 +1.200 +0.500 +0.300
cacrn 0.000 Q000 41590 25929
+0.400 +0.300
cag) 144,021@ 177.800 154887 20786
+0.809 +0.800 +0.004 +0.001

(Continued on next page)
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IV. Selected auxiliary data

Table 1V.1: (continued)

Compound AfGhy AfHS S Com
*kJ-mol™hy  kI-moYy  @-K1.mol @G-K1.moll
cat —552806@  —543000 —56.200
+1.050 +1.000 +1.000
CaQ(cr) —603296®  —634920 38100 42049
+0.916 +0.900 +0.400 +0.400
Sr(cr) 0.000 Q000 55700
+0.210
S —563864@ 550900 —31.500
+0.781 +0.500 +2.000
SrO(cn) —5599398  _590600 55440
+0.914 +0.900 +0.500
SrCh(cr) —784974®  _833850 114850
+0.714 +0.700 +0.420
SK(NO3)»(cr) —783146®@ 982360 194600
+1.018 +0.800 +2.100
Ba(cr) 0.000 Q000 62420
+0.840
Ba?t+ —557.656@ 534800 8400
42582 +2.500 +2.000
BaO(cr) —520394® 548100 72070
+2.515 +2.500 +0.380
BaCh(cr) —806953®  _855200 123680
+2514 +2.500 +0.250
Li(cr) 0.000 Q000 29120 24860
+0.200 +0.200
Li(g) 126.604@ 159300 138782 20786
+1.002 +1.000 +0.010 +0.001
Lit —292918®  _278470 12240
+0.109 +0.080 +0.150
Na(cr) 0.000 Q000 51300 28230
+0.200 +0.200
Na(g) 76.964@ 107.500 153718 20786
+0.703 +0.700 +0.003 +0.001
Na® —261953®  _240340 58450
+0.096 +0.060 +0.150
K(cn 0.000 Q000 64680 29600
+0.200 +0.100
K(g) 604793 89.000 160341 20786
+0.802 +0.800 +0.003 +0.001
K+ —282510®  —252140 101200
+0.116 +0.080 +0.200
Rb(cr) 0.000 Q000 76780 31060
+0.300 +0.100
Rb(g) 53078@ 80.900 170094 20786
+0.805 +0.800 +0.003 +0.001

(Continued on next page)
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Table I1V.1: (continued)

Compound AfGhy AfHS S Com
*kJ-mol™hy  kI-moYy  @-K1.mol @G-K1.moll
Rb* —284009®  —251120 121750
+0.153 +0.100 +0.250
Cs(cn) 0.000 Q000 85230 32210
+0.400 +0.200
Cs0) 49556 76.500 175601 20786
+1.007 +1.000 +0.003 +0.001
Cst —291456@  —258000 132100
+0.535 +0.500 +0.500

@ value calculated internally with the equatiag G$, = AtHS — T At %,
®valye calculated internally from reaction data (see Ti[2).

(© From [B2WAG/EVA], uncertainty estimated in the uranium revied2 GRE/FUG.
(@ Orthorhombic.

(®p(cr) refers to white, crystalline (cubic) phosphorus and is the reference state for the element

phosphorus. P(am) refers to red, amorphous phosphorus.

®cubic.

(@ Monoclinic.

(h)oc-Quartz.

) Tetragonal.

() Cassiterite, tetragonal.

® corundum.

() Montroydite, red.
(M Rutile.

(M Bromellite.



58 IV. Selected auxiliary data

Table I1V.2: Selected thermodynamic data for reactions involving auxiliary compounds
and complexes used in the evaluation of thermodynamic data for the NEA TDB Project
data. All ionic species listed in this table are aqueous species. The selection of these
data is described in Chapter VI of the uranium revi®O2 GRE/FUG. Unless noted
otherwise, all data refer to 298.15 K and a pressure of 0.1 MPa and, for aqueous spe-
cies, a reference state or standard state of infinite dilutica (0). The uncertainties

listed below each value represent total uncertainties and correspond in principle to the
statistically defined 95% confidence interval. Systematically, all the values are presen-
ted with three digits after the decimal point, regardless of the significance of these
digits. The data presented in this table are available on PC diskettes or other computer
media from the OECD Nuclear Energy Agency.

Species Reaction
|Oglo K° ATG?n ArHﬁ-l ArS-)n
(kJ-mol™ly  (kI-mol1) (@-K~1.mol"Y)
HF(ag) F~ +H" = HF(ag
3.180 —18.152 12200 101800@
+0.020 +0.114 +0.300 +1.077
HF, F~ +HF(ag = HF,
0.440 —2512 3000 18486@
+0.120 +0.685 +2.000 +7.091
clo~ HClO(ag) = CIO~ +H*t
—7.420 42354 19000 —783293
+0.130 +0.742 +9.000 +30.289
Cloy HCIOy(ag) = CIO; + H*
—1.960 11188
+0.020 +0.114
HCIO(ag) Cla(g) + H0(l) = CI~ + Ht + HCIO(aqg)
—4.5379 25.900
+0.105 +0.600
HCIO»(aq) H,0(l) + HCIO(ag) = 2HT 4 HCIOy(aq) + 26~
—554009 316226
+0.700 +3.996
BrO~ HBrO(ag) = BrO~ +H*
—8.630 49260 30000 —64.600@
+0.030 +0.171 +3.000 +10.078
HBrO(ao) Bra(ag) + HoO(l) = Br~ 4+ Ht 4+ HBrO(ag)
—8.240 47034
+0.200 +1.142
HIO3(ag) H* +10; = HIO3(ag
0.788 —4.498
+0.029 +0.166
s HS™ = Ht +$%~
—19.000 108453

+2.000 +11.416

(Continued on next page)



Table 1V.2: (continued)

Species Reaction
|Oglo K®° ArG?n ArHﬁ] Ar$ﬂ
(kJ-mol 1y (kI-mol1) (@-K~1.mol"Y)
S05- Ho0() + SO~ + 26 = 20H™ + S5
—31400P 179233
+0.700 +3.996
$,05~ 3HpO() + 2SC~ +4e” = 60H™ + 05~
—392000 223755
+1.400 +7.991
H,S(a0) HoS(ag = HT +HS™
—6.990 39899
+0.170 +0.970
HSO; H* + S5~ = HSQy
7.220 —41.212 66000 359591@
+0.080 +0.457 +30.000 +100632
HS,03 H* +S05 = HS05
1.590 —9.076
+0.150 +0.856
H>S03(aq) HT + HSO; = H,S03(a0)
1.840 —10.503 16000 88891@
+0.080 +0.457 +5.000 +16.840
HSO, H* +S0;~ = HSO;
1.980 —11.302
+0.050 +0.285
SeG~ HSeQ; = H* +SeG;~
—8.400 47948 —5.020 —177.6543
+0.100 +0.571 +0.500 +2.545
H,oSeag) H* 4 HSe™ = H,Seag
3.800 —21.691
+0.300 +1.712
HSeQy HoSeQ(ag = HT + HSeQy
—2.800 15983 —7.070 —77.3199
+0.200 +1.142 +0.500 +4.180
HoSeGs(ag) 3H,0(l) + 2I5(cr) + Secn) = 4HT + HySeGs(ag) + 41~
—13.840 78999
+0.100 +0.571
HSeq; H* +SeG~ = HSeQ;
1.800 —10.274 23800 1142863
+0.140 +0.799 +5.000 +16.983
HN3(ag) H* + N3 = HN3(ag)
4.700 —26.828 —15.000 39671@
+0.080 +0.457 +10.000 433575
NH3(ag) NH = HT + NHgz(ag)
—9.237 52725 52090 —2.130@
+0.022 +0.126 +0.210 +0.821

(Continued on next page)
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IV. Selected auxiliary data

Table 1V.2: (continued)

Species Reaction
|Oglo K®° ArG?n ArHﬁ] Ar$ﬂ
(kJ-mol 1y (kI-mol1) (@-K~1.mol"Y)
HNO(aq) H* +NO, = HNOy(ag
3.210 18323 —11.400 23219@
+0.160 +0.913 +3.000 +10518
PO;- HPC,” = H* +PQ;~
—12.350 70494 14600 —187.470@
+0.030 +0.171 +3.800 +12.758
P05~ HP,03 = HT + P07~
—9.400 53656
+0.150 +0.856
HaPO, H* + HPGZ~ = HoPO,
7.212 —41.166 —3.600 125998@
+0.013 +0.074 +1.000 +3.363
H3PO4(ag) H* + HyPO, = H3PO4(ag
2.140 —12215 8480 69412
+0.030 +0.171 +0.600 +2.093
HP,03~ HaP203~ = HT 4 HP,03~
—6.650 37958
+0.100 +0.571
HoP202~ HaP207 = HT + HpP,02~
—2.250 12843
+0.150 +0.856
H3P,07 HaP207(ag) = Ht + H3P,07
—1.000 5708
+0.500 +2.854
HaP207(ag) 2H3PO4(ag) = H20(1) + HaP207(a0)
—2.790 15925 22200 210453
+0.170 +0.970 +1.000 +4.674
COy(ag) H* + HCO; = COy(ag) + H20()
6.354 —36.269
+0.020 +0.114
COx(9) COz(ag = COz(9)
1.472 —8.402
+0.020 +0.114
HCog CO5~ +H*t = HCog
10.329 58958
+0.020 +0.114
SiOx(OH)3~  Si(OH)4(ag) = 2HT + SiOx(OH)5~
—23.140 132084 75000 —191461@
+0.090 +0.514 +15.000 +50.340
SIO(OH)3 Si(OH)4(ag) = H* + SIO(OH)3
—9.810 55996 25600 —101948@
+0.020 +0.114 +2.000 +6.719

(Continued on next page)



Table 1V.2: (continued)

Species Reaction
|Oglo K®° ArG?n ArHﬁ]
(kJ-mol™1)  (kJ-mol~1)

Ar%
(@-K™1.mol~1)

Si(OH)4(ag) 2H,0(l) + SiOx(quan = Si(OH)4(ag)

—4.000 22832 25400
40.100 +0.571 £3.000
SiO3(0H);~  2SiOH)4(ag) = 2HT + HpO(l) + SipO3(OH)F ™~
—19.000 108453
40.300 +£1.712
ShOx(OH);  2SiOH)4(ag) = HT + Ha0(1) + SiOx(OH) 5
—8.100 46235
40.300 +£1.712
Sig0s(OH)3~  3SiOH)4(ag) = 3H + 3H,0(1) + Si30g(OH)3 -
—28.600 163250
+0.300 +£1.712
SigO5(OH)Z~  3Si(OH)4(ag) = 3H + 2Hp0(1) + Siz05(OH)Z
—27.500 156971
40.300 +£1.712
SisOg(OH);~  4SiOH)4(ag) = 4H + 4H,0(1) + SisOg(OH); -
—36.300 207202
+0.500 +2.854
Si;07(OH)Z~  4Si(OH)4(aq) = 3H + 4H,0(1) + SigO7 (OH)Z
—25500 145555
40.300 +£1.712

8613@
410243

@value calculated internally with the equatian GS, = ArHS — TArSS,.

(®valye calculated from a selected standard potential.
©value of log o K° calculated internally from Gg, .
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Chapter V

Discussion of data selection

V.1 Elemental technetium

V.1.1 Technetium metal
V.1.1.1 Crystal structure

Tc(cr) has the hcp structure with = 2 (space group RBimmc) over the whole of its

solid range. The crystal structure was first determined by Moo#@WDJ using a

40 ng sample whose chemical provenance was not described. Her valaemndfc

and subsequent determinations are summarised in Vabléhe small differences are
presumably due to different impurity levels. The recommended values are the average
of all but two 48MOO, 75SPI/GR] of these studies.

Prolonged reduction of samples of metal or oxide withp(d) around
1200 K [64MUL/WHI] or electron beam melting of the metal under vacuum
[65BAK, 70GIO/SZK3 gave samples of technetium essentially free of oxide.

Marples and Koch72MAR/KOC] reported thata = b = (2.7364+ 0.0002 x
101%m andc = (4.3908+ 0.0002 x 10 mat 4.2 K, anch = 2.7407x 1071%m
andc = 4.3980x 10719m at 298.15 K. The/c ratio was almost independent of tem-
perature. Measurements at various other temperatures (not reported) gave the thermal
expansion coefficients, = 7.04 x 108 K—1 andac = 7.06 x 106 K1 for 150 to
298 K.

Alekseyevskiy, Balakhovskiy and Kirillov/bALE/BAL] found that the supercon-
ducting transition temperature of technetium decreased smoothly with pressure up to
their maximum pressure of nearly 110 kbar. From this they deduced that technetium
retained the same hcp structure over this pressure range.

V.1.1.2 Heat capacity and entropy

There are two experimental studies on the heat capacity of technetium, and a number of
papers which present estimated thermal functions for the metal. Of the latter, all except
three are derived more or less directly from the earliest estimate of Bré@BRH,

as was pointed out by Fernandez Guillermet and Grim@8IFER/GR]. Trainor and
Brodsky [/'5TRA/BR( studied the metal from 3 to 15 K, in relation to the super-
conducting transition at 7.86 K (the second highest for a pure element, after Nb), and
approximate values @ ,, can be derived from the thermal diffusivity measurements

by Spitsynet al. [75SPI/ZIN, from 950 to 1500 K; these results (which have an uncer-
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Table V.1: Crystal structure parameters for Tc(cr) around 298.15 K.

Lattice parameters{10%0/ m)

a c a/c Reference
2.7354+ 0.002 4388+0.002 06233 g8MOQ|
2.7434 0.002 4400+ 0.002 06234 B1LAM/DAR]
2.7415+ 0.002 4400+ 0.002 06231 BAMUL/WHI]
2.7414 43997 06231 B5BAK]
2.740 4398 06230 B2TRZ/RUD
2743 4400 06234 B8KOC/LOV]
2.7407£0.0002 43980+0.0002 06232 [72MAR/KOC]

~2.73@ ~4.39@ 0.622 [75SPI/GR]
2.7404+ 0.002 4399+ 0.004 06229 [70GIO/SZK2
78GIO/MAT,
78STE/GIQ 85GIQ|
2.7375 43950 06228 BOHAI/POT]

2.7409+0.0035 43987+0.0034  06231+:0.0004  Average?

@ Estimated from a plot given in that paper.
® values recommended by the present review, (see text).

tainty of at least 5%) were presented only in the form of a small graph. The three recent
methods of estimating the thermal functions of technetium all utilised some combina-
tion of lattice (Cp ), dilatation(Cgy), electronic(Ce) and vacancyCyac) contributions
to the heat capacity or entropy.

Krikorian [88KRI] and Krikorian and Lai §9KRI/LAI] summed the first three
terms

CL = DehCp(/T)
where Del&p(u) is the normal Debye function for heat capacity, and

0 = 6o[1— exp(—20/T) + exp(—26/T)]

with 69 = 375 K
Cq4 = 342x10°8C, 143
Ce = 3.2426x 103[1— exp(—20/T)]

+4.5187x 10 2 exp(—26/T) JK~t.mol™?

where the values of some of the coefficients are given to more significant figures
[88KRI] than are in the published repoB89KRI/LAI].

The terms for the temperature variation of the Debye temperétaral the elec-
tronic specific heat are arbitrary expressions which have been shown to represent satis-
factorily the behaviour of most metal8JKRI/LAI]. The justification of the choice of
6o = 375 K for Tc was not discussed.
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Powers §1POW added a further contributio@ysc from thermally induced vacan-
cies to the heat capacityf( AppendixA)

Fernandez Guillermet and Grimva89FER/GR] adopted a slightly different ap-
proach, in which the entropy was considered to be the sum of vibrational and electronic
terms. The vibrational contribution (including anharmonic and dilatation tergasg),
is related to an “entropy Debye temperatuge®, which is more satisfactory than other
Debye temperatures for such estimations, since it gives a logarithmic average of the
phonon frequencies. The electronic contribution was taken from an electronic heat
capacity of Tc, but reduced by a factor of 1.68 from the value appropriate near 0 K,
Ce = (4.3 x 103 T) JK Lmol1 [75TRA/BRQ, to allow for the decrease in the
electron-phonon enhancement abeve00 K [89FER/GR]. Fernandez Guillermet
and Grimvall BOFER/GR] showed that the temperature dependent “entropy Debye
temperatures” for 5d transition elements are simply related to those of the correspond-
ing 4d element. In fact, their relationship reduces to

6S(Tc,cr,T) = (1.198+0.016) 65(Re cr, T) (V.1)

allowing the calculation o&,ip(Tc, cr, T). Addition of the electronic contribution then
gives calculated values &, (Tc, cr, T), and by differentiation, the heat capacity.
Fernandez Guillermet and Grimva89FER/GR] based their calculations for techne-
tium on values of5;, (Re, cr,T) taken from Hultgreret al. [73HUL/DES, in which
owing to lack of good experimental work, the thermal functions above 1400 K are
given a high uncertainty. However, more precise and extensive data for the enthalpy of
rhenium are now available from five recent studies. These have been analysed in the
recent assessment of the thermodynamic properties of rhenium by ArbR&AdRIB].
The derivedC;, ,, and thermal functions up to 300 K are close to those of Hultgren
et al. [73HUL/DESY (since there are no new low temperature data), but are notice-
ably smaller above 1000 K. We have therefore repeated the calculations of Fernandez
Guillermet and Grimvall39FER/GR] using these latest assessed data for rhenium.

The calculated values &, (T) are summarised in Tab\é2; all the values at round
temperature from 298.15 to 2430 K can be fitted with good precision to the expression:

S(Te,er, T) = —112482+ 25.0940InT + 4.3145x 10°°T
—1.3773x 10 T2 + 6.5650x 10°T 2 JK 1.mol?!

for 298.15 K< T < 2430 K with a maximum deviation 0f.026 JK~1.mol.
The derived heat capacity expression is thus

Com(TC.cr.T) = 250940+ 4.3145x 1073T — 2.7546x 107 'T?
~1.3130x 10°T 2 JK~tmol™*
for298.15K< T < 2430K. Tablev.3 compares the values @f ,, calculated from
the four major independent estimation proceduB&S[TU/SIN 88KRI, 89KRI/LAI,

91POW and from the revisedOFER/GR], discussed above, at a few round temper-
atures. Brewer4OBRH, in his original estimate, does not give valuesccgfm, but
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Table V.2: Summary of calculations based on model of Fernandez Guillermet and
Grimvall [B9FER/GR] andS;, (Re, T) from Arblaster P6ARB].

T S (Re) ORre 61c Sh(To)

(K) (J-K~1.mol1 (K) (K) (J-K=1.molb
298.15 36.482 272.738 326.241 32.506
500.00 49.757 268.572 321.258 45.827

1000.00 68.639 258.932 309.726 65.113
1500.00 80.312 251.104 300.363 77.237
2000.00 88.942 244.699 292.702 86.326
2400.00 94.651 239.746 286.777 92.403

Table V.3: Comparison of heat capacity and entropy estimates.

T Estimated Experimental
(K) [56STU/SIN [88KRI], [91POW [89FER/GR] [75SPI/ZIN
[89KRI/LAI] Revised
Com (T)/IK~L.mol~?

29815 2427 2460 2388 2488 —

500 2594 2681 2663 2666 —
1000 3012 3009 3005 2900 283
1500 3431 3305 3290 3089 303
2000 3849 3603 3585 3259 —
2400 4184 3844 3838 3384 —

S, (298.15 K)/ K ~L.mol—1
29815 33472 31877 25758 32506 -
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his values for the derived thermal functions (which are usually rounded to two or three
significant digits) are close to those &5STU/SIN.

TheCg , values derived by KrikoriarB8KRI] and Powers§1POW up to 1500 K
are close to the early, more empirical, estimates of Stull and SF&&TU/SIN, which
are likely to reflect the earlier values for the heat capacity of rhenium; recent data sug-
gest these latter are too high, particularly at temperatures above 1500 K. The estimates
based on the methodology B9FER/GR], which reflect the lowelCy ,, values for
Re, are lower than these other estimates above 1000 K, but agree well within the un-
certainties with the experimental values of Spitggral. [75SPI/ZIN, although these
latter data are not of high precision.

We prefer the values derived from the revised analysi8®FER/GR], since this
has reasonably firm theoretical basis, uses a Debye temperature expression which gives
a logarithmic average of the phonon frequencies, uses the most recent data for rhenium
as a comparative basis, and the deri@yd, values agree quite well with the very
limited experimental data.

Estimated values of;, (Tc, cr, 298.15 K) are also included in TabW3. The
only strongly deviant estimate is that fro@1JPOW], presumably resulting from the
use of a constant Debye temperature appropriate to temperatures close tef0 K, (
AppendixA). We shall adopt the value from the revis@@FER/GR] analysis, which
is entirely consistent with the adopt& ,, values. The derived values for Tc(cr) at
and above 298.15 K can thus be summarised:

S(Tc,cr,29815K) = (325+0.7) 3K L.mol™t

Cpm(Tc. cr. 29815K) (249+1.0) JK~tmol™*

Com(Tc,cr.T) = 250940+ 4.3145x 10T
—2.7546x 107 /T2 — 1.3130x 10°T 2 JK Lmol?!

for 298.15 K< T < 2430K.
The uncertainty in the entropy is based on the uncertainti§y {iRe, cr, 298.15 K)
(£0.37 JK~1.mol~1) and in the value ofS(Tc)/65(Re) (+£0.0016).

V.1.1.3 Fusion and liquid data

Fernandez Guillermet and GrimvalJFER/GR], following Rard [B3RAR], summar-

ised the data on the melting point by Parletral. [52PAR/CRHE, Andersonet al.
[60AND/BUC] and Behrens and RinehaB(BEH/RIN. Parkeret al. used Pt, AdO3,

Nb and Ir as reference materials. When modern val8@BER/GR] for the melting

points of these materials are used, the corrected melting point for technetium becomes
(24304 30) K, in good agreement with the approximate valug2435+ 40) K sug-

gested by Behrens and Rinehart, and a lower limi2df7+50) K, given by Anderson

et al. [60AND/BUC]. This value of(2430+ 30) K, selected by Ferndndez Guillermet

and Grimvall BO9FER/GR] is accepted here.
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Powers P1POW has reviewed estimates affsS;,/R = 1.16 [66SCH, 1.56
[75GS@ and 1.11 B8XIA] (based on the simple relatiohfsHg,/R = 1.157(Tys —
100) and has selectedsS;,/R = (1.14+ 0.03). This is appreciably smaller than
the estimate by9FER/GR] which corresponds ta\;sS;,/R = (1.65+ 0.12), based
on the convincing observation by Saunders, Miodownik and Dins@38AU/MIO]|
that AqysSh, for metals of similar structure increases wilfas and falls within a nar-
row scatter band. Power9IPOW did not mention either of the papers by Saun-
ders, Miodownik and Dinsdalé88SAU/MIQ] or Fernandez Guillermet and Grimvall
[89FER/GR].

For these reasons, we select the value from Fernandez Guillermet and Grimvall
[89FER/GRY:

AfusS(Trus) = (1374 1.0) K L.mol™?
corresponding to
AfusHS(Trus) = (33291 2500 J- mol ™t

An identical estimate oAfsS;, = (13.7 + 1.0) JK~1.mol~! was given by Kats and
Chekhovskoi T9KAT/CHE]. None of the equations presented by these authors yields
this value, and it appears to have been estimated from a plves;, as a function

of Tyys for fcc metals, the same method used by Saunders, Miodownik and Dinsdale
[88SAU/MIQ] and adopted by Fernandez Guillermet and Grim&8IHER/GR].

The values ofCj ,, (Tc, ), estimated by 9IPOW from a set of complex
assumptions modelling the liquid, increase from.446 JK " Lmolt at Tqs to
4991 JK-1.mol-1 at 3500 K. In view of our rudimentary understanding of the
behaviour of metallic liquids, it seems preferable to estimate the heat capacity directly.
Fernandez Guillermet and GrimvaBJFER/GR] have suggested such an estimate,
from the systematic trends of the neighbouring 4d transition elements, of a constant
value of(47+ 2) JK—1.mol~1, which, being close to the mean value 81POW, we
shall accept as selected value.

Com(Tc.I.T) = (47£2) IK tmol™?

Thermal functions of Tc(cr) at temperatures below 298.15 K are estimated in Ap-
pendix B, which also includes a tabulation (Takel) of the thermal functions of
Tc(cr,lig) up to 3000 K.

V.1.1.4 Other properties

Fernandez Guillermet and GrimvaBYFER/GR] summarised literature results for
other properties of technetium metal. They recommended values for the elastic con-
stants of technetium metal of; = 433 GPagc2 = ¢13 = 199 GPagcys = 117 GPa
andczz = 470 GPa with uncertainties of about 3%, based on phonon dispersion curves.
They also recommended values of the bulk modBus- 281 GPa, shear modulus

G =119 GPa, Young’s modulus = 314 GPa, and Poisson numbe0.31.
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Electrical resistivities have been reported up to about 20006KOC/LOV] and
about 1400 K 75SPI/ZIN and are in good agreement. These results were presented
graphically, with only a few tabulated results given in R&7KOC/LOV]. Thermal
diffusivities (thermal conductivities) have been presented graphically up to about 848 K
[65BAK] and to about 1173 KI8MIN/SER, and up to about 1820 K7bSPI/ZIN,
with reasonable agreement in the overlap region, although the higher-temperature data
do not form a good extrapolation of the lower temperature results. Nelson, Boyd and
Smith [G4NEL/BOY] tabulated magnetic susceptibilities for technetium metal from 78
to 402 K, and Spitsyet al. [75SPI/ZIN gave similar results graphically up to about
1425 K.

Technetium becomes superconducting belgw86 + 0.01) K [75TRA/BRQ,
which is the second highest at normal pressure (after Nb). This temperature, calculated
from an analysis of the heat capacity as a function of temperature, is close to the
value (7.77 K) given by Sekulat al [67SEK/KER from a magnetic study, but
is somewhat higher than that reported for a less pure sample (7.46 K) by Kostorz
and Mihailovich f1KOS/MIH]. Trainor and Brodsky also reported values for the
electronic heat capacity coefficient = (4.30 + 0.05 mJ- mol~1 . K—2, Debye
temperatur@® = (454+ 4) K, electron-phonon enhancement factoe= 0.65 and a
critical field He(0 K) = (1131+ 10) Oe.

V.1.1.5 Vaporisation behaviour

Krikorian, Carpenter and Newburg9KRI/CAR] showed mass-spectrometically that
Tc(g) is the only important species in the vapour. However, Miedema and Gingerich
[79MIE/GIN] estimated the dissociation energy ofs{@) to be about 330 kdhol~1

based on a correlation between enthalpies of vaporisation and dissociation energies,
whereas Brewer and Winr8)BRE/WIN| estimated a value of 283 kdol~* based

on valence band theory; both values are for 0 K. Since this species is therefore not
important in vaporisation phenomena, even at 2000 K, it will not be considered any
further.

V.1.2 Technetium mono-atomic gas
V.1.2.1 Heat capacity and entropy

Stull and Sinke $6STU/SIN, Poland, Green and MargravegPOL/GRE and Hult-
grenet al. [73HUL/DEY have all calculated the thermal functions of Tc(g) from the 79
energy levels (up to 45190 cr) given by Moore $8MOQ], based on spectroscopic
work by Meggers and co-workerSMEG/SCR 51ME(Q and the then unpublished
results from Bozman and co-workers. Such calculations have here been extended to
include the additional levels (totalling 255) given B8BOZ/COR. Since the config-
urations to which the new levels belong have not yet been determined (although the
statistical weights are known), there is no sensible way that any of the procedures to
cut off the energy levels contributing to the sum of the partition functr@bOW] can

be applied. Similarly, we have not attempted to estimate any unidentified levels corres-
ponding to any configuration. With the current list of energy levels about two thirds of



70 V. Discussion of data selection

the 3316 observed lines of the spectrum of Tc(l) have been classified. Six of the 255
levels lie above the ionization limit of 58700 cth[58MOQ], but have been retained
in the list since they will to a minor extent counterbalance some of the missing levels.
The highest identified energy level is at 64785.90 énTThe derived thermal functions
of Tc(g) are given in Tabl8.2, (in AppendixB).

The differences from the earlier values with 79 levels are essentially negligible for
practical purposes at all temperatures up to 2500 K and not large even at 6000 K.

The standard entropy (reference state pressure = 1 bar) f¥Eaésotope is

S,(Tc,g.29815K) = (181052+ 0.010) JK 1.mol™!
and the heat capacity is
Com(TC.9.29815K) = (20.795+0.010 JK t:mol™*

In performing these statistical thermodynamic calculations for Tc(g) we have ac-
cepted the energy level assignments given by Meg&atd EG and Moore p8MOQ],
and which can also be found in more recent tabulations including the Handbook of
Atomic Data [f6FRA/KAR]. In these tabulations it was reported that the outer elec-
tronic configuration of atomic technetium in the ground state 4@ d®5< with the
term symboPSs .

However, in a major monograpi3PEA and the major inorganic chemistry text-
book [88COT/WIL], the outer electronic configuration of Tc(g) was given a&g%
455!, whereas in two other publicationgqSPI/KUZ 82BUR/PEA the two elec-
tronic configurations are given as alternative possibilities. The origin of these discrep-
ant assignments appears to come from a misinterpretation of the paper of Kessler and
Trees p3KES/TRH, along with some confusion between the nuclear and electronic
spins of?°Tc [77SPI/KUZ2 82BUR/PEA. In fact, Kessler and Tree§3KES/TRE
unambiguously stated that the ground stat@%t was®S state, which is consistent
wih a 424p?4dP58 configuration, and we have accepted this configuration for our
calculations. We have discussed this issue in more detail elsev8idRAR/RAN.

V.1.2.2 Enthalpy of formation

There are three studies of the vapour pressure of technetium. Krikorian, Carpenter and
Newbury B9KRI/CAR] were the first to measure the vapour pressure, by comparison
with that of molybdenum, essentially by a Langmuir technique. The metal was heated
in a rhenium cell and the Tdg) ion currents measured in a mass-spectrometer from
around 1900 to 2300 K. These were converted to pressures using molybdenum as a
reference material. No detailed pressures (or even an equation) were given in the pa-
per, but a plot was given, together with derived second law and third law enthalpies of
sublimation at 298.15 K, using given thermal functions of Tc(cr) and Tc(g). The calcu-
lated pressures of Tc depend on, amongst other things, the estimated ratio of ionisation
cross-sections of Tc and Mo; those given by MaGANIAN] were used. Since these

are neighbouring elements, this ratio was estimated to be uncertain only by about 20%,
contributing an uncertainty 0£3.3 kJmol~? to the value ofAtH?,(Tc, g, 29815 K)
[69KRI/CAR].
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There is a large discrepancy in the second and third law valuestéf (Tc, g,
298.15 K) from this study. Two second law values, themselves disparate, were given:
one from a direct calculation from the variation of jgg T ) with temperature, where
I denotes the ion current, and a second after referring the calculated intensities to
those of molybdenum. TabM4 gives these values, recalculated with our selected
thermal functions and corrected for a small changai#iy,(Mo, g, 29815 K) from
the value 0f(659.0+ 1.7) kJmol~1 used by OKRI/CAR] to (657.6 + 4.0) kJ-mol—1
given in the latest assessme&2GLU/GUR. The large difference between either of
the second and the third law enthalpies implies that the entropy of sublimation derived
from the measurements is appreciably different from the calculated value, which cannot
be greatly in error. Although the authors gave a detailed discussion of possible errors
in their measurements, they did not discuss the possibility of dissolution of Tc in the
Re substrate which is likely to increase with temperature, and thus give a temperature-
dependent error. It may be noted that the derived enthalpies of sublimation of the other
metals studied in this work (Mo, Nb and Ru) are generally higher than the accepted
values, so this may also be true for Tc, perhaps because the thermodynamic activity of
Tc was less than unity.

Behrens and RinehaQBEH/RIN studied the vaporisation of Tc, contained in a
TaC effusion cell, from 2051 to 2348 K mass-spectrometrically, using Ag and Au as
standards, see Figux&l. However, the experimental entropy of vaporisati®.0 +
2.9) JK~1.mol~1 is so much smaller than the calculated valig pS;,(2200 K) =
1437 JK~1.mol1), that it must be doubtful whether the measured pressures can cor-
respond to a simple sublimation procesk,AppendixA. The results of the normal
second- and third-law analyses, using the selected thermal functions for Tc are shown
in TableV.4.

Golubtsowet al. [B4GOL/VEZ have briefly reported an equation equivalent to

logip(p/ban = —3570Q'T + 7.525

for the vapour pressure of Tc(cr) from 2041 to 2302 K, measured by target Knudsen
effusion from a®Tc foil held in a tungsten cell with a tantalum holder. Their
pressures are lower than those 60KRI/CAR] and [B0BEH/RIN by factors of
about 4 and 16 respectively as shown in FigMé. Since B4GOL/VEZ do
not report individual pressures, the principal check on their data is to compare
their experimental entropy of vaporisation at the mean temperature of the exper-
iments, AsubSH(2172 K exp) = 14406 JK~1.mol~! with the calculated value
AsubS, (2172 K, calc.) = 143.78 X~tmol~1. The excellent agreement gives
confidence in the experimental study, despite the lack of detail in the report. The
value of the pseudo third law value afksyHp, (29815 K) obtained from six
pressures calculated from their equation at round temperatures between 2050 and
2300 K, using our thermal functions, $854 + 0.02) kJmol~! (the uncertainty
is artificial), essentially the same as the second law value, corrected to 298.15 K,
of (6858 + 8.4) kdmol~1, where the uncertainty is that given b§4GOL/VEZ.

Table V.4 compares the results of these vaporisation studies. It also includes an
estimate of the enthalpy of sublimation from the trends in the vaporisation behaviour
of the 3d, 4d, 5d transition elements. As pointed out@8KRI/CAR], the enthalpies
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Figure V.1: Vapour pressure of Tc(cr).
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Table V.4: Comparison ohgypHy,(Tc, 29815 K) values.

Reference Method  AsusHp(Tc, 29815 K), kImol~l  Comments
2nd law 3rd law
[69KRI/CAR]  cf. Langmuir 7640+31.4
7122+188 6659+5.9 Referenced
to Mo
[BOBEH/RIN]  Mass-spec. 538+7.0 6418+4.9 Reaction?
Knudsen
[84GOL/VEZ Knudsen 681B+8.4 6854+?
Estimated 3d, 4d, 5d 645 20
trends

of sublimation of Mn and Re are each somewhat smaller than those of their immediate
neighbours. If this trend occurs for the 4d elementtgt, (Tc, g, 29815 K) would

be expected to be slightly smaller than the values for (@67.6 + 4.0 kJmol™1)
[82GLU/GUR and Ru(649+ 4 kJmol~1) [95ARB], say(645+ 20) kJ-mol1.

There will clearly be a large uncertainty in the value selected, given the unsatisfact-
ory results from the two earlier studies. The big differences in the second and third law
enthalpies of sublimation for the studies by Krikoretral [69KRI/CAR] and Behrens
and Rinehart§0BEH/RIN imply experimental entropies of sublimation which make
it doubtful whether either of these studies refers to the simple sublimation of pure Tc.
The latest work by§4GOL/VEZ, which with our thermal functions gives essentially
identical second and third law enthalpies of sublimation, seems the most reliable study,
but gives pressures appreciably lower than those predicted from trends in the trans-
ition metal series. The value selected is close to tha84G[OL/VEZ, but is biased
to a slightly lower value to take account of the transition metal trends, and has been
assigned asymmetrical uncertainty limits for the same reason.

AfHS,(Tc, 9,29815K) = (675735 kJmol ™!
When combined with the entropy values at 298.15 K, this gives
A1Gi(TC, g, 29815K) = (63077520) kImol ™t

A more definitive study of the vapour pressure of the metal is clearly required.
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V.1.3 Gaseous technetium ions

Data for the gaseous unipositive and uninegative ions are evaluated and tabulated in
AppendixB (SectionB.3).

V.2 Simple aqueous technetium ions of each oxidation
state

Technetium has an extensive redox chemistry, and the most stable oxidation state in
contact with air is pertechnetate(VIl), TgOIin the entire pH range. T¢Pcan there-

fore be used as a reference oxidation state. An aqueous system containing bpth TcO
and a technetium species of a different oxidation state can be electrochemically char-
acterised by measuring its potential against a reference electrode. Frequently used
methods are potentiometry and polarography. Potentiometry is an appropriate method
if the oxidation states involved have a sufficient stability under the conditions chosen.
This is true, for example, for TcPand the hydrated Tc(IV) oxide which ensures a
constant concentration of TcO(O#aq),cf. SectionV.3.2.5 affected only by changes

of the activity coefficient with the composition of the aqueous solution. It is not diffi-
cult to prepare saturated Tc(lV) solutions as the solubility of F¢&H,0(s) remains
constant around & M from pH of about 2 to 10 and increases only outside this range
reaching about 1@ M in strong acid solutiong1MEY/ARNZ]. The redox couple

TcO, /TcO, - xH20(s) according to the reaction

TcO, +4H" +3e = TcOy - xH20(s) + (2 — )H20(1) (V.2)

is discussed in detail in Section2.1. The selected standard reduction potential and
log,o K*° are reproduced in this section for completeness:

E°(V.2,29815K) = (0.746+0.012V
loggK°(V.2,29815K) = 37.8+0.6

For equilibrium modelling purposes, however, the redox reactions are usually formu-

lated between the reference species of each oxidation state. For Tc(IV) we recom-
mend choosing TcO(OHJaq) as the reference species, because it is the major aqueous
Tc(lV) species in non-complexing solutions between pH 2 and 10. The relevant half

cell reaction is then

TcO, +4H" +3e- = TcO(OH)2(ag) + H20() (V.3)
and the corresponding calculated standard reduction potential apgdKlogalues are:
E°(V.3,29815K) = (0.579+0.016)V
l0g1oK°(V.3,29815K) = 2944038

Polarography or similar electrochemical methods using cathodic metals such as Hg are
applied to investigate the reduction of Tg@o oxidation states other than Tc(1V), be-
cause those show a lower stability. They are involved in secondary redox processes,
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they form as intermediate oxidation states along a redox reaction path. In such cases the
potentialE;/» is measured at which equal concentrations of the two involved oxidation
states are present. In polarographic measurements the valency states of the reduced
forms of the elements are calculated by use of the llkovic equaBIKQL/LIN]:

IEd — 60DV m2YT

whereiq is the limiting diffusion currentA), c the concentration (mM)) the change

of charge (number of electronsl) the diffusion coefficient (cfhs1), m the flow

rate of mercury (mg 1), andt the drop time. The constaW% can be de-
termined experimentally. The reversibility of the wave is investigated by ploffing
against logy(i /(ia— 1)) and comparing the slope with the theoretical value of 0,059/
The half wave potentiaE is equal to theEy/» value fori = ig/2 and corresponds to

the standard potentias the used reference electrode (usually the saturated calomel
electrode, SCE). A comparison of tiig » values reported for the systems under dis-
cussion shows that the potential values (V) are given with only one or sometimes two
digits after the decimal point. This shows the lower accuracy of the experimental data
compared to those obtained by potentiometry. The diffusion potential arising from
the contact of two solutions of different composition (reference electrode and invest-
igated solution) is estimated to be lower than 0.01 V. However, because of the general
use of the SCE, which contains 4.81 rkgl"! KCI at 298.15 K BIRAR/MIL], the

use of certain background electrolytesy, perchlorates, can lead to the precipitation

of sparingly soluble salt®.g, KCIO4(s), on the liquid junction frit and thus to erro-
neouskE values. A serious complication in the investigation of the redox chemistry
of technetium is the fact that the redox equilibria are frequently slow and therefore
often overlapped by disproportionation and hydrolytic reactions. Unfortunately, it is
hardly ever possible in the technetium system to distinguish between such overlapping
processes.

In aqueous solution, and in the absence of complexing anions other than hydroxide,
technetium can assume oxidation numbers from +VII to +11lI. All oxidation states have
been characterised polarographically. In the following sections we discuss all these Tc
redox equilibria. A recent Ph.D. thes&/COU contains extensive experiments on the
redox behaviour of technetium, using 3D polarography, see discussion in Apgendix

V.2.1 TcQ, and E° of the TcO, /TcO, - xH,O(s) electrode

The enthalpy of formation of Tcpcan be calculated from the enthalpy of solution of
Tco07(cr) according to the reaction

Tc07(cn + H20(l) = 2TcO, + 2H*

cf. SectionV.3.2.1.2.d the enthalpy of formation of B©7(cr), cf. SectionVv.3.2.1.2.a
and the selected auxiliary data

AfHS(TcO;, aq 29815K) = —(72944+7.6) kImol~!
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This is our recommended value. It is combined with the entropy \&ju€¢TcO, , aq,
298.15 K) =(1996 + 1.5) JK~L.mol1, cf. Sectionv.8.1.1.2 to yield

AfGS(TcO,,aq 29815K) = —(637.4+ 7.6) kImol™*

Values of various thermodynamic and transport properties of aqueous &
summarised in Tablg.5. A reversible redox couple has been found to form between

Table V.5: Recommended values of thermodynamic and transport properties pf TcO
at 298.15 K.

property value units discussed and
selected in Section

AtGS,  —6374+7.6 kImol—1 V.2.1

AfHS  —7294+7.6 kImol—1 V.2.1

S 1996+1.5 JK~1.mol™? V.8.1.1.2

Com® —15+8 JKtmolt  v8.1.21

Vs @ 48.0+0.7 cm® - mol~! v.8.1.2.1

A° 55.440.5 S-cm?.equivl V.8.1.1.1

Do® (1.48+0.0)x10°°> cm?-s1 V.8.1.1.1

@ Temperatures derivatives are also available for Najfa®e Sectioiv.8.1.2.1for details.
® Tracer diffusion coefficient.

TcO, and TcQ - xH20(s) at low pH valuesg3COB/SM| 55CAR/SM|, 75LIE/MUN,
88MEY/ARN, 89MEY/ARN, 91MEY/ARN]. We rewrite this redox reaction as Reac-

tion (V.2)
TcO, +4H" +3e” = TcOy - xH20(s) + (2 — x)H20(1)

Systematic studies on the redox potential of the pair,/[dO0; - x-H20(s) were repor-
ted by Cobble, Smith and Boyd3COB/SMI, Cartledge and Smithr5bCAR/SMI|,
Liebscher and MunzeZ/BLIE/MUN] and Meyer and Arnold1MEY/ARN]. Most of
these studies are described in more detail in AppeAdix

In three of these emf studie$3COB/SM| 55CAR/SM| 75LIE/MUN] the
authors reported that the presence of(d) caused the redox potential of the
TcO, /TcO; - xH20(s) half cell at low pH values to become more positive by up to
45 mV [55CAR/SMI, and upon removal of this £0g) the potential slowly decreased
back to a steady-state value. CoblB2COHB observed this same type of drift of emf
to less positive values whenalg)) was bubbled through a previously air-saturated
solution, but only reported their measurements for air-saturated solutions. Cobble,
Smith and Boyd $2COB 53COB/SM] reported observing a similar drift in emf for
their alkaline solution measurements, which they attributed to absorption efgCO
and, consequently, changes in pH.
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The reversible effect of short-time oxygenation on the potential of the, TEED, -
xH>0(s) electrode§5CAR/SMI, 75LIE/MUN] is very similar or identical to that ob-
served for the calomel electrod@HIL/IVE]. Itis likely that both involve some type
of “oxygen polarisation”. In addition, we note that freshly prepared electrodes some-
times have different redox potentials than aged electrodes. These effects give rise to an
observable drift to potentials generally for one day or less, and at longer times make a
negligible contribution to the potentials. Thus both the effects of “oxygen polarisation”
and aging can cause an initially erroneous reading for the redox potential, but should
cause no inaccuracy in the potential measurement once a steady state or equilibrium
value is reached. However, purging of solutions with an inert gas is required to reverse
“oxygen polarisation”.

A more prolonged contact of oxygenated solution with the F¢&H»>0O(s) elec-
trode appears to cause an irreversible shift in the observed potential, and seems to be
responsible for the highdg® values reported by Cobble, Smith and Bog2COR
53COB/SMI. Itis well known that TcQq is the predominant dissolved chemical form
of technetium under oxidising conditions, whereas hydrolysed forms of Tc(IV) can
predominate in reducing condition®7LIE/BAU]. Even in nominally Q(g)-free con-
ditions, partial oxidation of dissolved Tc(IV) species and $c@H20O(s) does occur
(see Ref.86MEY/ARN] in AppendixA).

At concentrations of Tc@ that are typically used in emf determinations,, 104
to 10-3 M, the contribution of TcQ@ produced by oxidation of Tc(IV) relative to its
total concentration will probably be small for experiments performed in the presence
of an inert gas. However, Cobble, Smith and Bop@COB/SM] performed their
experiments in the presence of air; in that case the amount of Tr@duced by ox-
idation should have been significantly larger. Inasmuch as Cobble, Smith and Boyd
apparently did their corrections t&° using the concentrations of HTgGdded by
them to the cells and not the actual equilibrium concentrations, their extrapolations to
infinite dilution should be somewhat inaccurate and yield erroneously high values for
E°. Consequently, their emf values are rejected and are not analysed further.

In addition to direct determinations of the emf of the T,g0cO;, - xH2O(s) redox
couple, there are several other types of experimental information that yield approximate
values for the emf of redox couples involving TexH20(s); see Refs4bFLA/BLE,
65SPI/KUZ 71CAR2 87LIE/BAU] in AppendixA. Although those studies yield only
approximate values fdg°, they do corroborate values of the experimelalalues.

Cartledge T1CARZ studied “corrosion” potentials for various redox couples
involving technetium metal and lower-valence hydrous oxides of technetium:
purportedly Tc(l) through Tc(lV). This study is discussed in detail in Apperdix
Because the identities of the various redox couples in this investigation were not
determined directly, but depend on an assumed but experimentally-based value of
AtGp (TcOz-xH20, s, 298.15 K), and on an assumed linear relation between the molar
Gibbs energies of formation of the hydrous oxides and the valence of technetium in
that hydrous oxide, they do not constitute independent determinations, and they are
not utilised in this review.

Table V.6 gives a listing of the more reliable values for potentials involving
the TcQ/TcO, - xH20(s) electrode §5CAR/SM|, 75LIE/MUN, 88MEY/ARN,
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89MEY/ARN, 91MEY/ARN]. We note that for all of these studies the concentrations
were reported in molar units, which need to be converted to molalities. In addition, the
ionic strengths of the solutions need to be calculated, because they are required for the
estimation of activity coefficient corrections for the Tg@n.

Densities are required to convert molarities to molalities, but they are not available
for aqueous NRTcOy, KTcOq4, or their mixtures with HHSO, or HCI. However, the
electrolyte concentrations used in these emf studies were fairly low, so the molarity-to-
molality conversions can be estimated fairly accurately by the following procedure. At
infinite dilution and 298.15 K their ratio is given Ioy/c = 1/d° = 1.00296 dni-kg 1,
whered® = 0.997045 kg dm3 is the density of pure water. Examination of tigc
values in Tablél.5 indicates that for any given electrolyte and for concentrations up to
several tenths molar, this ratio is accurately given by

m/c ~ 1.00296+ alc (V.4)

Table 1.5 contains a listing of values of then/c ratios for various aqueous
alkali metal chlorides, alkali metal nitrates, LIGO NaClQy, and alkaline
earth perchlorates at 298.15 K. For those systems our calculated values
of a range from 0.016 to 0.044dm°.kg~!-mol1), with an average of
a = (0.027 + 0.017 (dm®-kg~1-mol-1). The reported values of. for the
emf experiments are low enough that the last term in Btd)(is negligible or
nearly negligible for the concentration region pertinent to these studies. Thus
the chosen value od is not important. Under this condition a common value of
a ~ 0.027 (dm® - kg~1- mol~1) will be accepted. Tabl¥.6 contains the calculated
molalities of TcQ and the molal ionic strengths. In order to correct the experimental
E values to standard conditions, we need to assume that the electrode reaction is
reversible. That is, we need to assume that the emf values show a Nernstian response
with changes in pH and T¢Pconcentration.

Liebscher and Miinz&BLIE/MUN] reported that their TcOITcO,-xH20(s) elec-
trode couple behaved reversibly as a function of pH for solutions contairBngiD—*
to 0.05 M H; SOy, but the TcQ concentration was not varied enough in that study
to provide a definitive check of reversible behaviour. Megeial [88MEY/ARN,
89MEY/ARN, 91MEY/ARN] did a comparison of the pH and concentration depend-
ence ofE to the theoretical (Nernstian) slopes for their electrode reactions. AtpH
2.3, the slope of dependence Bf versus IogoaTcO; was reported by them to be
E/AlogloachT = (0.0211+ 0.005 V, which is in reasonable agreement with the
theoretical value ofRT/3F)In10 = 0.01972 V.

Similarly, for concentrations of Tcparound 10“ M, their slope of potential plot-
ted against pH wag& /ApH = —(0.0700+ 0.0024 V, but for 103 M TcQ, it was
(—0.07734 0.0023 V [88BMEY/ARN, 89MEY/ARN, 91MEY/ARN]. This value at
the higher concentration of T¢Ois very close to the theoretical reversible slope of
(4RT/3F)In10 = —-0.07888 V. These slopes indicate that the J¢TcO, - xH20(s)
couple behaves in a reversible manner at low pH values, at least for concentrations of
TcQ, of 10~2 M and (presumably) higher. Thus the derived values yield valid
thermodynamic results fak{Gp, of TcO, - xH20(S).



Table V.6: Experimental values of redox potentials for the JE@O; - xH20(s) couple at 2985 K and acidic pH valués.

Solution Im [TcO,] pH E® E°© Reference
composition (mol-kg~1)  (mol-kg™1) ) (V)
TcO, +4H' +3e” = TcOy - xHp0(s) + (2 — x)H0()
1.00 x 1073 M KTcO4 1.00x1073  1.00x103 665 > —00919 >0738  [B5CAR/SMI
1.16 x 1073 M KTcOy4 260x10°3  116x10°3 3.10 0198 Q745
+5x 1074 M HyS0y 0.199 Q746
1.66 x 10~3 M KTcO4 6.91x107%  1.66x10°3 249 0250 Q7469
+20x 1073 M HySOy 0.240 Q736
0.244 Q740
1.815 x 1073 M KTcO4 7.07x107%  1.82x1073 249 0244 Q740
+2.0x 1073 M H,S0y,
1.037 x 1073 M KTcO4 556x1073  1.04x1073 2.69 0223 0.740,
+1.7 x 1073 M HSOy
0.7425 + 0.08©
143x 1002 M NH4TcOys ~14x102  143x1072 45 0.095 Q732@ [75LIE/MUN]
+Hp50,
145x 1002 MNH4TcOy, ~15x102  145x10°2 385 0163 Q7499
+Hp50,
140 x 1002 M NH4TcOy, ~16x1072  1.40x1072  2.90 0262 Q773
+H,80,®
1.25x 1002 M NH4TcO; ~35x1072  1.25x10°2 1.85 0340 Q76%
+Hp50,
1.14x 1002 MNH4TcO, ~15x101  1.14x1072 1.05 0403 Q771
+Hp50,
0.771 + 0.003M

(Continued on next page)
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Table V.6: (continued)

Solution Im [TcO,] pH E® E°© Reference

composition (mol-kg~1)  (mol-kg™ v) (V)

9.66 x 1072 M NH4TcOy 511x107%  9.69x10°° 231 0243V 0750y [9IMEY/ARN]D
+5x 103 M HCl

2.78 x 1074 M NH4TcOy 529x1073  2.79x10°4 2.30 02580 0755
+5x 103 M HCl

9.39 x 1074 M NH4TcOy 596x10°3  9.42x10°4 227 02620 0.7464
+5x 103 M HCl

2.88 x 1073 M NH4TcOy 7.91x10°3  289x10°3 2.27 02730 0.747y
+5x 103 M HCl

2.95x 1073 M NH4TcOy 7.98x1073  2.96x1073 2.30 02740 075y
+5x 103 M HCl

1.01 x 1074 M NH4TcOy 512x10°3  101x104 232 02530 0.7604
+5x 103 M HCl

2.85 x 1074 M NH4TcOy 530x10°3  286x10°4 2.33 02580 0.757
+5x 103 M HCl

9.78 x 1074 M NH4TcOy 6.00x1073  9.81x104 232 02660  0.754
+5x 103 M HCl

2.93 x 1073 M NH4TcOy 7.96x10°3  294x10°3 231 02750 0.752%
+5x 103 M HCl

1.14 x 1074 M NH4TcOy 215x107%  1.14x10%4 3.99 01270 0.764

+1.00 x 10~4 M HCI
1.20 x 1074 M NH4TcOy 514x107%  1.20x104 3.40 01650 0755
+3.92x 1074 M HCI
1.12 x 1074 M NH4TcOy 178x10°3  1.12x104 283 0201 0.7475

+1.66 x 1073 M HCl

(Continued on next page)
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The standard potential of Reactiovi?) is related to the experimental emf by the
relation

E°(V.2)

E + (RT/3F)In@7,5/ @rco; X 81))
= E+ (- x)(RT/3F)Inap,0 + (4RT/3F)(In 10)pH
— (RT/3F) Inarq, (V.5)

whereap,o is the activity of water in the solutiorzu,TCoZ the activity of the TcQ ion,

ay+ the activity of the H ion, andE the experimental emf relative to the standard
hydrogen electrode. The solutions used for emf measurements are fairly dilute, and,
except for solutions studied by Liebscher and Miirv& |E/MUN], the ionic strengths

arelym < 8.5 x 10-3mol - kg~1. At these concentratiorgs,o > 0.9995. Assuming

thatx = 1.6 for the hydrated dioxides used in the emf studies, see Se¢iBoR.5 at

29815 K the value of2 — x)(RT/3F) Inay,o falls between zero and2 x 106V

The correction toE°(V.2) for the variation of the water activity is thus about three
orders of magnitude less than the precision of the experimental emf measurements and
clearly can be neglected. The working form for E45) at 29815 K thus becomes

E°(V2) = E +0.078880 pH- 0.019720 logoarco,

To evaluateE°(V.2) requires values of the molality and ionic activity coefficients of
the TcQ, ion. Although activity coefficients are available for aqueous solutions of
HTcO4 and NaTcQ at 29815 K (see AppendipA under Ref. P1RAR/MIL]), ex-
perimental values are not available for the mixed electrolyte solutions used in the
emf studies and they must therefore be estimated. The molality of thg Te®

may be equated to the stoichiometric molality of KI,cfB5CAR/SMI or NH4TcOy
[75LIE/MUN, 91MEY/ARN] used for preparation of the solutions. Some oxidation
of TcO;, - xH20(s) to Tcq is known to occur in deoxygenated solutions used for
the solubility studies §9MEY/ARN, 91MEY/ARNZ], and similar conditions were
present for the emf measuremeri§ CAR/SM|, 75LIE/MUN, 91MEY/ARN]. How-

ever, the observed concentrations of Jc@®om oxidation of Tc(IV) under similar
experimental conditions were 4 x 10~7 M [91MEY/ARNZ], compared to concen-
trations of 9x 107° to 1.4 x 10-2 M of TcO, salts added in these solutions. The frac-
tional contribution of this pertechnetate ion from oxidation to the total amount present
is probably small enough that it can be neglected in the calculatidf(f.2). The

ionic strengths are low enough in the solutions used for emf studies that the activ-
ity coefficients of TcQ may be estimated from the Debye-Hckel part of the spe-
cific ion interaction equation, which only requires a knowledge of the ionic strength of
these solutions. The published emf measurements for thg Ma®, - xH2O(s) elec-
trode involved aqueous mixtures of KTg@ith HoSOy [55CAR/SMI|, of NH4TcO4

with HoSOy4 [75LIE/MUN], or of NH4TcOy4 with HCI [91MEY/ARN]. The true ionic
strengths of these solutions will be affected by the presence of ion pairs such gs HSO
and will thus be affected by the amount of sulfuric acid present and possibly by other
ionic association equilibria.
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Solutions of ammonium salts contain lill-and NHs(aq) in equilibrium. By using
the critically reviewed data for these two species as given in the CODATA book of key
values B9COX/WAG, we estimate that the fraction of the IYHon that dissociates
to form NHg(aq) at the low pHs relevant to the emf studies will range from®1®
10-5. Clearly, the dissociation of N;Hwill have a negligible effect on the calculated
ionic strength, and all of the ammonia in these solutions can be assumed to be present
as NH .

The various values for the protonation constant of the ;Taah are discussed in
SectionV.3.1.2and summarised in Tab¥10. As noted there, all of the experimental
values are suspect and may simply represent a misinterpretation of ionic media effects.
A similar consideration applies to the alleged ion pair Kic& discussed in Sec-
tion V.8.1.1.1 Test calculations were performed both assuming the absence of aqueous
undissociated HTcg[55CAR/SMI, 91MEY/ARN] and aqueous undissociated KT£O
[55CAR/SMI and assuming their presence. The derived valuds°¢¥.2) are almost
unaffected by the assumed speciatiZiE°(V.2) < 10~ V, which clearly is a neg-
ligible difference. Thus the possible formation of aqueous Hye®d KTcQ, was
neglected in the calculation of ionic strengths of solutions.

lon-pair association constants have been reported for aqueous 8IDH/PYT,

KSQO, [59DAV, 79JOH/PYT, and NH,SO, [75REA, all at 29815 K. These ion

pairs are relatively weak and the reported values of the association constants highly
uncertain, and their presence can be neglected in the calculation of ionic strengths and
the analysis of thermodynamic data.

The only equilibrium that cannot be neglected for the calculation of ionic strengths
is for incomplete dissociation of HSO Detailed thermodynamic models have been
presented for aqueousB0; by Pitzer, Roy, and Silveste7 TPIT/ROY] from 0 to
6 mol - kg~! at 29815 K and by Clegg, Rard, and Pitze34CLE/RAR from 0 to
6.1 mol- kg~! and 27315 to 32815 K. Both of these models are based on a disso-
ciation constant of 105 mol- kg~* at 29815 K which is equivalent to an associ-
ation constant oK; = 9524 mol1 . kg. This value is nearly identical to the value
of K = (955+110) mol~1 . kg used in the CODATA evaluatior8pCOX/WAG]
and recommended by Grentaeal. [92GRE/FUG. Thus both of these treatments are
compatible with the CODATA compilation. The thermodynamic model of Clegg, Rard,
and Pitzer p4CLE/RAR was obtained using a much larger data base than the model
of Pitzer, Roy, and Silveste? YPIT/ROY] and should be slightly more accurate.

The thermodynamic model of Clegg, Rard, and Pit2d(LE/RAR was used to
calculate the pHs of the aqueous mixtures of Kft@nd SOy used by Cartledge
and Smith for their emf studysbCAR/SMI. These modeling calculations predicted
the pHs of the four mixture solutions to bedd, 248, 248, and 253, which compare
quite well with the experimental pHs reported by Cartledge and Smith0, 249,

2.49, and 269, respectively. Since this model seems to be able to account fairly well
for the thermodynamic properties 08O, and its mixtures, it is used to calculate the
ionic strengths of the solutions used by Cartledge and Smith.

IThis KTcO4 was assumed to be a non-interacting strong electrolyte that contributed to the total ionic
strength of the solutions.
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Liebscher and Miinze7BLIE/MUN] studied mixtures of NETcOy4 with HoSOy
but neglected to report the concentrations @SBy in the solutions. However, since
the pHs of the solutions were given, this review used the model of Clegg, Rard, and
Pitzer PACLE/RAR to estimate the molalities of ¥$0s and thus the total ionic
strengths of these solutions.

TableV.6 gives a detailed listing of the solution compositions, ionic strengths, pHs,
emfs, and derivedt®(V.2) values for the three reanalysed data sets. Our recalculated
values ofE°(V.2) agree well with those reported by Meyer and Arn@ddMEY/ARN].
However, they are 3 to 4 mV higher than those reported by Liebscher and Minze
[75LIE/MUN] and 4 to 5 mV higher than those reported by Cartledge and Smith
[55CAR/SMI. Most of this difference arises because of different choices for the emf
of the saturated calomel electrode.

Based on the above discussion, we consider the most reliable valleX\vP)
to be the twelve values derived from the investigation of Meyer and Arnold
[91IMEY/ARN] for concentrationdof TcO, > 9 x 104 M and the seven values
from the investigation of Cartledge and Smi#bCAR/SM| for solutions containing
H2S0Oy. Our recommended value &°(V.2) = (0.745% + 0.009) V is obtained using
equal weighting of these 19 values, but we increase this statistical uncertainty to
+0.012 V because of possible small additional errors from use of estimated activity
coefficient corrections and from possible incomplete correction for the liquid junction
potentials. Thus the selected values are

E°(V.2,29815K) = (0.746+0.012) V
logyoK°(V.2,29815K) = 37.8+06

Values ofE°(V.2) derived from the study of Liebscher and MiinZ&LIE/MUN] show

a slight but apparently systematic decrease with increasing pH, and tend to be higher
that those obtained from the other two studi®SCAR/SMI, 91IMEY/ARN]. Meyer

and Arnold PIMEY/ARN] suggested that the high&®°(V.2) values obtained from

the emfs in two studiesSBCOB/SM| 75LIE/MUN] may occur, in part, because of
differences in hydration of the solid TeOxH20(s) phase. At least in the first of these
studies p3COB/SMI, the higher emfs more probably occurred because of the deleter-
ious effect of oxygen on the redox potential of the T,¢0cO; - xH20(s) electrode.

The Gibbs energy of formation of TeO xH>O(s) can be calculated once a value
has been assigned forAs discussed in Section3.2.5 x ~ 1.6 seems to be appropri-
ate. Thus, using the selected value/gfSy, (TcO, , aq 29815 K), and the CODATA
[89COX/WAQG value of AtGp, (H20, |, 29815 K), the recommended value

AfGS,(TcO, - 1.6H,0,5,29815K) = —(7585+ 8.4) kJmol*

is obtained.

2Solutions with lower concentrations of TgChave less reproducible emfs that change slowly with time,
and are thus less precisely known.



86 V. Discussion of data selection

V2.2 TcOi

Several values have been published for the reduction potential of the half cell
TcO, +€ — TcOi (V.6)

in aqueous basic solutions, see Taldlé. Most reduction potentials were reportesl

the SCE, and we have converted them to refer to the normal hydrogen electrode, NHE,
by using 0.2412 V for the potential of the SCE plus the liquid junction potential when
the investigated solutions were not dilugLHIL/IVE]. Hence, the potentials in this
section all refer to the NHE. We have noticed that misunderstandings about reference
electrodes have led to erroneous citations in the literature. For example, Zhdanov,
Kuzina and Spitsynf0ZHD/KUZ] erroneously quoted thEy/, potential of—1.15V

of [60COL/DAL] to refer to the “normal calomel electrode” instead of the SCE as given

in the original paper. This misunderstanding, which causes a difference of 0.04 V in
E, may be due to the fact that the author®ZHD/KUZ] themselves used a normal
calomel electrode, which is supported by a corresponding footnote in a paper of the
same group{0SPI/KUZ. The same confusion is found idi(SPI/KUZ where three
values of the reduction potential of TgOn alkaline solution are compareé{,> =

—0.8 V) without realising that two of then6pKUZ/ZHD, 65SPI1/KUZ referred to the
normal calomel electrode, and the thiGDMIL/KEL] to the SCE.

Table V.7: Experimental reduction potentials for Tc(VI1)/Tc(VI) according to the half
cell reaction: TcQ + e~ = TcO; .

Method  lonic medium T [TcO, ] E@ Reference
(K) (M) v)
amg?® 1 M Na(ClOy, OH) 29815+01 1068x 102 —0.63+0.059  [69KIS/FEL]
pol 1 M NaSO, 303-305 104 —-052+0.05  [70ZHDI/KUZ]
vit@ 0.12 M NaOH 298.15 Ix103  —061 [78DEU/HE]
[80HUR]

pol 0.1 M KOH 295-298 Bx10% —056+005  [7T8RUS/CAS
p-pol®  0.0075-0.018 M NaOH  298.15 2%10°°  —064+001  [87FOU/AIK]

@ E has been converted when necessary to refer to the normal hydrogen electrode, NHE, by using 0.2412 V
for the potential of the SCE plus the liquid junction potential. The conversion of the standard state pressure
from 1 atm to 1 bar is negligible compared to experimental precidﬁ?gér) = E?atm) — 0.0017 V.

(C) amp = chronoamperometry, p-pol = pulse polarography.

(© Value estimated from experimental curves by R&HAR).

@ High scan rates up to 100V/s were used.

As indicated above, several papers re®sf, values with only one digite.g,
—0.8 V vs SCE [/8RUS/CAS. Conversion to refer to the NHE results #0.56 V,
pretending a higher precision. This could be avoided by providing the values with
uncertainties.

As can be seen from Tab\é7, the reportedE values for the reduction of Tc(VII)
to Tc(VI) rather consistently cluster around a potential-6f6 V vs NHE. Kissel and
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Feldberg f9KIS/FEL], using chronoamperometry, have demonstrated that technetate
ion, Tcofl‘, is produced at the surface of the cathode whef.005% gelatin was
presentin solution, and it then undergoes rapid disproportionationto Tc(VII) and Tc(V)
according to the reaction

2TcO” — TcO, + TeV) (V.7)

In this system gelatin seems to be the blocking agent for the disproportionation of
Tcoﬁ‘, because in the absence of gelatin the production of technetate ion is bypassed,
and the reaction observed is the two electron reduction

TcO, +26° — Tc(V) (V.8)

The ionic strength dependence of the rate constant of Rea&tighdonfirms a two-
fold charge of the reacting species. When solutions of 0.01-0921MO; in 0.1 M
NaOH are irradiated with a electron beam under conditions designed to yield aqueous
“e™” [78DEU/HEI, the optical density of the aqueous™tdisappears according
to a first order rate law both in the agqueous electron concentration and i, [TcO
ko(29815 K) = (2.48 + 0.05) x 109 dm?3 - mol~1 . s~1 Concomitant with the dis-
appearance of electrons is the appearance of a new species presumed t(ﬁbas'l' cO
shown by examination of the absorption spectra. It is stable for 10 ms and undergoes
detectable chemical reaction within 50 ms. Hence, in aqueous alkaline media Tc(VI)
is a viable oxidation state, which is potentially useful for the preparation of technetium
radiopharmaceutical§ 8DEU/HE].

Because of this extremely rapid disproportionation of j?:(by Reaction Y.7),
only the 2e reduction of TcQ is observed using most traditional electrochemical
techniques. The difficulty of studying the 1eeduction of TcQq is further complic-
ated by the nearly identical values &F (V.6, 298.15 K) ande® (V.8, 298.15 K),
which are the same within their uncertainty limits. Thus the most reliable techniques
for determining the reversible potential of ReactidMb] are rapid scanning methods
[78DEU/HEI 80HUR 87FOU/AIK] or studies using gelatin to kinetically block the
disproportionation of Tc§T [69KIS/FEL.

Two important contributions not listed in TabM7 are those of Schwochau
and Astheimer T4ASCH/AST 76AST/SCH. They isolated tetramethylammonium
technetate(VI) and measured its spectroscopic and magnetoscopic properties. When
they dissolved((CHz)4N)2TcO4(s) in neutral de-aerated water, they showed by
dc-polarography that Tcﬁ) rapidly disproportionated into Tc(VIl) and Tc(V).
Founta, Aikens and Clark8[fFOU/AIK] used normal pulse polarography to show a
one-electron reduction to T(ﬁo at pH = 11.05 and 11.85 arid= 0.0075 M. From
measurements in the pH range 11.05 to 12.25 they showed that the upper limits of the
ionic strength and the pulse width corresponding to Tc(VI) as the end product, are
strongly interdependent. By using pulse radiolysis with eIectrons,ﬁTd@s been
produced in sufficient concentration to characterise its optical absorption spectrum in
neutral and alkaline solutiong TPIK/KRY, 78DEU/HEL 79KRY/PIK].

Electrochemical measurements of the redox potential using rapid scanning tech-
niques f8DEU/HEL 80HUR, 87FOU/AIK] for using gelatin to block the decompos-
ition of TcOf( [69KIS/FEL yield more reliable values for the standard potential of
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Reaction V.7) than do more traditional electrochemical methods. Among the available

reduction potentials according to Reactidng), the value reported in8[7FOU/AIK]

is the most reliable one. The reproducibility is good, as is reflected in the low uncer-

tainty given by the authors. Because of the low ionic strength used, this value can be
considered, without corrections, as being representative-a0:

E°(V.6,29815K) = —(0.64+0.03)V
log;oK°(V.6,29815K) = —108+05

Our uncertainty is estimated such that it includes possible systematic errors as well
as considers the agreement among the other fairly reliable experimental values
[69KIS/FEL, 78DEU/HEL 80HUR]. However, because of the instability of T§O it
is not meaningful to include this potential or the derived;}pi§° value in a thermo-
dynamic database, without including the rate constant for the disproportionation of
Tcof( at the same time. In practice, Tc(VI) is only of potential relevance in the area
of chemical syntheses, and in elucidating the stepwise redox behaviour of technetium.
It will never be a stable oxidation state in aqueous equilibrium systems.

V.23 TcV)

In 1968 Miinze §8MUNZ] interpreted the pH-independent ac-polarographic wave at
—0.57 V for the reduction of Tc® in alkaline aqueous media as a reversible one-
electron transfer to Tcﬁj, followed by disproportionation of Tcﬁj to TcQ, and
Tc(V), hence an overall two-electron reduction:

TcO, +26° — Tc(V) (V.9)

The Tc(V) produced by this reduction is highly unstable and disproportionates almost
immediately. Consequently, the extent of hydrolysis of this Tc(V) is unknown. Exper-
imental literature values are summarised in Tab&

Colton et al. [6OCOL/DAL] observed that in 0.1 M KOH the pertechnetate ion
was reduced by a two-electron process followed by a one-electron process and res-
ulting in Tc(1V). Miller, Kelley and ThomasorgOMIL/KEL] obtained about the same
values ofE(V.9) in 0.1 M NaOH, alkaline KCIl and NI solutions, and a pH=10 bor-
ate buffer. Similarly, Astheimer and Schwoch&4AST/SCH studied this reduction
potential in 0.1 M, 0.5 M and 1 M NaOH and LiCl solutions. While the resulting po-
tentials depended on ionic strength, they were essentially the same in NaOH and LiCl
solutions of the same ionic strengths. Likewise, Brettal. [75BRA/BRA] obtained
identical reduction potentials in 0.1 M KOH, NaOH or KCI, as well as in 1 M NaflO
However, documentation in that paper is not satisfactdryAppendixA. Russel and
Cash f8RUS/CA$ also found that the reduction potential of Reactivt®j was inde-
pendent of pH. These studies indicate that noibins participate in the two-electron
reduction of TcQ at neutral and alkaline pHs. Hence, the primary reduced species
can be formulated as Tc(V), according to Reactid®). However, there is no direct
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Table V.8: Experimental reduction potentials for Tc(VIl)/Tc(V) according to the fol-
lowing half cell: TcQ; + 2e~ = Tc(V).

Method lonic medium T E@ Reference
() ()

pol 0.1 M KOH RT ? —0.61+0.01 [60COL/DAL]
pol 0.1 M NaOH, NHCI, KCI 299.65 ~ —0.56 [BOMIL/KEL ]
pol pH =10 (borate buffer) 299.65 -0.55
pol 1 M NaCIQ, + KOH 298-299 —0.631 [62KUZ/ZHD)]
pol 0.1 M NaOH 298.15 —0.57 [64AST/SCH

0.5 M NaOH 298.15 —0.54

1 M NaOH 298.15 —052

0.1 M LiCl 298.15 —0.58

0.5 M LiCl 298.15 —0.54

1 MLiCl 298.15  —0.54
pol 0.5MNaCIQ, +0.1 MNaOH RT? —057 [68MUNZ]
amg® 1 M NaOH 298.15 —0.55@ [69KIS/FEL]
pol 0.1 M NaOH, KOH, KClI RT ? —0.64 [75BRA/BRA]
pol 1 M NaCIQy RT ? —0.56
pol 0.05 M(CoHs)4NCIO,4 298.15  —0.60 [76AST/SCH
pol 0.1 M KOH, pH =13 295-298 —0.56@ [78RUS/CAS
pol, vit, cou 0.5 M KCI-NaOH, pH = 12 RT?  —058© [79GRA/DEV]
vit 0.12 M KOH RT? —0.56(© [80HUR]

@ E has been converted when necessary to refer to the normal hydrogen electrode, NHE, by using
0.2412 V for the potential of the SCE plus the liquid junction potential. The conversion of the
standard state pressure from 1 atm to 1 bar is negligible compared to the experimental precision

ofthe E vaIues:EE’bar) = E?atm) —0.0017 V.

If the authors used a “normal calomel electrode” instead of an SCEppendixA, the poten-
tial vs NHE would be—0.59 V.

(© amp = chronoamperometry.

@ The values vary from -0.54 to -0.61 V using pulse polarography and cyclic voltammetry.
(® value estimated from experimental curve by R&BERAR].

(b

=

=
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evidence that Tc(V) is the actual chemical species formed by electrochemical reduction
of Tcoﬁ‘ because the Tc(V) species is so unstable that it rapidly disproportionates to
TcO, and Tc(IV). Furthermore, no salts containing the Tc(V) anion have been isolated
under such conditions.

It should be mentioned that the comparatively large scatter of the reexallies
(as an illustration, for ReactiorVQ) a difference of 0.03 V inE corresponds to a
difference of an order of magnitude in the equilibrium consté&nt,see Table/.8, is
mainly due to systematic errors from different measurements: (1) by using uncalibrated
cells; (2) by not mentioning any effort to reduce the liquid junction potential; and (3)
by reportingE values with only one or two digits after the decimal point, and thus
implying an imprecision of at least 0.1 V or 0.01 V, respectively. Indeed, the values
of E = —0.56 V in TableV.8 are all derived from reported half wave potentials of
—0.8 V, and they therefore imply an uncertainty-5¢0.05— 0.1) V.

Since no new data for the redox potential of the pair J£I&(V) have been pub-
lished since the review of Rar@3RAR), his result is still valid. He fitted the data to
the equatiorE = E° + A4/l and obtained°(V.9, 29815 K) = —(0.600+ 0.026) V,
where the uncertainty corresponds to a standard deviation ofld the present re-
view series, we prefer to use the SIT equatioh AppendixC) for ionic strength
extrapolations. As did Rard, we consider the value reporte@2K\JZ/ZHD] as an
outlier, and we extrapolate the remainiggvalues of Tablev.8 (with the exception
of those of [5BRA/BRA], cf. AppendixA) to | = 0. Since all the potentials have
already been converted to refer to the NHE, we ha#(V.9) = +8, and henc®
E — 0.23664D = E° — 0.0295&\¢|. FigureV.2 shows that the consistency of the
values is not very good. An unweighted linear regression of these values gives the
same result as obtained by Ra83RAR]:

E°(V.9, 29815 K) —(0.60+0.05 V
l0g1pK°(V.9,29815K) = -—-203+17

and from the slope of the straight line an ion interaction coefficietsot —0.44 kg-
mol~1 can be estimated. We estimate the uncertainty in the resulting standard potential
to £0.05 V to reflect the significant scattering of the experimental poafitEjgureV.2.

Note that Tc(V) is not a stable species as it decomposes further, and its considera-
tion in chemical equilibrium calculations is thus not necessary (see also the discussion
on the stability of Tc@* above). Because of its instability, and because of the uncer-
tainty about its degree of hydrolysis at neatral and alkaline pHs, no Gibbs energy of
formation is recommended for Tc(V). The recommended valueBf0v.9, 29815 K)
andE°(V.6, 29815 K) are indistinguishable within their experimental errors. Hence,
whether a 1 & or 2 € reduction of TcQ is observed by a particular technique de-
pends on kinetic rather than thermodynamic factors.

The acid/base chemistry of Tc(V) is incompletely known.

3The coefficient of 0.02958 V corresponds to the conversion factor frofp ldgo E (i.e., RTIn(10)/nF)
for a two-electron transfen(= 2) at 298.15 K.
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Figure V.2: Unweighted extrapolation to = 0 of experimental formal potential
data for the half cell TcQ + 2e~ = Tc(V) in aqueous solutions containing various
inert salts,cf. TableV.8. The straight line shows the result of the linear extrapola-
tion. The resulting slope of about0.013 V-kg-mol~1 corresponds to &« value of
—0.44 kgmol~1, cf. AppendixC. The units of concentration reported in the various
studies listed in Tabl¥.8 were converted from malm—2 to molkg~.
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V2.4 Tc(V)

In contrast to Tc(VI) and Tc(V), Tc(lV) is a stable oxidation state. Tc(lV) is the most
important oxidation state of technetium under reducing conditions. From the pH inde-
pendence of the solubility of TcO xH20(s), it is evident that an uncharged Tc(IV)
species dominates in non-complexing solutions in the pH rangeBl < 10. Possible
chemical formulae of this uncharged Tc(IV) species are Tc@(dd), TcO(OH}(aq)

and TcQ(aq). It is fairly well established today that a maximum of two protons can be
forced upon the uncharged Tc(IV) complex in the pH range of agqueous solutfons,
SectionV.3.1.1 This leaves Tc®" as an undissociable unit, and it is thus reasonable
to follow the current practice and to use TcO(Qd)) as the reference formula of the
uncharged Tc(IV) complex.

Due to the low solubility of Tc@(s), the potentiometric redox measurements of
the redox pair Tc(VID/Tc(IV) have always been performed in the presence of TcO
xH>0(s), and reduction potentials were thus expressed with respect to this solid, and
not with respect to an aqueous Tc(IV) species. For convenience, we give here the redox
potential of the half cell involving aqueous species only:

TcO, +4H" +3e” = TcO(OH)2(ag) + H20()) (V.10)

The corresponding standard reduction potential andylg values are calculated
from the selected values in Sectiog.1andV.3.2.5

E°(V.10,29815K) = (0.579+0.016 V
0010 K°(V.10,29815K) = 294+0.8

The recommended thermodynamic data of TcO(£)&t)) are selected and derived
from solubility measurements of Te©1.6H,O(s),cf. SectionV.3.2.5 The formation
constants of the protonation and deprotonation products of TcQ(@t)) TcCG+,
TcO(OH)" and TcO(OHy, are discussed and selected in Sectidhl. 1

V.25 T3t

The first polarographic reduction wave of Tg@n acidic solution is strongly pH de-
pendent and irreversible. At pH 4 and in sulphate (0.25 M) and chloride (0.5 M)
media, a 4€ reduction to Tc(lll) can be observed which becomes a Bsduction

at higher pH values: @3SAL/RUL, 78GRA/ROG 78RUS/CAS. The shift of E/»

with pH confirms, in both media, an approximately eighth power dependence on the
hydrogen ion concentration, in accordance with the reaction

TcO, + 8H' + 46~ — T3 + 4H0() (V.11)

Similar results were also obtained in 0.1 M Nagléblutions p7RUL/PAQ. In some
media, Tc(lll) could be reoxidized at the electrode to Tc(IV) or Tc(¥§RUS/CAS.
Contrary to earlier workers, Russel and CasBRUS/CA$ demonstrated the import-
ance of the use of buffered solutions to prevent alkalinisation of the solution adjacent to
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the electrode, as hydrogen ions are consumed in the reduction of pertechnetate. They
measured a half-wave potential Bf/»>(V.11) = —(0.10x pH) V vs SCE in the range

0 < pH < 7. Concerning the reduction mechanism, Russel and G&RUS/CAS

found support for a discharge reaction such as

HTcOs + & —> HTcO; (V.12)

preceded by a fast protonation reaction of pertechnetate ion, and followed by a series
of fast reduction processes. In contrast, Pihnf&HIH proposed the reaction

TcO, + 2HY + &= — TcOz(ag) + Ha0(1) (V.13)

to be the rate-determining step. However, the reduction of, T&OT &t involves the
stripping of four oxygen atoms, which is expected to involve several intermediate steps
with slow kinetics. It thus seems that the reduction processes summarized ByIHEY. (

are not completely understood.

As Rard B3RAR indicated, Tc(lll) solutions are also very prone to
oxidation to Tc(lV) both electrochemically and by atmospheric oxygen
[74MAG/CAR, 79GRA/DEV, 82PAQ/LIF. In fact, reoxidation of Tc(lll) to
Tc(IV) can be done under rather gentle conditions. However, usually no clearly
defined polarographic oxidation wave occurs forIl9 — Tc(lV), because it is
masked by the Hg oxidation wave in acidic solutions. R&2HAR] mentioned the
possibility that Tc(lll) and Tc@ may react to form Tc®- xH20(s) [B2RUS.

The radiopolarographic study of Grasdi al. [78GRA/ROQ provided the first
guantitative evidence that Tc(lll) reduction in acidic solution is a 3eduction to
Tc(0). The ratio of the diffusion currents of the first two polarographic diffusion-
controlled reduction waves was 4/3. Since the first wave is aréduction of TcQ
to Tc(lll), the second reduction wave should consequently be a&guction to Tc(0),
assuming similar diffusion coefficients of the involved species. This measurement was
made at pH= 2.83, where the catalytic hydrogen current is low enough to allow the
diffusion current and the half-wave potential to be measured for the second wave. It
thus appears that Tc(lll) is reduced to Tc(0) betweén6 and—0.7 V (—0.9 V vs
SCE) in non-complexing media at pH values of 3 and lower. The lack of a pH de-
pendence in the investigated pH range between 1 anBGRA/ROQG implies that
unhydrolysed Tc(lll) is involved in Reactioiv(14)

Tc3 +3e = Te(in Ho), (V.14)

but it is not known whether Tc(0) is present as small metallic particles in the Hg or as
an insoluble Tc amalgam. The hydrolysis properties of'Tare not known. On one
hand, the homologue M has been reported, based on spectroscopic measurements,
to hydrolyse in concentrated strong aciféBAE/MES, and a similar behaviour might
be expected for T¢'. On the other hand, the acidities of%eand CFt are much
lower, which reduces the credibility of the Nth analogy.

It cannot be excluded that the manganese solutions contained polymeriZéin
some forminstead of just a monomeric hydrolysis product. On this basis it is difficult to
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predict the hydrolysis behaviour of ¥t. However, from the work of GrassTfGRA
it seems clear that Tc(lll) solutions can be prepared. Their investigation should give
more information on the behaviour of this ion in aqueous solution.

Grassi f7GRA carried out a coulometric reduction of8B x 103 M TcO, in
0.5 M (KCI + HCI) with starting pH= 2.27 which, at a final pH of about 3, had con-
sumed only 3.4 protons instead of 8 as expected from Readtibh)(f unhydrolysed
Tc3t had been produced. This would mean that 4.6 protons had been liberated from
each Tét aqua ion, leading to negatively charged Tc(lll) species in acidic solution.
The fact that no such anionic species are found with Tc(IV) under similar conditions,
makes the measurements of GragsiGRA] difficult to understand. An inclusion of
possibly formed Tc(lIl) chloride complexes cannot help very much in explaining these
results. As found elsewher@§RUS/CAS, the limiting current of the second reduc-
tion wave was lower than expected for Reactidrid), which means that part of Tc(lIl)
was lost or was unavailable for further reduction to Tc(0). GraB&GRA stated that
the loss of Tc(lll) did not result from either poor solubility or reoxidation to Tc(IV) or
TcO, by atmospheric oxygen. Apparently, during the coulometric experiment a part
of Tc(lll) was transformed by an unknown reaction to an unidentified, electro-inactive
species. Inconsistencies in the calculated predominggg diagram usingdsy/» for
Tc(llN/Tc(0) have already been mentioned by RaB8RAR.

In contrast, the oxidation potentials for Tc(lll) to Tc(lV) give more reasonable
results. Grassi, Devynck and TrémillordGRA/DEV] studied the oxidation of Tc(lll)
to Tc(lV) in sulphate solution at pH values of 1.6, 2.0, 2.5 and 3.25. The oxidation
was quasi-reversible and involved one electron and two protons, which they supposed
corresponded to the following type of equilibrium:

TcOx(ag) + 2H" + € = TcO' + HoO(l) (V.15)

Because of the linear variation &, in the corresponding pH range only one spe-
cies of each oxidation state is involved, and they repoEeg (V.15 = —0.319+
0.1182x pH+ 0.05911x Ioglo[Tc(OH);]. It is not clear why Grassi and coworkers
did not discuss the following contradiction: they assumed that Tc(lll) was involved as
unhydrolysed aquaion in Reactiovi14), but as TcO or Tc(OH)‘ZF in Reaction{.15),
both in the same pH region.

The half-wave potential for oxidation of Tc(lll) in NaHSNaSO, changed lin-
early with pH, for pH about 1.6 to 3.0, and it was quasi-reversit®&§JRA/DEV]. This
potential can be used to relate the Gibbs energy of the reduction of aqueous Tc(IV) to
Tc(lll), provided 1) sulphate complexes are negligible or can be corrected for, and 2)
an assumption is made as the hydrolysis state of Tc(IV). This redox reaction has the
more general form

TCOy(OH)F 24 " L 2Ht & = TcOy_1(OH); 2"+ HyO(l) (V.16)

where§=1,n=0),(g=1,n=1),and § = 1,n = 2) are possible combinations,
and the potentiats. NHE reported inT9GRA/DEV wasE°(V.16) =0.319Vin0.5M
NaHSQ-Na; SOy solutions.

The hydrolysis constants for Tc(1V) and the pH dependence of the solubilifies (
TableV.9 and Tablev.13in SectionV.3), indicate that more than one hydrolysed form
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of Tc(IV) should be present at equilibrium in the pH range of 1.6 to 3.25. However,
Reaction ¥.15) was studied by Grassi, Devynck, and Trémillg®®GRA/DEV] over

this pH range, was found to be quasi-reversible, and their emfs had the proper Nerns-
tian slope for a one electron process involving the production of two protons per tech-
netium. There are only two obvious ways to “explain” this seeming contradiction.
1) More than one hydrolysed form of Tc(lll) and of Tc(IV) exist in these solutions.
However, the hydrolysis constants have values such that there is essentially complete
compensation whek&*° values are calculated from the experimental emfs, concentra-
tions, and pHs, so that only single species each of Tc(lll) and Tc(IV) appear to be
present in this pH range. Such a complete compensation seems extremely unlikely.
2) An alternative possibility was suggested by R88RAR], that the Tc(lll) existed

in aqueous solutions as unhydrolysedTand thus polarographic oxidation initially
produces Tc®'. Furthermore, the lack of the pH dependence for the calculated

for Reaction Y.15) in this pH range implies that further hydrolysis of T€Oto form
TcO(OH)" or TcO(OH)(aq) would be too slow to be observed on the time scale of
polarographic measurements.

We tentatively accept the value aifG‘,’n(Tc3+, ag, 298.15 K)= (1058+
10.5) kdmol~! derived by Rard §3RAR] from these emfs T9GRA/DE\], since
including this value in the data base will allow the construction of fairly realistic
potential-pH diagrams. However, this is not a unique solution to this dilemma, and
future work may indicate that the Tc(lll) is more hydrolysed than suggested by
Rard. Thus this value ohtGS,(Tc*+, ag, 298.15 K) is only provisional and is not a
recommended value.

The oxidation of Tc(lll) after coulometry can be done polarographically or
using atmospheric oxygen; in both cases the formation of a sulphate complex,
[Tc(OH)2(SOy)2]2 is observed as already mentioned by Spiteyal. [76SPI/KUZ
(pH = 1.5). It appears that the rate of formation of this complex increases with
decreasing pH, indicating that protons are involved. This could be due to the formation
of the electro-inactive complex anticipated in the above discussion on the decrease
of the Tc(lll) reactivity, although Spitsyet al. [76SPI/KUZ obtained the complex
at pH values near 0 (0.71 M330Qy). Grassi f7GRA did not include the sulphate
complex in his discussion of the quasi-reversible oxidation of Tc(Ill) to Tc(IV) in
0.5 M (NaHSQ + NaSOy). It was assumed that this reaction was too slow to exert
an influence on the oxidation rate of Tc(lll). This assumption is partly supported by
the evolution of the voltammetric curves with pH, and by the fact that the slope of the
curveEy p = f(pH) did not change{7GRA.

As a conclusion, the state-of-the-art is such that no data can be recommended on
these systems, neither for any Tc(lll) species, nor for any of the redox reactions con-
nected with Tc(lll).

V.2.6 Tct

There is no experimental evidence for the existence 8f s a viable chemical spe-
cies in aqueous solution. Although in some earlier reviewgs [52LAT, 66Z0U/POUY
74AMAG/CAR, 79ALL/KIG, 82JEN 84KHA/WHI, 86BEA/LOR) estimated data for
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Tc?t were included, these are in conflict with the current knowledge of the redox
chemistry of technetium. Values for the Gibbs energy of formation &f Tin these
databases are based directly or indirectly on Latimer’s reported VBRLAT ] of +0.4

V for the reduction potential

TPt + 26 = Tc(s)

Latimer did not explain the source of this reduction potential, but it is probably an
estimated value based on an analogy with the chemistry of manganese rather than an
experimental value.

We concur with Rard§3RAR] that T&* should not be included in a recommended
thermodynamic data base for Tc.

V.3 Oxide, and hydrogen compounds and complexes

V.3.1 Agqueous species formed by hydrolysis and protonation reac-
tions

V.3.1.1 The acid/base chemistry of Tc(IV)

The constants reported in the literature on Tc(lV) hydrolysis are summarised in
TableV.9. The earliest measurements are by Gorski and K68IGPR/KOQG. Their
measured electrophoretic mobilities aPC8andl = 0.1 M KNO3 suggest a species
with charge +2 dominating at pK 1.3, and a neutral one dominating at pH2.5.
Although the shape of their curve of “mobilitss pH”, cf. Figure 2 of B9GOR/KOG,

is not compatible with simple acid/base equilibria, the authors suggested that they
correspond to the reactions

TcO?t + HO() = TcOOH)™ + HY (V.17)
TcOOH)™ +Ho,O() = TcO(OH)(ag) + H™ (V.18)
Their reported constants, IgK(V.17) = —(1.37 £ 0.04) and logK(V.18) =

—(2.43+ 0.05), have been adopted in many subsequent publications and data bases,
e.g, [83RAR 87CRO/EWA 88PHI/HAL, 92PEA/BER. However, due to several
significant shortcomingsef. Appendix A, these constants cannot be considered
reliable. Guénnec and Guillaumon73GUE/GU] used solvent extraction and
obtained only a rough estimate of Igi(V.18) ~ —1, cf. AppendixA. The ion
exchange experiments of Owunwanne, Marinsky and BIFOWU/MAR] suggested

a species with charge +2 at pH 2, while Sundrehager7pSUN was not able to
reproduce any of those results but, in contrast, proposed the formation of a dimer,
(TcO(OH)2)2(aq). However, the results of these experimer&JUN are difficult to
evaluate and were not accepted in this revielWAppendixA.

Meyeret al. [91MEY/ARNZ] were the first to measure and correct for the forma-
tion of TcQ, during the experiments. Their experiments are accepted in this review.
Meyeret al. [91MEY/ARNZ] did not make an independent evaluation of their solubil-
ity data at low pH, but rather adopted the valuesGGOR/KOQ in order to interpret
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Table V.9: Experimental equilibrium data for the technetium(lV) hydroxide and
hydroxide-carbonate system.

Method  lonic t logyoK @ Reference
Medium cC)

TcO?t + HyO(l) = TcOOH) T + HT

elp 0.1 M KNO; 18  —1.3740.04  [69GOR/KOG
sol 0.01 M (Na, H)Cl 25 >1® [91MEY/ARNZ]

TcO(OH) T + HyO(l) = TcO(OH)»(ag) + HT

elp 0.1 MKNQ3 18 —243+0.05  [69GOR/KOQ
sp 0.2M (H,Na)ClQ  RT© -2.03 [79SUN

dis var. HCIQ RT© -1 [73GUE/GU]
sol 0.01-1M(Na, H)Cl 25 2% [91IMEY/ARNZ)

TcO(OH),(ag) + H20(l) = TcO(OH)3 + HF

pot <0.01M 25  —10.89+0.059D [92ERI/NDA]
2 TcO(OH),(ag) = (TcO(OH)2)2(ag)

sp 0.2M (H,Na)ClQ  RT© 6.50+0.04  [79SUN
TcO(OH)2(ag + COx(g) = TcCO3(OH)2(ag)

pot <0.01M 25 108+0.099  [92ERI/NDA]

TcO(OH)2(ag) + COz(g) + H20(l) = TcCO3(OH)5 + HT

pot <0.01M 25 —7.184+0.099D  [92ERI/NDA]
@ log1g K refers to the reactions indicated in the ionic medium and at the temperature given
in the table.

(b Estimated in this review.
(© RT means room temperature.
(@ Recalculated to refer to the reactions indicated in this table.
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their solubility curves. However, since they used HCI as inert electrolyte, their solu-
bility at low pH (and, hence, high chloride concentration) may be erroneous because
chloride and hydroxide-chloride complexes can be formed under these conditions, see
for example 9KAN] and SectionV.4. Unfortunately, quantitative information on

the chloride-hydroxide system is insufficient to correct the data that were measured in
chloride containing solutions.

Meyer et al. [9IMEY/ARNZ] performed solubility measurements for
TcOy - xH20(s) in aqueous 0.05 to 2.6 M NaCl solutions at pH=6.9 to 9.3 and
observed no significant variation of the solubility with chloride concentration or
pH. Since TcO(OHYaq) is the predominant aqueous species at low ionic strengths
for 3 < pH < 10, the observed lack of a dependence of solubility with chloride
concentration implies that this species persists even in chloride solutions. Thus
chloride and mixed hydroxide-chloride complexes of Tc(IV) probably do not form in
significant amounts for solutions with pH 3.

In addition, the effect of the liquid junction potential at low pH is such that the real
pH value is lower than indicated iI®LIMEY/ARNZ]. Since both the chloride com-
plexes and the liquid junction potential may, at low pH, have a significant effect on the
solubility of TcO; - xH20(s) or on the calculated pH, respectively, the existence of a
species such as TéO is not certain. The increased error in pH at large tdon-
centration is also indicated in the measurements using electrodeposited Tc(IV) oxide,
in which case large differences in the solubility at low pH were obsewfe&jgure 5
of [91MEY/ARNZ]. We therefore prefer to select a limiting value for the equilibrium
constant of ReactiorM17), log,jK(V.17) > —1.5, and to use TcO(OHjaq) as the
main Tc(IV) species. The reactions are thus written as follows:

TcO(OH)2(ag) + HT = TcOOH)™ + HoO(l) (V.19)
TcO(OH)2(ag) + 2HT = TcO?™ + 2H,0(l) (V.20)
From the five solubility points ofJ1MEY/ARNZ] between pH= 0 and pH= 3, the

first two protonation constants of TcO(OHAdq) are estimated based on the slopes of
the solubility curve. The ionic strength dependence of Equilibrivrh9) is negligible.

log,oK°(V.19,29815K) = 25+0.3

log;K°(V.20,29815K) < 4
A better estimate of logK°(V.20) will only be possible on the basis of measurements
in non-complexing solutions.

From these protonation constants and the Gibbs energy of formation of
TcO(OH)(aq) selected iv.3.2.5.2 we obtain the following values:
AfGS(TcO(OH)t,aq 29815K) = —(34544 9.0)kImol™!
AfGS(TcO?T, ag 29815K) > —1168kImol?

Nguyen-Trung, Palmer, and Giffald§NGU/PAL] also determined hydrolysis con-

stants for Tc(IV) from variation of their solubilities as a function of pH. However, the
resulting values of the hydrolysis constants were not listed in their extended abstract.
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Eriksenet al. [92ERI/NDA| studied the solubility of Tc@- xH>O(s) in neutral to
alkaline solutions without inert electrolyte and in the presence and absence@)CO
and they found, in addition to two hydroxy-carbonate complexes, the formation of
TcO(OH);:

TcOOH)2(ag) + H20() = TcOOH); + H* (V.21)

with log; gK(V.21) = —(10.89+£ 0.24). This value was obtained at low ionic strength

(I < 0.01 M), and pertechnetate formed during the reaction was measured and cor-
rected for. The activity correction term-@D, D is the Debye-Huckel terntf. Ap-
pendixC) is thus less thar-0.1 in log, K (V.21), which means that logK° (V.21) will

lie between—10.9 and—11.0. This value is accepted here, although the solubility of
TcOy - xH20O(s) measured by Erikseat al. [92ERI/NDA] between pH = 6 and 9 are
somewhat higher than the one selected in this review. It should nevertheless be men-
tioned that the four points at high pf92ERI/NDA] would suggest a slope 6£0.5

rather than—1 due to Eq. V.21). However, the few high pH data are insufficient to
propose a more complex mechanism. More measurements at high pH are needed for
this purpose. The uncertainty of the selected value is increase@.fodue to the fact

that no independent confirmations are available and that no activity correction can be
made:

log;K°(V.21,29815K) = -109+0.4
The Gibbs energy of formation of TcO(Okiperived from this constant is :
AtGpL(TcO(OH)3, ag 29815K) = —(7432+9.1) kJmol~t

Burnett and Jobed/BUR/JOR pointed out that TcO(OH) could possibly be par-
tially co-exracted with Tc@) when liquid-liquid extraction is used to separate Tc(IV)
from the TcQ present in the solution phase obtained from solubility experiments
for TcOy(cr) or TcQ - xH20(s). If this indeed happens, then the derived value of
log; oK (V.21) underestimates the concentration of TcO(QH)

Lemire and co-workers8PLEM/GAR, 96LEM/JOH included logK°(V.21) =
—9.0 in their data base, based on the solubility curve presente88¥IK/GAR].

This value is not compatible with the data BIMEY/ARNZ2, 92ERI/NDA], cf. Ap-
pendixA.

The more recent solubility measurements of Nguyen-Trung, Palmer, and Giffaut
[96NGU/PAL] are consistent with our selected data, see AppeAdikut they have
not yet been published. Figuké3 shows the experimental solubilities of hydrous
Tc(IV) oxide from P1IMEY/ARNZ] and [92ERI/NDA], and the solubility curve of
TcOy-1.6H20O(s) calculated from our selected data, including uncertainty limits (dotted
curves).

The various hydrolysed forms of Tc(IV) are denoted in this book as?T¢cO
TcO(OH)", TcO(OHy(ag) and TcO(OH), which are the formulations used
in most of the published studies of the hydrolysis equilibria involving Tc(lV)
[69GOR/KOG 73GUE/GUl 79SUN 91MEY/ARN, 92ERI/NDA]. These are the
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simplest possible chemical formulae for the aqueous hydrolysed Tc(IV) species
that are fully compatible with all of the available hydrolysis constant and solubility
data. However, more realistic guesses can be made about the actual composition
of the primary coordination spheres of Tc(lV) species, which are discussed in
SectionV.3.1.3

Figure V.3: Solubility measurements of hydrous Tc(IV) oxide at@5rom Refs.
[91IMEY/ARNZ2 92ERI/NDA]. The full line represents the solubility of TeO
1.6H20(s) as calculated with the selected equilibrium constants, and the dotted lines
represent the limits of the uncertainty range.
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V.3.1.2 The acid/base chemistry of other Tc oxidation states
V.3.1.2.1 The protonation of TcQ,

All agueous solutions of inorganic acids contain some undissociated molecular acid,
although the amounts that form vary considerably from system to system, and can
be extremely small for strong acids. In the case of pertechnetic acid, the protonation
reaction should be of the form

TcO, + HT = HTcOs(ag (V.22)
The thermodynamic equilibrium constant for this reaction is given by

Ke(V.2) = K(V22)l(yreq, X vhe)
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Here we denote the concentration producK#¥.22), and we assume thattco, = 1
for the undissociated acid. By analogy to the chemically similar acid HGl@ expect
HTcO;4 to be a fairly strong acid.

Attempts have been made to determine the dissociation constant of 8O
by potentiometric titration of its solutions with a basé2COB 63RUL/HIR,
67RUL/PAC3. The large variation of the obtained acidity constant with the initial
concentration of the HTc£being titrated §7RUL/PACZ leaves no doubt that HTcO
is a too strong acid for this technique to be useful.

Values of the acidity constant of HTa(aq) have also been determined by use
of liquid-liquid distribution B3LIE/SIN, 84VIA/GER], anion-exchange3bBIB/WAL,
85NAKI/LIE, 93KAW/OMO], and solubility BSGER/KRJ measurements. These val-
ues are fairly concordant.

All results in those publications are in molar concentration unkg(V.22).
Table {/.10) contains a summary of these values. Values that were originally reported
as Kq or pKgq were converted into log K¢(V.22) values. As can be seen from

Table V.10: Experimental equilibrium constant for the formation of Hf cO

Method lonic medium T logig Ke Reference

(K)

TcO, +HT = HTcOy

dis 0to7M (H,NH)NO3  293— 333? 020 [83LIE/SIN]
dis 2MNG; ? RT®@ —0.26 [84VIA/GER]
aix 1.00 M (H,Na)NQ 298+2 —0.386+0.151  [85BIB/WAL]

2.00 M (H,Na)NG 298+2 —0.3904+0.100

3.00 M (H,Na)NG 298+2 —0.3894+0.148

4.00 M (H,Na)NQ; 298+2 —0.385+0.099

5.00 M (H,Na)NGQ 298+2 —0.38140.194

6.00 M (H,Na)NG 298+2 —0.3564+0.095
aix 5M (H,Li)Cl 293+1 0.033 [B5NAK/LIE]
sol 0to 3MHNG; 2930 060+0.19  [B8GER/KR]
aix 2.0 M (H,Na)Cl 293 ®B02 [93KAW/OMO]

2.0 M (H,Na)NaNQ 293 0398 [93KAW/OMO)]

(@ RT means room temperature.
b Ref. [B4VIA/GER] did not give any data. This value was supplied to us by BaédBAR].

Table V.10 nearly all of the determinations d€.(V.22) involved the use of HN@
or its mixtures with various nitrate salts (NNOs, LINO3 or NaNG;) to vary the
ionic strength and acidity of the solutions. The determination of the values of acidity
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constants from liquid-liquid distribution data or other experimental techniques is
generally done at one or more constant ionic strengths on the molarity concentration
scale. An assumption made in these calculations is that the activity coefficients of the
acid being studied, in this case HTg@q), do not vary with the ratio of the other
electrolytes provided that the ionic strength was held constant.

There is ample evidence that HN@s partially associated in aqueous solutions
to form the molecular acid HNgdaq). See for example, the degree of dissociation
curves from Raman and NMR spectroscopy, Figures 2 and 3 of Young, Maranville
and Smith $9YOU/MAR]. Most of the determinations df.(V.22) involved acidic
nitrate solutions with stoichiometric ionic strengths ranging from 1 to 7 M. Aqueous
solutions of pure HN@contain about 1 or 2% of the undissociated acid at 1 M, about
18% at 5 M, and about 30% at 7 M. Thus the true ionic strengths of these solutions
will be significantly lower than the stoichiometric ionic strengths used by the various
authors in analyzing their data. In addition, the extent of formation of undissociated
acid will vary with the ratio of HN@-to-MNO3 used in the experiments at constant
stoichiometric ionic strength, so the true ionic strengths of these solutions will not be
constant. This invalidates the basic assumption used in deriving the vakigd/dt2),
i.e., that the activity coefficients of Hand TcQ are constant. It is thus quite likely
that the resulting published valuesky(V.22) are not meaningful and simply represent
a misinterpretation of medium effects rather than the formation of aqueousA&agqO

In view of the above discussion, we do not consider any of the reported values of
Kc(V.22) to be reliable and consequently do not recommend a valu®#8j,(HTcOy,
aq, 298.15 K). Aqueous solutions of HTg@re thus considered to be fully dissociated
in this review.

V.3.1.2.2 The protonation of TcG~

Kryuchkov et al. [79KRY/PIK] have estimated the protonation constants of j‘c;O
based on pulse radiolysis at various pH values and variable ionic strength,

TcO” +HY = HTcO; (V.23)
HTcO; +HT = H,TcOs(ag) (V.24)

obtaining logq K1(V.23) = (8.7 0.5) and log y K2(V.24) < 1. Itis difficult to judge
the quality of these values, but they are of no relevance in equilibrium systems due to
the instability of Tc(VI), and they are therefore not selected in this review.

V.3.1.3 Possible formulations for the primary coordination spheres of Tc(1V) hy-
drolysed species

Thermodynamic data for the various agqueous hydrolysed forms of Tc(IV) are analysed
in this book assuming their chemical formulae are t0rcO(OH)+, TcO(OHk(aq)

and TcO(OHj. These are the simplest possible formulae for the observed species.
However, since the available experimental measurements are incapable of distinguish-
ing between oxides or hydroxides bound to the technetium atom, these same solution
species could also be written as Tc(GH) Tc(OH), Tc(OHu(aq), and Tc(OHJ,
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respectively,e.g. [96NGU/PAL. Examination of the available structural informa-
tion [82BAN/MAZ, 87TMEL/LIE, 94BAL] for Tc(IV) complexes with singly charged
inorganic ligands indicates that the majority of them contain hexacoordinated tech-
netium. Thus another possible set of formulae for the primary coordination spheres
of these same species are((DH)z(OHz)fﬁ, Tc(OH)3(OH2)3, Tc(OH)4(OHy)2(aq),
and TdOH)5(OHy) .

Consider the species with the double positive charge. Then,

AfGq(TC(OH)2(OH2)3T, ag 29815K) =
AfGH(TC(OH)2", aq 29815K) + 4A1G%(H20, |, 29815K)
= AfGS(TcOPt, aq 29815K) + 5AfGS(H20, |, 29815K).

Similar relations apply to the more hydrolysed forms of Tc(IV). In any thermody-
namic reaction calculation, the different sets of formulations will give identical results,
since the factors aiAsGp,(H20, |, 29815 K) will appear on both sides of the reaction
and thus exactly cancel. Consequently, it is irrelevant for thermodynamic calculations
which of these three sets of formulae are assigned to the solution species. Following
the usual practice in chemical thermodynamics, the simplest set of chemical formulae
that reproduces the thermodynamic data is chosen here.

The possibility also exists that the correct formula for the Tc(lV) hydrolysed spe-
cies may involve dimers or some other small polymer. However, there is presently no
significant evidence for polymeric hydrolysed Tc(IV) ions. The available redox data
for the Tc(IV)/Tc(lll) couple gives no evidence for a species of intermediate average
valence, such as Tc(4.5) or Tc(3.67), which would be expected to be observed if the
solution species are dimeric or trimeric. Thus, the available data are fully consistent
with the solution species being monomeric, although there are too few redox studies
to provide a definitive conclusion about the monomeric/polymeric nature of Tc(IV)
species.

V.3.2 Solid technetium oxides and their hydrates
V.3.2.1 TeO7(cr) and Tco0O7(1)
V.3.2.1.1 General properties

Combustion of metallic technetium witho@) is the general method used to prepare
Tco07(cr), but the product is often a mixtur62COH and the reaction often incom-
plete F3COB/SM| 67RUL/PACZ.

There are several reports that combustion of technetium metal by-dgy @elded
TcpO7(cr) [52BOY/COB 53COB/SMI 53SMI/COB 69KRHE]; in each case sublima-
tion or vacuum distillation of TgO7(cr) was used to purify the BO7(cr), but no men-
tion was made of side products. The more detailed description of the reaction products
[76GAY/HER 77HER/BUS leaves no doubt that the initial reaction produced a mix-
ture of oxides. Both noted that the major product was yellow-coloure@®7(cr), but
smaller quantities of red to black material were present in the product before sublima-
tion was used to purify the BO7(cr).
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There is little doubt that the yellow oxide produced by combustion of technetium
metal is TeO7(cr). For example, Boyet al [52BOY/COH reported that samples
of this oxide dissolved in aqueous Ce(IV) did not undergo oxidation, and that the UV
spectrum of a solution of this oxide was identical before and after treatment with al-
kaline HO2(aq). This indicates that technetium was already present in its maximum
oxidation state of Tc(VII).

Spitsynet al. [B8SPI/BUK studied the kinetics of the oxidation of technetium in air
from about 373 to 848 K, by observing weight changes on a microbalance. From about
598 to 798 K, the oxidation of technetium followed the linear rate taw,—kt, where
g is the rate of weight loss of sample due to formation of volatile oxide the time,
andk is the rate constant for oxidation. They found that their results for an air flow
rate of 5.5 dm- h~1 could be represented by the equatiok ln21.6—1.1 x 10° T 1,
for k in units of ug - cm~2 - h~1, and the activation energy was reported to be about
90 kImol~1. The condensate from this reaction was found to ¥ er).

An X-ray diffraction study has been reported for thin, pale-yellow plates
of TcoO7(cr) produced by oxidation of technetium in,@) followed by slow
sublimation p9KRHE), cf. TableV.11. The structure contained isolated molecules of
TcpO7 with tetrahedral coordination for the technetium. It is one of the few transition
metal oxides with a molecular structure in the solid state. The Tc-O bond length
is (1.840+ 0.002 x 1019 m for the bridging oxygen, and the average length for
terminal Tc-O bonds is.673x 10-19m.

Various properties have been reported for solid and liquidOrc It melted
at 392.6 K p2BOY/COB, and extrapolation of published vapour pressures
[53SMI/COH by the present review to 1 atm pressure yields a boiling point of about
596 K. Vapour pressures were measured from 362.2 to 391.2 K for sal{d7{ar), and
from 393.3 t0 529.4 K for liquid Tg07(l) [53SMI/COH. Solid TeO7(cr) exhibited a
slight temperature independent paramagnetism in the temperature range of 78 to 349 K
[54NEL/BQY]. Itis also quite hygroscopi&pBOY/COB 69KRE, 77HER/BUS.

Raman spectra have been reported for soligdOr¢cr) at room temperature, for
liquid TcyO7(l) at 403 K, and for TgO7(g) vapour (see SectioW.3.3) at 593 K
[71SEL/FR].

V.3.2.1.2 Thermodynamic data
V.3.2.1.2.a Enthalpy of formation and entropy of TeO 7(cr)

There are two reported experimental values for the enthalpy of formatiorp @7 {@).
Cobble, Smith and BoydBCOB/SM] reportedAfHg, = —(11134£10.9) kJ-mol~1

based on the combustion of technetium metal in an oxygen-bomb calorimeter, and
Gayer, Herrell and Busey BGAY/HER] reportedAfHS, = —(1127.6+7.9) kdmol~1

based on solution calorimetry.

The reported uncertainty limits are one standard deviation in the second study, and
are presumed to be one standard deviation in the first although this was not stated.
Gayer, Herrell and Busey attributed a lower accuracy to the value of Cobble, Smith and
Boyd, in part because of the use of less pure metal, and in part because less than 20% of
the measured energy change was due to combustion of the metal. They also noted that
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Table V.11: Crystal structure parameters of binary oxides of technetium

Oxide Crystal Space Z Lattice parameters Reference
symmetry group (x100/m)
TcOy(cr) monoclini¢® P2 /c a=553 [55MAG/AND]
b=479
c=553
tetragondP’ a = 4.753+ 0.010 [65SPI/KUZ
c = 2.840+ 0.010
monoclinid® a =555+ 0.02 [69ROG/SHA
b =4.854+0.02
c=562+0.02
monoclinid® a=552+0.04 [B7LIE/BAUZ]
b =4.99+0.10
c=557+0.06
monoclinid® P2 /c a=5.6872+0.0012 PIJOB/TAY]

b =4.7635+ 0.0014
¢ =5.9195+0.0012

TcOq(cr)(2>q > 0) pseudo—cubi@ a=945 [64MUL/WHI]
[68MUN]
TcpO7(cr) orthorhombic Pbca 4 a=13756+0.014 [BOKRE

b = 7.439+ 0.008
¢ =5.617+ 0.006

@ From data of W.H. Zachariasefi;~ 120°; MoO, type structure.

(b Obviously misindexed with a tetragonal unit cell. Their= b dimension is similar to these fdrin
the other studies, and twice theivalue is comparable ta andc given in the other studies.

(© Derived by them from the powder pattern results reported by Muller, White and@ayL/WHI];
B = (1219 + 0.2)°; possibly MoG type.

@ g = (1219+0.8)°

© B = (12159 £+ 0.02)°. This is the preferred set of unit cell parameters. See the discussion of
[99JOB/TAY] in AppendixA for alternative sets of unit cell parameters, based on non-standard settings
for the unit cell.

® Formed as a phase when Tc(cr) and 3(D) were heated together in sealed tubes.
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if their own enthalpies of solution of BO7(cr) into water were used instead of those
of Cobble, Smith and Boyd, then the discrepancy between the\ihlg, values would
be reduced slightly. As mentioned in Sectidd3.2.1.1 the combustion of technetium
metal generally gives partial formation of lower oxides in addition taCGigcr). If
any of these lower oxides also formed in Cobble, Smith and Boyd’s calorimeter, they
would give a less exothermic calculated value fgHy, .

These two paper&BCOB/SM| 76 GAY/HER) are discussed in more detail in Ap-
pendix A. From the first study§3COB/SMI, this review recalculates a value of

AfHp(TcpO7, €r, 29815 K) = —(1114+ 52) kJmol~1, and from the second in-
vestigation Y6GAY/HER a value of AfHp,(Tc2O7, cr, 29815 K) = — (11276 +
15.5) kJmol~1.

The two values are compatible and we select the statistically weighted average,
AfH(TcO7,€r, 29815 K) = —(11265+ 14.9) kJmol1

We note that there is some uncertainty about the correct numerical valeHgf
(HgO, cr, yellow, 298.15 K), which is needed for the recalculatiolgfiy, (TcoOy,

cr, 298.15 K) from the enthalpy of solution study of Gayer, Herrell and Busey
[76GAY/HER). If Vanderzee, Rodenburg and BerfdVAN/ROD] are correct in that
AfHg, of the yellow and the red forms of HgO(cr) are identical, then the resulting
AfH(TcpO7, cr, 298.15 K) would be more negative by6kImol~1; see the
discussion of Ref. 16GAY/HER] in AppendixA.

There are no experimental data on the heat capacity gd7(cr), so no precise
value of the standard entropy can be given. However, a reasonable estimate of the heat
capacity of the heptoxide is to take values slightly smaller than those gdRer)
since technetium has a lower molar mass than rhenium ap@-;{a) is molecular
while ReOz(cr) is polymeric in the solid state. With the values for,Re(cr) given
by Stuve and Ferrant& §STU/FER, we suggest for TgO7(cr):

Copm(TC207.¢r,.T) = 1550+ 8.6 x 10°T — 1.8 x 10°T~2 JK~tmol™*
for 298.15 K< T < 392.7 K, giving
Com(Tc207,¢r,29815K) = (16044 150) JK~t:mol™*

A good estimate of the standard entropy of>®g(cr) is obtained in Sec-
tion V.3.2.1.2c from an analysis of the vapour pressure data. As noted therein there is
still an appreciable uncertainty in this value, but we shall adopt

S,(Tc07,¢r,29815K) = (1924 15) JK~Lmol™t

We note the corresponding value for Re(cr) is (207.3 &+ 0.8) JK~1mol -,
[76STU/FER.

The Gibbs energy of formation of 3©7(cr) is calculated from the selected en-
thalpy of formation and entropy values.

AfGS (TcO7,¢r,29815K) = —(9503+ 15.5) kdmol™t
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V.3.2.1.2.b Melting point and heat capacity of TeO+(l)

Boyd et al. [52BOY/COHR directly measured the melting point of J@7(cr) to be
(392740.1) K, and the vapour pressure curves measured by Sshdh[53SMI/COH

show a large change in slope very close to this temperature. Our final analysis of the
vapour pressure data (see Sectt® 2.1.2c) is quite consistent with this value, which

we adopt. The heat capacity of the liquid is estimated to be somewhat smaller than that
of Re07 (271.3 IK—1.mol1) [76STU/FER, and we adopt the estimated value:

Com(TC207,1.T) = (250+25) JK tmol*

for392.7K< T < 600 K.

The thermal functions for T©7(cr, I) calculated from the estimated values are
given in TableB.5 and the formation properties from Tc(cr) and(@) are given in
TableB.6 in AppendixB.

V.3.2.1.2.c Vapour pressures of TgO7(cr, )

Cobble p2COB and Smithet al. [53SMI/COH suggested that BO7(l) is stable up to

its boiling point (ca. 600 K), although the evidence for this is not clear. Gib88G [B]

found that TeOs(g) was present to a significant extent at 1223 K in the vapour over
an unspecified solid technetium oxide in the presencex()Olt thus seems probable
that below its boiling point TgO7(l) vaporises essentially congruently, perhaps with

a small decomposition to 30s5(g) and GQ(g) at higher temperatures. This possible
minor decomposition has been neglected in the following analysis, since it probably lies
within the uncertainty of the experimental data, and certainly within that of the assessed
data at 298.15 K. Smitkt al [53SMI/COH have measured the vapour pressures of
solid and liquid TgO7 from 362.2 to 391.2 K and 393.3 to 529.4 K, respectively. They
fitted their data initially to linear expressions which correspond to the equations:

log,o(p/ban = —7205T + 15.404
for the solid and
log,o(p/ban = —357YT + 6.124

for the liquid, giving the following entropies of sublimation and vaporisation at the
mean temperatures:

AsubS,(3767K) = 2949 JK Lmol™?
AvapSy(4614K) = 1172 JK tmol™?

The very big difference between these values is notable, implying a large entropy
of fusion for TeO7. However, the vaporisation data for the solid are appreciably less
reliable than those for the liquid, since they extend over a temperature range of only
29 K and were subject to corrections of 30 to 90% of the observed value. Moreover,
as Smithet al. [53SMI/COH realised,AC,, for the vaporisation will in fact be quite
large, and the second-law analysis far from adequate. With the thermal functions for the
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Figure V.4: Vapour pressure of 70;.
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gas and the estimated thermal functions for the condensed phases, a third-law analysis
becomes possible, although the enthalpy of fusion is not known. However, as shown in
FigureV.4, very good consistency of the vapour pressure data for the liquid is obtained
with the following value for the entropy of the liquid at the melting point:

$,(Tc07,1,3927K) = 35058 JK~t.mol™t

and any reasonable combination & (TcoO7, cr, 298.15 K) andAfysSh,(Tc20y7,
392.7 K) consistent with this value gives good agreement with the less precise vapour
pressure data for the solid. We have chosen the combination

S, (Tc07,0r,29815K) = (19204 15.0) JK L.mol™?

AfusHS (TC207,3927K) = (44.0+ 6.0) kImol™?

since these values are similar to those fop@#cr). The simpler analysis by Smith
and Cobble$3SMI/COB using constanfh Cp, values for sublimation and vaporisation
led to AqysHg, (Tc,07) = 47.6 kdmol—1.

The third-law analysis with our data gives

AsutHS (TC207,29815K) = (11844 6.0) kImol ™t

where most of the uncertainty arises from that in the enthalpy of fusion. The last value,
when combined with our selected value foHg, (TcoO7, cr, 298.15 K) gives finally

AfHy(Tc2O07,0,29815K) = —(10081+16.1) kJmol~t

The calculated vapour pressure curve with the above values is given in Rigljre

with the experimental values superimposed. The excellent agreement suggests that the
current values provide a very reasonable representation of the datapf@#(¢t |, g).

Clearly, a more extensive vapour pressure study is required to improve the reliability
of the enthalpy of vaporisation.

We may note in passing that a similar analysis has also been carried out on the
vaporisation behaviour of R&(cr, 1), for which the data are much more extensive
[96RAN]. Again the agreement with the vapour pressure data is excellent, giving
good support to the analyses of the vibrational frequencies of these two heptoxides
[96BEA/GIL] discussed in Sectiow.3.3.

V.3.2.1.2.d Enthalpy of solution of TeO7(cr)

The enthalpy of solution of T©7(cr) into water has been reported in two studies
[53COB/SMI 76 GAY/HER]. Cobble, Smith and Boydb3COB/SM] performed two
determinations of this quantity, but they did not extrapolate their results to infinite
dilution. In addition, they did not report their final dilution molarities, but instead just
reported that the average of the two dilution molarities was 0.041 M. However, the
actual molarities were given in Cobble’s thesi2 COH. Gayer, Herrell and Busey
[76 GAY/HER reported the results of eleven enthalpy of solution experiments, with
final dilution molarities of 20 x 10~ to 864 x 10~4 M. They extrapolated their
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enthalpies of solution results to infinite dilution by using the Debye-Hickel limiting
law.

Both studies of the enthalpy of solution of Jka;(cr) into water p3COB/SM|
76GAY/HER reported their final dilution concentrations in molar units, and these need
to be converted to moelkg~1. In the study of Gayer, Herrell and Busey, these concen-
trations are low enough that the ratio@mwas equated to the density of pure water,
0.997045 g cm~3. Cobble, Smith and Boyd only reported their final concentration to
two significant figures in the journal article, but three figures were given in Cobble’s
thesis p2COB. The values from the thesis were used for recalculations. In both stud-
ies the values oAsqHm were reported to four significant figures. Gayer, Herrell and
Busey did not report the molar mass for,0g(cr) that was used for reporting their
results, but if we assume they used up-to-date atomic masses at that time, there would
be no significant change inso|Hm. Cobble, Smith and Boyd reported that they used
99.00 g- mol~1 for 9°¥Tc [53COB/SM], but the discussion in Cobble’s thes§2[COH
indicated that 9®1 g- mol~! was actually used; theisoHm are corrected to the
current value of 98063 g- mol~1.

The enthalpies of solution also need to be extrapolated to infinite dilution. The
solution reaction is

Tc07(cr) + H20(l) = 2HY + 2TcO; (V.25)

for which the corrected enthalpy of solution BsoHS; = AsoHm — 2Lg.

Here Ly is the relative apparent molar enthalpy of HTc@t the final dilution
molality. The values ofL,s are unknown, but are approximated by equating
them to values for HCI®Q [65PAR which should be a good chemical model for
HTcO4. TableV.12 summarises the experimental valuesAgf,Hy, and the derived
values of AggHp, The data of Cobble, Smith and Boy83COB/SM] yield
AsolHp(V.25) = —(48.991+0.96) kJmol~1, whereas that of Gayer, Herrell and Busey
yield —(45.89+ 2.37) kdmol~L. Although the results of Cobble, Smith and Boyd are
more negative, the two sets of data do agree within their combined uncertainty limits.
The precision of the results of Cobble, Smith and Boyd appears to be greater than that
of Gayer, Herrell and Busey, but this is probably a computational artifact, because
Cobble, Smith and Boyd did too few experiments to derive a meaningful standard
deviation. In addition, thé_, corrections are larger for the experiments of Cobble,
Smith and Boyd, which adds to the uncertainty of th&igoHy,. The unweighted
average of all the experimental studies yields our recommended value of

AsoHS(V.25,29815K) = —(46.37+3.15) kImol™!

This value is used in deriving the standard enthalpy of formation of,Taf Sec-
tionV.2.1.

V.3.2.2 TeO7x Ho0(s)

V.3.2.2.1 General properties, hydration number

Dilute aqueous solutions of pertechnetic acid, HZc@re colourless. However, if
such a solution is concentrated over concentrate8@4, it undergoes a sequence
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Table V.12: Integral enthalpies of solution of solid,Gg(cr) according to Reaction
V.25in water at 298.15 K.

molality @ AsoiHm ® Ly © AgolHm — 2Ly Reference
(mol - kg—1) kImol~l  kImoll  kImol~?!

0.0450@ —48.83 0.251 —4933 [52COR 53COB/SM|

0.0370@ —48.16 0.242 —49.64 [52COR 53COB/SMI

—48.99+ 0.96 (average)

8.67x1074©®  _4538 0.054 —4549 [76GAY/HER]

8.12x1074©®  _44.82 0.052 —44.92

7.43x1074® 4391 0.049 —44.01

7.25x1074®  _47.27 0.049 —47.37

6.34x1074©  _46.47 0.046 —46.56

5.77x1074®  _4563 0.044 —4572

552x1074©  _46.46 0.043 —46.55

5.28x1074©  _47.21 0.042 —47.29

4.71x1074©®  _44.38 0.041 —44.46

3551074 ®  _4501 0.036 —4508

3.21x1074®  _47.30 0.034 —47.37

—45.89+ 2.37 (average)
—46.37 + 3.15 (recommended vald@)

@ Final molality of solution of HTcQ by dissolution of solid TgO7(cr) in HoO(l) at 298.15 K.

® ntegral enthalpy of solution from dissolution of solid Jk@y(cr) to form a solution at the

given molality. The results of Cobble, Smith and BoygBCOB/SMI have been multiplied by
(309.8084)(4.184)/(309.816) = 4.18390 to convert kcal to kJ and from their values of the molar mass
to the current value.

Relative apparent molar enthalpy of dilution as estimated from values for JHJIe negative of this
quantity is equal to the enthalpy change from diluting the solution from given final molality to infinite
dilution.

@ Their concentration were reported in molar units (M). They were corrected for changes in molar mass
and from litre to dd, and m/c ratio was estimated from that of HGLO

Concentrations were reported in molar units; at these low concentration ¢/m is assumed to be equal to
the density of water 0.997045 gm—3.

® Unweighted average of all of the experimental values.
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of colour changes: first to yellow, then dark yellow, followed by red and then dark
red (G2BOY/COH. Ultimately, long red-black crystals are precipitated. Chemical
analyses of two samples of these crystals gave the empirical compositioBs Tc
0.97H,0(s) and TgOy7 - 1.03HO(s). This compound is thus compatible with a formu-
lation of either TgO7 - H>O(s) or HTcQ(s). It is a very hygroscopic compound, and
deliquesces in air to form a dark-red solution of Hc@he colour change in highly
concentrated solutions may be an indication of the presence of polynuclear techne-
tium complexes or partial reduction to Tc(VI) (see ReB/RUL/PAC2 78BOY] in
AppendixA).

We conclude from two rather different types of information, decomposition pres-
sures p3SMI/COH and nuclear quadrupole coupling constants (QGBSPI/TAR
86 TAR/PET], that the hydrous oxide of Tc(VII) could be the hydrated oxide ofQ¢
H2>0(s), cf. the discussion of referenc8SPI/TAR in Appendix A. However, recent
experimental results from Guerman and his colleagues suggest rather that it has an
ionic structure of uncertain compositioct, the discussion of referencO@§GUH in
AppendixA. For the purpose of thermodynamic calculations, we will formally assume
this substance has the stoichiometric compositiofOFc HoO(S).

V.3.2.2.2 Thermodynamic data

Smith, Cobble and BoydsBSMI/COH and Cobble $3COH reported the results of
vapour pressure measurements ofe- HoO(s) from about 291.8 to 363.3 K, and for
the saturated aqueous solution of Hhd@m about 312.9 to 363.6 K (Appendé).
The major vapour species was considered by them to d6&(dj, based on the very
low vapour pressure of BO7(cr) in this temperature region. Thus the vaporisation
reaction of TgO7 - HoO(s) is assumed to be:

TcoO7 - HoO(s) = TcpO7(cr) + HoO(Q). (V.26)

The possible presence of species other than water in the vapour phase is discussed
in AppendixA under referencesBSMI/COH. As discussed in Appendi&, we rep-
resent the fugacities of #D(g) above TgO7 - H2O(s) by the least-squares equation

Infy, = (1226864 0.1480 — (5510444 48.65)/T (V.27)

with a correlation coefficient 0£0.99992. Vapour pressures fora; - HoO(s) extend
from 291.8 to 363.3 K, so the vapour pressure at 298.15 K can be accurately obtained
by interpolation.

The incongruent vaporisation of 707 - H2O(s) is given by ReactionV(26), for
which there is a Gibbs energy of reactionG,,,. However, the vapour pressure of a
substance is an equilibrium property, so thaGy, = 0 for a closed system. This gives
rise to the relationship

AfGS(TCo07 - Ho0,5,29815K) =  A;GR,(TcyO7, cr, 29815 K)
+AGS,(H20, g, 29815 K) + RTInfyy

whereT = 29815 K.
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From Eq. ¥.27), Infy, = —(6.2135+0.2203 at 298.15 K, which with the selected
value of AtGp,(Tc2Oy7, cr, 29815 K) (SectionV.3.2.1.3 then yields

AfGS,(Tco07 - Hp0,5,29815K) = —(11943+ 155) kJmol L.

We can rewriteA Gy, asAHg, — TAS,,. Thus, from Eq.V.27), AiHS,(V.26) =
(551044 + 48.65)(10 %R = (45.82 + 0.40) kJmol~1. From this, and the selected
values of AfHp,(Tc207, cr, 29815 K) and AtH,(H20, g, 29815 K) the enthalpy of
formation is derived.

AfHp(TcO7 - H20,5,29815K) = —(14142+ 14.9) kJ-mol~1
Combining these results with selected auxiliary data, the entropy is then obtained.

S,(Tc207 - H20,5,29815K) = (27894 721) JK 1mol™?

V.3.2.3 TcGs(s)
V.3.2.3.1 General properties

There are a number of claims in the literature for the existence of solid or gaseogis TcO
and many of these claims were made as part of interpretation of high-temperature gas
chromatography experiments. These gas phase studies are discussed in\G&&ion
Several reports have been made for F() also, but little of the evidence holds up

to close scrutiny. Older claims for the existence of () were discussed by Anders
[59AND].

The chemistry of rhenium and technetium share some common features, and since
ReGs(s) is well known, it is not surprising that Te() has also been claimed to form.
Some information suggests that T{€) possibly has been prepared, but this is uncer-
tain because the conditions for its synthesis are poorly defined and the oxide itself is
poorly characterised. In addition, some reports of “pink oxides” may simply have been
mixtures of black Tc@(cr) dispersed in pertechnetate salts os@gcr). For readers
interested further in this topic, see discussion under B&AND] in AppendixA.

V.3.2.3.2 Thermodynamic data

There are several publications in which estimated values are give&for¢Hy,,
and/or AtG;, of TcOz(s). Most of these valuesS5COB/SM| 66Z0OU/POUY
80PAQ/RE| 85MAG/BLU] are identical or nearly identical, and are based upon
the calculations of Cobble, Smith and BoyB3[COB/SM]. Cobble, Smith and
Boyd estimated thatAfHS, (TcOs, cr, 298.15 K)= —5397 kJmol~! from
available values forAfH5, of TcoOz(cr), ReO7(s), and Re@(s), by assuming
that the differences between enthalpies of formation of the oxides with different
stoichiometries are the same for rhenium and technetium. They similarly estimated
thatSg, (TcOs, s, 298.15 K)= 72.4 JK~1.mol~%, which then yieldsA¢GS, (TcO;, s,
298.15 K)= —4610 kJmol~1.

Voitovich and Golovko §7VOI/GOL] gave tabulated values of-[Gp,(T)—
Hp, (298.15 K)]T from 298.15 to 1000 K for Tcels). Their values yields;, =
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88.28 JK~1.mol~1 for TcOs(s) at 298.15 K, which is rather higher than the estimated
value of 724 JK~1.mol! given by Cobble, Smith and Boydb3COB/SM]. The
origin of the input for the estimated values of Voitovich and Golovko is unclear.

Migge [89MIG] noted that using the estimated thermodynamic values of Cobble,
Smith and Boyd $3COB/SMI gives the prediction that Tcf0s) has a fairly wide
stability field as a function of temperature ang(@) fugacity. Given the lack of clear
cut direct evidence for Tcgls), a “stability” field of this size seemed unlikely to him.
Migge preferred estimated values &, = (71+ 6) JK~1.mol™t and AfHS, =
—524 kdmol~1. These values were selected by him so that (sDwas required to
disproportionate to Tcglcr) and to TeO7(l or g) above about 500 K.

Because the very existence of T4{€) has not been established with certainty, we
do not recommend any estimated thermodynamic values for it. Clearly, additional stud-
ies are desirable to provide chemical and thermodynamic characterisation ¢E).cO

V.3.2.4 TcO(cr)
V.3.2.4.1 General properties

The solid oxide Tc@(cr) is well known. It can be prepared by thermal dehydration
of TcO, - xH20(s) at 573 K in vacuum54NEL/BQY]; at high temperatures in air
TcOy(cr) should react with @) to form TgOy7 instead. Thermal decomposition

of NH4TcOg4(cr) in an argon stream around 513 to 598 K has been used to prepare
TcOx(cr) [78SPI/KUZ 78VIN/KONS], although temperatures of 973 K or higher in a
N2(g) stream are recommendesMUL/WHI, 68MUL, 87LIE/BAUZ2] to ensure that
complete decomposition takes place.

Similar experiments have recently been performed by Burnett al
[95BUR/CAM]. They prepared Tcgfcr) by thermal decomposition of purified
NH4TcO4(cr) in an atmosphere of flowing ultra-high-purity(4), (AppendixA). An
X-ray diffraction study of a sample of their Te(@r) gave the same peaks when it
was freshly prepared and after it had been aged for one year in air, which implies that
TcOy(cr) is kinetically stable in air.

Extended X-ray absorption fine structure spectroscopy (EXAFS) measurements
of TcOy(cr), indicated that this solid has a distorted rutile structure with a Tc-Tc
nearest neighbour distance 062 x 10-19m and a Tc-O distance 0f48 x 10710 m,
[95ALM/BRYT].

Unit cell parameters have been reported for @@ in four publications
[55MAG/AND, 65SPI/KUZ 69ROG/SHA 87LIE/BAUZ]. Even the three studies in
better agreemenbpMAG/AND, 69ROG/SHA 87LIE/BAU2] show surprisingly large
differences in the unit cell dimensionsf, TableV.11. Such large variation suggests
that the TcQ(cr) samples may have been non-stoichiometric in some of the studies,
either because the decomposition of NidO4(cr) was not entirely complete, or that
TcOy(cr) has slightly variable composition and should be written as;Lg@r). In
a most recent study8[LIE/BAUZ] the TcOy(cr) was annealed in a sealed quartz
ampoule at 1133 K to yield well-crystallised material. However, the main cause of this
variation appears to result from the peculiar dimensions of the unit cell as described in
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the following two paragraphs.

Burnett et al. [95BUR/CAM] performed powder pattern X-ray diffraction for
TcOy(cr) but did not derive unit cell dimensions. However, they did note that their peak
positions and relative intensities were in excellent agreement with those reported by
Muller, White and Roy §4MUL/WHI] and analysed by Rogegs al. [69ROG/SHA.
TableV.11 contains structural results for all of the known binary oxides of technetium.
Burnettet al. pointed out that crystals of the MeQype metal dioxides have values
ofa ~ ¢ ~ 2b/+/3 andp ~ 120, with nearly hexagonal symmetry. Under this
condition there is clustering of peaks with “d” spacings arouritxd 101 m and
around 24 x 10~1°m. Individual peaks thus can be easily incorrectly assigned, which
results in errors in the unit cell dimensions.

The authors of referenc@BUR/CAM] have since analysed their X-ray diffrac-
tion patterns to yield the unit cell dimensions for T£€r) [99JOB/TAY], which are
given in TableV.11. These are probably the most accurate unit cell parameters for
TcOy(cr). However, the pseudo-symmetric relation between the unit cell parameters
make it difficult to obtain unique values because of multiple local minima in the least-
squares analysis of the diffraction pattern positions. See the discussion of the selected
reference 99JOB/TAY] in AppendixA.

TcOy(cr) was described as black colourédiNEL/BOY] or dark grey with a pink
metallic lustre F8SPI/KUZ, and it sublimed in vacuum above 1173 B4NEL/BQOY]
or in N2(g) above 1223 K§4MUL/WHI]. Sasaki and Soga8LSAS/SOGused band
structure calculations to predict that Tg@r) should be an electrical conductor at room
temperature (conductance = 10 to 5&®1). These claims for the congruent sublim-
ation of TcQ at 1173 and 1223 K4NEL/BOY, 64MUL/WHI] are rather surprising,
since we do not expect the vapour pressure of J(gpto be significant until much
higher temperatures. However, modelling calculations using our evaluated thermody-
namic data indicate that the observed transport ofzlie@st probably resulted from
the incongruent vaporisation process

7 3
ETcOz(cr) = ETC(S) + Tc07(9)

rather than as the congruent sublimation of 3. Upon reaching the cooler re-
gions of the reaction vessel, the;¥(g) decomposed to form the observed deposits
of TcOy(cr). A similar high temperature vaporisation reaction was also observed for
ReGy(cr) [68BAT/GUN, 71FRA/KLE], although the reaction is not quantitative for
that system because of partial formation of ReO

Muller, White and Roy §4MUL/WHI, 68MUL] described an attempt to prepare a
lower oxide of technetium by reducing Teg(@r) in a carbon monoxide-carbon diox-
ide mixture at elevated temperatures, wit)(§) partial pressures at2x 10~11 and
4x 10?1 bar. Reaction mixtures heated to 873 and to 1228 K formed technetium metal,
without any intermediate oxide phase being produced. As an alternative approach for
producing lower oxides of technetium, thes¢4MUL/WHI, 68MUL] reacted techne-
tium metal and Tc@(cr) in a closed platinum capsule. Samples of 3@®) and Tc(cr)
corresponding to “Tc@s1”, “TcO.99”, “TcO 112", and “TcOy 2¢" yielded a mixture to
TcOy(cr) and a new phase after being hea@¢NIUL/WHI, 68MUL].
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This new phase was also produced by reaction of a mixture corresponding to the
composition Tc@ 1o that was heated to 1523 K in a silica tube, so the presence of
platinum was not required for its formation. Assuming that this phase was a lower
oxide, it could have been TcO, 703, or a mixed valence oxide. One unindexable
diffraction peak in the X-ray pattern of the pseudocubic phase varied from sample to
sample, and this may indicate the presence of a second lower oxide.

V.3.2.4.2 Thermodynamic data

Several estimated values foa;G;, of TcOy(cr) at 298.15 K ranging from
—3588 kJmol~1 [71CARZ to —3822 kJmol~! [53COB/SM] have been reported
[55CAR/SM| 66Z0U/POU 80PAQ/RE| 85MAG/BLU, 86MAG]. In addition,
several reports J3COB/SM| 80PAQ/RE| 85MAG/BLU, 91LEM/SAL] contain
values ofS;, and (in some casesg)tHy, for TcOy(cr), and Voitovich and Golovko
[67VOI/GOL] tabulated values of [G,(T) — Hy(298.15 K)|/T from 298 to 2000 K.

The reported values &, for TcO,(cr) were all obtained from estimation schemes,
and values ofAfHg, were then calculated from¢S;, and estimated\tGp,,. Thus
they are not experimentally based values. Furthermore, all of those repo@Sgl
values for TcQ(cr) are based either directly or indirectly upon the emf measurements
of Cobble, Smith and Boyd5BCOB/SMI, Cartledge and Smith5bCAR/SMI, or
Cartledge T1CARZ. However, the redox potentials reported in those studies were for
the TcQ, /TcO; - xH20(s) or TcQ - xH20(s)/Tc(cr) redox couples, and actually yield
AtGp, of TcOp - xH20(s) and not of Tce(cr).

All of the values ofAtGp, of TcOy(cr) in those studies were derived by formally
treating TcQ - xH2O(s) as being unhydrated. That is, for the hydration reaction:

TcOo(cr +xH O = TcOy - xH20O(s)

the value ofAny Gy, was formally assigned a value of zero. This is equivalent to
assuming that both Tefcr) and TcQ - xH2O(s) have equal thermodynamic stability
at 298.15K.

There are several studies in which attempts were made to measure solubilities
that could be used to calculateGy, of TcOy(cr), cf. Appendix A [80PAQ/REI
87LIE/BAU2, 88VIK/GAR, 96NGU/PAL, 97BUR/JOB. The reported solubilities at
most pHs span about three orders of magnitude. Some of these studies found the sol-
ubility of TcOg(cr) to be lower than that of TcO xH,0O(s) whereas others found it to
be higher. Generally, amorphous or poorly crystalline hydrous oxides are more soluble
than their corresponding anhydrous crystalline oxides. In addition, there is no way
to be sure whether the surface layer of the 3@® remained unhydrated during the
solubility experiments, and thus whether the observed solubilities are actually for a par-
tially hydrated dioxide. Because of these uncertainties, we base our evaluation of the
thermodynamic properties of Teer) on the calorimetric measurements of Burmett
al. [95BUR/CAM] where the solid phase was well characterised.

Burnettet al. [95BUR/CAM] have measured the enthalpy of solution of (¢D).

The average of their 17 dissolution enthalpy measurements according to the dissolution
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reaction

TcOx(cr) 4+ 3CgClOyg)4(sIn) + 2HO() = HTcO4(sIn) + 3CeClO4)3(sIn)
+3HCIOq4(sIn) (V.28)

is selected hereAsoiHm(V.28) = —(1385+ 11.3) kJmol~1, cf. AppendixA. Taking
enthalpy values for auxiliary reactions from Gayer, Herrell, and Busé@AY/HER],
gives the selected value

AfHp(TcOp, cr, 29815K) = —(457.8+117) kJmol L.

There is a lack of published heat capacities for 3@®, and therefore a
lack of an experimental value of, (TcO, cr, 298.15 K). However, the
published literature abounds with estimated valuesg, 623 JK-l.mol-!
[53COB/SMI, 62 JK~1.mol~! [80PAQ/RE], 63 JK 1.mol~! [85MAG/BLU],

and 545 JK~1.mol~1 [91LEM/SAL, 95BUR/CAM], all of which were based on
Latimer’s rule with different assumptions about atomic contributions. Buetedt
[95BUR/CAM] have cited experimental standard entropy values for the transition
metal dioxides Cr@(cr), MoOy(cr), WO,(cr), MnOy(cr), and ReQ(cr) that range
from 46.3 to 54 K~L.mol~1 with an average of 50.3-K~1.mol~1. This review
considers the standard entropy values for the structurally similar transition metal
dioxides to be a better approximation than Latimer’s rule values for the standard
entropy of TcQ(cr), and selects an estimated value of

S,(TcOp, cr, 29815K) = (50+ 4) JK 1mol™t

for thermodynamic calculations. Combining this value with the selected valygff,
yields

AfG3(TcOp, cr, 29815K) = —(4018+11.8) kImol™!

V.3.25 TcO:-xH20(s)
V.3.2.5.1 General properties, hydration number

There is considerable information about the hydrous oxides of Tc(IV). The reported
methods of preparation include chemical reduction of J«®lutions, hydrolysis of
Tc(IV) salts, electrolytic reduction of T¢P(both polarographic reduction and cath-
odic deposition), and radiolysis of TgCsolutions.

Cobble, Smith and BoydbBCOB/SMI, Nelson, Boyd and Smitr6B¥NEL/BOY],
and Pilkington OPIL] reduced TcQ with zinc metal in the presence of HCI. A
second chemical method for preparing hydrous oxides of Tc(IV) involves reduction of
TcO, with Sn(ll) in the presence of HC{Y77OWU/MAR]. The third method for the
chemical reduction of TcPis to use hydrazine in aqueous HGI{BOGOR/KOQ, in
water B6MEY/ARN, 87MEY/ARN], or in 0.01 M HCI [79SUN.

Lefort [63LEH reported that radiolysis of aqueous Tg@ith gamma rays in 0.05
and 0.5 M BSO, caused TcQ to be reduced to Tc(IV). If the concentration of Tc(IV)
exceeded 5 104 M, then a hydrous oxide of Tc(IV) was precipitated.
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A number of studies have been reported in which a hydrous oxide of Tc(IV) was
prepared by polarographic, coulometric, or voltammetric reduction of, TéOm
aqueous solution6BLEF, 63SAL/RUL, 68MUN2, 74MAZ/MAG, 79GRA/DEYV,
82PAQ/LIY. Both acidic and basic solutions were investigated.

The colour of the hydrous oxide or oxides of Tc(IV) has been described as being
black F3COB/SM| 54NEL/BQOY, 63LEF, 63SAL/RUL, 67RUL/PAC2 75BES/COS
79SUN 86MEY/ARN, 90PIL], brownish-black f1CAR2 74MAZ/MAG], or brown
to dark brown p5CAR/SM|, 67RUL/PAC2 75BES/COS$S76SPI/KUZ. These colour
differences may be due to minor differences in chemistry such as different amounts of
water of hydration or state of crystallinity (or lack of crystallinity), or may simply be
due to differences in particle size.

The chemical formulae proposed for this hydrous oxide range fromp(tciDto
TcO2-xH20(s), TcO(OH)(s) and Tc(OH)(s). In many studies the solid phase was not
directly characterised but, in a few cases, some partial characterisation was reported.

Meyeret al. [BOMEY/ARN, 91MEY/ARNZ measured the values afin TcO, -
xH20(s) for several solids precipitated from acidic and basic solutions. Large vari-
ations fromx = 0.44 tox = 4.22 were obtained from acidic deposition, and val-
ues fromx = 1.38 tox = 1.81 were obtained from basic deposition. Meg¢ral.
[BOMEY/ARN, 91MEY/ARNZ] recommended = (1.63 4 0.28), which is compat-
ible with x = 1.6 proposed earlier by Nelson, Boyd and SmBA4INEL/BOY]. Rard
[83RAR in his review selectedt = 2, and other authorg.g [92ERI/NDA], left the
hydration number as a variable or simply called the solid “hydrateb €O

A more recent characterisation of a freshly prepared “amorphousg TimyOBur-
nett et al. [95BUR/CAM] yielded a rather lower hydration number of~ 0.46.

Their samples of this substance were prepared by hydrolysis of aqueous solutions of
(NH4)2TcCls or (NH4)2TcBrg with excess NaOH in an atmosphere of purifiegd,
followed by washing of the precipitate. They characterised this substance by oxidation
with Ce(IV), by determination of the mass fraction of Tc in the precipitate, and by
determining the mass fraction of water using Karl Fischer reagent. Their analyses in-
dicated that part of the technetium in their “amorphous F'ofas actually in a higher
oxidation state than Tc(IV). Thus samples of “amorphous ' @@epared in this man-

ner are probably not chemically equivalent to samples of2T-o®>0(s) prepared by

other methods such as reduction of Tc@lectrolytically or chemically with hydrazine.

Meyer et al. [BOMEY/ARN] determined the hydration number of their hydrous
oxides from the mass of electrodeposited material after some drying, followed by de-
termination of the amount &®Tc present in each deposit of hydrous oxide by liquid
scintillation counting of the solution obtained by stripping of the electrode with nitric
acid. Similarly, Nelson, Boyd and SmitB4NEL/BOY] determined the molar mass of
weighed samples of their hydrous oxide by oxidation with Ce(IV). Both determinations
involved the assumption that all of the technetium in the hydrous oxides was present as
Tc(IV), which was not verified. Thus the characterisation of these hydrous oxides was
incomplete.

Hydrous oxides of technetium used for emf measurements involving the
TcO, /TcO, - xH20 electrode, see Sectian2.1, were prepared by electrodeposition
[55CAR/SM|, 75LIE/MUN, 88MEY/ARN, 89MEY/ARN, 91MEY/ARN] and, under
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such reducing preparation conditions, the resulting hydrous oxides are likely to
contain all or mostly Tc(lV). However, solubility measurements for the hydrous
oxide(s) require equilibration periods of at least several days to reach steady state
concentrations of Tc(IV)e.g. [BOMEY/ARN], during which time chemical changes
could be occurring in the solid hydrous oxide. Because of the lack of definitive
information, it is assumed for our thermodynamic calculations that these hydrous
oxides contain exclusively Tc(1V).

In view of these differences, and since the exact value isfof no importance in
aqueous chemistry, a notation such as 3(sPhyd) for this compound would not be
unreasonable. However, in order to visibly indicate in the chemical formula that the
solid phase in question is hydrated, we prefer to use the formula T&®H,O(s)
as 1.6 seems to be a reasonable average hydration number in spite of possible larger
variations.

V.3.2.5.2 Thermodynamic data

Experimental studies of the solubility of TexH2O(s) are summarised in Tablel3,

and the papers are described in ApperAliAs can be seen, the solubility 3Tc(1V)

is quite low, and quantitative determinations of some accuracy are possible due to the
B-activity of °°Tc. The values obtained show strong increase of the solubility in acidic
solutions and a less marked increase in basic solutions. Among the inert salts used
is NaCl, in spite of the fact that Clforms complexes with Tc(IV). As discussed in
sectionV.3.1.], the formation of chloride or mixed hydroxide-chloride complexes of
Tc(lV) is a potential concern only at low pH where pH3.

Lefort [63LEH found a high solubility of Tc@ - xH20(s) at low pH. Other Tc
solubility studies are also briefly described in Appendlif88VIK/GAR, 89GUP/ATK
90PIL]. The most reliable published solubility studies of TcOH>O(s) have been
published by Meyeet al. [91MEY/ARNZ] and by Erikseret al. [92ERI/NDA]. In both
studies, pertechnetate was present in the solutions and was measured and corrected for,
cf. AppendixA.

This correction is important, because the amount of J &3significant even at low
partial pressures of oxygen (less than 1 ppm and 0.5 ppm, respectively, in the two stud-
ies), leading to a ratio of Tc(VII)/Tc(lV) in the range of 10 to more than 200. Earlier
studiesare in general not reliable due to failure to determine the pertechnetate concen-
trations in the equilibrated solutions. The largest number of reliable solubility data
in near-neutral solutions were published by Megeal. [91MEY/ARNZ]. The sol-
ubilities from dissolution experiments of 2 to 3 weeks equilibration time consistently
lie between 10° and 108 M. Eriksenet al. [92ERI/NDA] reported five measure-
ments between pH 6 and 9 with an average solubility of 80-° M but without
indicating the temperature. The experimental values of this study are tabulated in
[93ERI/NDA]. The average of 19 solubility measurements of Mesteal. cf. Tables 1,

2 and 3 of PAMEY/ARNZ], in NaCl solutions between pH 5 and 9.5, which results in
(3.6 + 2.1) x 10~2 M. The uncertainty is &. The relevant reaction for the solubility
measurements is
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Table V.13: Summary of experimental data on the solubility of Fe&H,O(s) and

TcOy(cr).
Method of preparation  lonic medium T [Tc]®@ Reference
of TcO, - xH,O(s) or (K) (M)
TcOy(cr)
el. dep. PP 0.05and 0.5MHSO; RT® 5x 104 [63LEA
TcO, - xHp0(s)@ acidic Tc(IV) solution 208  109© [88VIK/GAR]
+NaOH, pH 6 —12
TcO,(cn@ acidic Tc(IV) solution 298  108®
+NaOH, pH 4-11
el. dep. P{® sat. Ca(OH) and redox, Rf® 10781077 [89GUP/ATK|
pH=12.5
TcO, +Zninacidic ~ cement equilibrated B 2x108-2x107 [90PIL]
solution waters, pH 8 — 13, redox
el. dep. P{? inbasic  0.01 M NaCl, 298 (3.6+42) x 10790 [91IMEY/ARNZ]
and acidic solution and 0.05-2.6 M NaCl
el. dep. P(? in no inert salt RT®  (6.8+0.8) x 10799  [92ERI/NDA|
neutral solution 93ERI/NDA]
TcOy reduction 0.1 M NaCl 298 18 [96NGU/PAL]
with hydrazine pH 1-13
dehydration of 0.1 M NaCl 298 1®Sh [96NGU/PAL]
hydrous oxide pH 1-13

@ |n references YIMEY/ARN2, 92ERI/NDA, 93ERI/NDA, 96NGU/PAL] and, presumably, reference
[88VIK/GAR], the equilibrated solutions were extracted to remove Jc&b these concentrations are total
concentrations of the Tc(IV)species. In the other studi@k EF, 89GUP/ATK, 90PIL] the TcO, was not
removed, so these concentrations are the total concentrations of Tc(IV) plys TcO

® Electrodeposition on Pt electrode.

© RT means room temperature.

@ TcO, - xHoO(s) was freshly precipitated, and Tgr) was obtained by thermal decomposition of am-

monium pertechnetate.

These are minimum values of the solubility curves and correspond to pH 7 — 9 for 3@ O(s) and pH

6 — 8 for TcQy(cr), respectively.

® Average of 19 values between pH 5 and 9.5, calculated in this review. The uncertaiaty is 2

(@ The uncertainty is & as given by the authors.

M The solubility minimum occurs at about 18 M for TcO, - xH,0(s) and about 103> M for TcOy(cr),
both for the range of pH3 to 10.

(e

£
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TcO,- 1.6H0(9) = TcO(OH)»(ag) + 0.6H,0() (V.29)

Since the ionic strength dependence of Bg29) should be negligible, the selected
equilibrium constant at = 0 with uncertainty converted to 95% confidence limits, is

logigKg(V.29,29815K) = —-84+0.5
From this solubility constant, and using our selected valu@,
AfGL(TcO, - 1.6H20, 5,29815K) = —(7585+ 8.4) kImol !

cf. SectionV.2.1, we derive our selected Gibbs energy of formation for the uncharged
Tc(IV) hydrolysis species:

AfGS,(TCO(OH)2, ag 29815 K) = —(5682 + 8.8) kImol ™t

Meyeret al. [91MEY/ARNZ found that solubilities of Tc@- xH20(s) were essentially
identical for different samples prepared by reduction of Jd@m acidic solutions

both by electrolysis and by chemical reduction with hydrazine. Thus these two methods
yield an identical product from a thermodynamic viewpoint. However, they found that
samples of Tc@- xH20O(s) that were prepared by electrodeposition of Jd@m an
alkaline solution of 0.01 M Nk(aq) had somewhat lower solubilities at any particular
pH, and therefore differ chemically in some subtle manner from samples prepared from
acidic solutions.

Nguyen-Trunget al. [96NGU/PAL] have also performed solubility experiments for
TcO,-xH20(s) prepared by reduction of TgQwith hydrazine. At the time this section
was written, we did not have access to their actual experimental solubilities and thus a
detailed comparison is not possible. However, their extended absfiagppendixA,
indicates that their solubilities for the pH range of 3 to 10 are abouf h@ol-dm3.
Although this is slightly higher than our assessed value, it falls within our assigned
uncertainty limits.

Solubilities of TcQ - xH20(s) at alkaline pHs have been reported for cement equi-
librated or simulated cement equilibrated wate89GUP/ATK 90PIL]. Dissolved
technetium concentrations from those two studies were generally higher than those
obtained from the fairly concordant solubility studies just discusSaMEY/ARN2,
92ERI/NDA, 93ERI/NDA, 96NGU/PAL. No attempts were made to distinguish be-
tween the amount of total dissolved technetium present and the fractions present as
Tc(lV) and TcQ, in these two studiesSBGUP/ATK 90PIL], and thus they provide
insufficient information to calculate values of lgd<g(V.29, 298.15 K).

Kunze et al. [96KUN/NEQ have investigated the concentration of dissolved
Tc(lV) present in solutions of Tcp being reduced to Tc®- xH20O(s) by Fe(cr)
or FeO(cr). Their measured concentrations of technetium were generally higher
than those recommended here, both in dilute solutions and in concentrated chloride
brines, but the Tc(IV) concentrations gradually decreased with time to reach values
of (1-7)x10°8 mol-dm=3 after about 250 to 490 days. These solubilities are
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approaching those reported for TeOxH>O(s) samples prepared by other methods
[91IMEY/ARNZ2, 92ERI/NDA, 93ERI/NDA, 96NGU/PAL, which suggest the solid
phases in these studies are either chemically identical or close to becoming so.

We can also calculate an approximate valueXgs;, of TcOx(cr), by using thee®
values as if the solid phase were T4€x) rather than Tc@ xH>O(s). This assumption
yieldsA¢Gy, (TcOy, cr, 298.15 K= —379 kdmol~1. This value is considerably differ-
ent that the experimentally-based value/afs;,(TcOp, cr, 29815 K) = (—4018s5 £+
11.7) kI mol~1 derived in SectiolV.3.2.4 As noted by Burnettt al. [95BUR/CAM],
this experimentally-based value predicts that @D should be stable over a wider
range of values of Eh than is predicted from the valuags;, estimated from that of
the hydrous oxide.

Burnettet al. [95BUR/CAM] performed experiments for the enthalpy of (oxidat-
ive) dissolution of samples of hydrated oxide corresponding to the empirical compos-
ition TcO, - 0.46H,O(s). As noted by the authors of that study, the resulting value of
AfHS(TcOz - 0.46H,0, s, 29815 K) yields an unrealistic value for the enthalpy of de-
hydration of TcQ-0.46H,O(s). Their “TcO,-0.46H,O(s)” was prepared by hydrolytic
precipitation from aqueous solutions@fH,)>TcClg and(NH4)>TcBrg and contained
significant amounts of technetium in an oxidation state higher than +4. Given the un-
certainty in the exact chemical composition of this “Tc0.46H,O(s)” and following
the recommendation of Burnetdt al. we do not analyse these results.

The value ofAtG; (TcOz - 1.6H20, s, 29815 K) obtained in this section could
be combined withA¢Gp,(TcOy, cr, 29815 K) of SectionV.3.2.4.2and the CODATA
value of AtGp,(H20, |, 29815 K) to yield a value of the Gibbs energy of hydration
of TcOy(cr). The Gibbs energies of formation of the first two of these compounds
are quite uncertain, and the standard propagation of error calculation implies that the
derived value of\pyqGg, = 22.7 kImol~ is uncertain byt14.5 k3mol~1. However,
since the experimental Gibbs energies of formation of cf) and TcQ-1.6H>O(s)
are completely independent of each other, it is perhaps more realistic to take the sum of
the uncertainties=20.2 k3mol~1to be the actual uncertainty for this calculated value
of AnydGp,. Obviously, the uncertainty in this value ahhydGy, is so large as to make
this calculation meaningless.

Because of their large relative uncertainties, values of the assessed thermodynamic
properties of Tc@(cr) and TcQ - 1.6H>O(s) should not both be used in the same
thermodynamic calculation. The thermodynamic data for 2cQ6H,0O(s) and the
aqueous species are thermodynamically consistent, and thus it is the appropriate sub-
stance to include in aqueous solubility calculations. In contrast, if the Tc(ce(g)O
system were being modeled, then thermodynamic data for anhydroy$crr@ould
be more appropriate.

V.3.2.6 Lower valence hydrous Tc oxides and mixed valence Tc oxides

The preparation of several lower valence and mixed valence hydrous oxides has been
claimed. In one case, “LOs - XH20(s)” was prepared as a bulk pha8@$PI/KUZ.
Cartledge TLCAR2 71CAR] has claimed a number of compounds but only as sur-
face films on technetium metal. The existence of these compounds is not pcbven,
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AppendixA [71CAR2 80SPI/KUZ. As discussed there under referenc@ CARZ,

it is impossible to unambiguously assign the observed redox potentials to any definite
redox reaction, and thus no valid Gibbs energies of formation can be calculated for the
proposed lower valence hydrous oxides.

Further compounds such as ‘9kas(s)” and “Tc(OHX(s)” [63SAL/RUL] were pos-
tulated without characterisationf. AppendixA. Mazzocchinet al. [74AMAZ/MAG]
reported convincing evidence for a Tc(lll) hydrous oxide (ApperdixThese studies
leave no doubt that electrolytic reduction of Tg@ acidic solutions can give soluble
Tc(lll), and that a hydrous oxide of Tc(lll) precipitates if the technetium concentration
is high enough. However, both Tc(lll) solutions and the hydrous oxide of Tc(lll) are
quite unstable with regard to disproportionation if the pH is increased to above 3 or 4
[79GRA/DEV, 82PAQ/LIS.

These Tc(lll) ions and hydrous oxides are also sensitive to oxidation to Tc(IV) by
O2(g) in air. This Tc(lll) hydrous oxide should formally be written as0g(s, hyd),
for lack of any information about its true chemical nature.

V.3.3 Gaseous technetium oxides
V.3.3.1 Summary of Tc oxide system

There is no doubt that $O7(I) vaporises essentially congruently, because the condens-
ate from its sublimation is still T7(g) (cf. SectionV.3.2.1). Further support from this
comes from measurements of the Raman spectrum4g) at 593 K [ 1SEL/FR].

The observed Raman spectrum is very similar to that for liquigDF¢). Other stud-

ies of interest are also described in Appendix52SIT/BAL, 74BAR, 78STE/BAG
92SIN 93GIB].

There are several reports of the observation of FgPin the vapour phase but,
in reality, those studies only provided evidence for the existence of one or more ox-
ides that are volatile at high temperatures, without determining which oxides or oxide
they were b1FRI/JAF 75EIC 75EIC/DOM. Therefore, no direct evidence for the
existence of Tcg(g) was given.

Mass spectrometric measurements have been reported f§Fd@4 and and un-
characterised oxide of technetium, and the resulting gas phase ions produced by frag-
mentation give some indication about molecular oxides that might form in the vapour
at high temperature8RSCH/HOL, 93GIB] (cf. Ref. [52SIT/BAL] in AppendixA).

With consideration being given to the various ions observed by mass spectrometry,
and given the proper temperature and oxygen fugacity conditions, it may be possible
to form any of the following gas phase molecular oxides>agg) (well known),
Tc206(9), TOs(9), T04(9), TcOs(g), TcO(g), and TcO(g). In the presence of
water vapour, both TcgDH(g) and TcQ(OH)s(g) have also been reporte@3dGIH].

High temperatures might be required to produce some of them.

The only experimental thermodynamic data available for the gaseous technetium
oxides are the vapour pressure measurements fg7[cr, 1) considered in Section
V.3.2.1.2.¢ but a number of estimates have been made as discussed below. There are
two published sets of ideal gas statistical thermodynamic calculations for gas phase
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oxides of technetium. Brewer and Rosenbl&tBRE/RO$ reported estimated val-
ues of—[G,(T) — HS,(298.15 K)]IT for TcOx(g) from 298.15 to 3000 K, along with

HS5 (29815 K) — HS(0 K) and an estimated value a@fHp, for the dissociation of
TcOz(9) to Te(g) and O(g). SchiclbSCH gave detailed calculations @ ,, (T ),
S (T), HR(T) — HS,(298.15 K), and-[Gp,(T) — Hy(298.15 K)]IT for TcO(g) by
using molecular parameters for TcO(g) that were estimated by comparison with values
for neighbouring elements in the periodic table. Sch&®3CH similarly estimated a
value for AtHp, (TcO, g, 298.15 K) by comparison with values for neighbouring ele-
ments, and then used this value to estim&t&;, as a function of temperature. The
thermodynamic properties of TcO(g) were tabulated by him from 298.15 to 6000 K.
Above about 1000 K, however, these values should decrease in reliability due to the
neglect of possible contributions of higher electronic levels in the statistical thermody-
namic calculations.

Brewer and Rosenblatt'$1BRE/RO$ tabulated values givé&y, (298.15 K) =

2628 JK1.mol~1 for TcOy(g), and Schick§6SCH gave 24074 JK—1.mol~1 for
TcO(g).

V.3.3.2 TcO(g)

There are no definitive measurements on the spectrum of TcO(g), from which its mo-
lecular parameters can be derived, but various values of these appear in the literature,
(see Table8®.7 andB.8in AppendixB).

The ground state of the TcO(g) molecule was taken tsbe, by comparison with
MnO(g) [79HUB/HER, and as predicted by Langhadt al. [BOLAN/BAU]. Values
for five higher electronic states were calculated by the same authors, by two different
approximations for th&IT state. We have adopted the parameters for these stétes,
TableV.14, where the term values for the three highest states given have been rounded,
bearing in mind the difference in the two estimates for%Hestate.

Table V.14: Calculated molecular parameters for TcO(Q).

State Termvalue Statistical weight r x1010
(cm™ (cm?)  (m)
6y 0 6 900 1.780
1 9367 8 875 1.725
A 11713 8 825 1.755
51 13300 12 660 1.837
R 20500 8 788 1.763
6y 21500 6 833 1.815

Statistical thermodynamic calculations have been made using the molecular para-
meters ¢f. Table V.14) for the °TcO(g) isotopic species. In order to estimate the
uncertainties in the derived thermal functions, these calculations were repeated with
the extreme combinations of the valuesdgrthe fundamental vibration wave number
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andr, the interatomic distance in the ground state, from the uncertainties in the selected
values. The calculated thermal functions are given in detail in TBl9IAppendixB).
The values at 298.15K are:

$,(TcO,g,29815K) = (244109 0.600) J-K~1.mol?
Com(TcO.0,29815K) = (31.256+0.750 JK~t.mol™!

Uncertainties in the calculated parameters for the five excited states which have been
included, and the undoubted presence of other excited states, will add an appreciable
uncertainty, particularly t€g ,, above 1500 K.

There are no experimental thermodynamic data from which the enthalpy of
formation can be derived, but there are values based on approximate calculations
[89LAN/BAU], and a number of estimates. In theaibp initio calculations, Langhoff
et al. [B9LAN/BAU] also estimated the dissociation energy. The uncorrected value
is Do(TcO, g) = 3.55 eV (342.5 kdnol~1). However, their calculational method
is known not to give very accurate values B§, and this value has been increased
by the same ratio obg(exp.)/Do(calc) for MoO(g) as suggested by these authors.
We take Do(exp.)(MoO, g) to be(556 + 21) kJmol~! from the assessment of
Pedley and Marshall8BPED/MAR discussed below, which wittDg(calc.)(MoO,
g)= 3898 kJmol~! from Langhoffet al. [89LAN/BAU] gives a correction factor
of 1.426 and a correcte®o(TcO, g) = (489 + 30) kJmol~1. Schick p6SCH
and Pedley and MarshalB8PED/MAR have both estimate®o(TcO, g) from the
dissociation energies of the neighbouring transition elements. Schick’s value can be
inferred to be 527 kéhol~1 (with an (unknown) uncertainty of at least 21-mdl~1),
while that from Pedley and Marshall, based on more recent data for the neighbouring
metal monoxide gases, $44 + 84) kJmol~1. The suggested value Bo(TcO,
g)= (530+ 50) kJmol~1, which after correction to 298.15 K with our selected value
for AtHp,(Tc, g, 29815 K) and the well-defined value ¢249.18 + 0.100) kJmol—1
for AtHR, (O, g, 29815 K) [B9COX/WAG gives finally

AfHZ,(TcO, g, 29815K) = (390'23) kdImol™?

The statistical thermodynamic value §f, (TcO, g, 298.15 K) yields a standard
entropy of formation ofAtS?,(TcO, g, 29815 K) = (109.033+ 0.922) JK~1.mol~2.
Combining this value with the standard enthalpy of formation then yields:

A1Gy(TcO,g,29815K) = (35757275) kdmol™t

V.3.3.3 Te07(g9)

The thermal functions of Tx7(g) are derived from the analysis, partly estimated,
of the structure and vibration frequencies of,0g(g) by Beattie and Gilson
[96BEA/GIL] from the observed Raman spectidlSEL/FR] and by comparisons
with RexO7(g), for which new spectroscopic measurements have been made
[96BEA/GIL]. Since the detailed analysis for J@7(g) which appeared in a preprint
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of [96BEA/GIL] obtained by the reviewers did not appear in the published article
[96BEA/GIL], we present an extended summary here.

The solid MpO7(cr) heptoxides (M = Mn, Tc, Re) have been studied, by other
workers, using X-ray single crystal diffraction techniques. J&(cr) (which melts
at 279.1 K) is molecular with exactyC symmetry with an Mn-O-Mn bond angle of
120.7 [88DRO/KRH. (This structure can be obtained from the “linear” eclipsed
Mn20O7 by bending the Mn-O-Mn link). Crystalline B©7(cr) is also molecular
[69KRE/MUL] , but with G symmetry with linear Tc-O-Tc bonds, the length of the
bridging Tc-O bond being= 1.840x 10-19 m. The terminal Tc-O bonds vary from
(1.649 to 1695 x 10719 m, 1673 x 10719 m, being the average value. If all the
Tc-O bonds were made equivalent, the molecule would haye 9mmetry, with
the staggered configuration. By contrast, solid®#€cr) has a polymeric structure
[69KRE/MUL], in which strongly distorted Re§octahedra and fairly regular RgO
tetrahedra are connected through corners to form double layers. The average Re-O-Re
angle is about 150

As athin film, or when isolated in argon or nitrogen matricesp®@nwas estimated
to have a bond angle of 150 - 16{B3LEV/OGDO, and a recent electron diffraction
study of molecular Rg€7 in the vapour at 503 K92KIP/HER indicates an Re-O-

Re bond angle of 1436 with the ReQ@ groups offset by 3%, thus reducing O-O
repulsions in the different Re{roups.

The calculated Raman spectrum of,0g(g) assuming a structure identical to
that of gaseous R©7(g) closely resembles the experimental data of Selig and Fried
[71SEL/FRY], in terms of both frequencies and intensities. This is not true if the linear
Tc-O-Tc structure is adopted. Thus although the spectroscopic data may not unambigu-
ously distinguish between a bent and “linear” species, the evidence for non-linearity is
compelling.

The “bent to linear to bent” sequence found in the diffraction experiments of the
solids, on passing from Mn to Re, is most likely to be attributable to packing effects
in the solids. We therefore assume that@g(g) has a non-linear Tc-O-Tc link, and
adopt a molecule with precisely the same dimensions as derived $@7Rp from
the electron diffraction study9RKIP/HER. This is a justificable assumption since
Selig and Fried T1SEL/FR] showed that the two molecules had nearly identical gas
phase Raman spectra. This structure hasynmetry, Tc-O(bridgingx 1.892 x
10~10m, Tc-O(terminal)= 1.708x 10~19m, a Tc-O-Tc angle of 143260(bridging)-
Tc-O(terminal) of 110.2 and 32 twist of the TcQ unit. A force-field model has been
developed for RgD7(g) [96BEA/GIL], and replacement of the mass of Re by that of Tc
led to a first set of frequencies for J©7(g). The terminal stretching force constant and
the corresponding interaction term, plus the interaction between the terminal-stretch
and the bridge-stretch were first adjusted manually from the ratios of the squares of
the appropriate observed Raman frequendi@SEL/FR]. A series of least-square fits
was then obtained by relaxing the force constants in selected batches. Finally, in the
340 - 360 cn1! region, calculated Raman intensities were used to match the observed
Raman envelope. These Raman intensities were calculated using a combination of
bond and atom polarisabilities.

The results of these calculations are given in Tabl&0 (AppendixB), which
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includes a comparison with the experimental Raman da8EL/FR]; the infrared
spectrum of TeO7(g) has not been reported.

The symmetric torsional mode was reasonably assigned as approximately coin-
cident with the low frequency deformation at 60 chwith this, the anti-symmetric
torsion is calculated to be at 38 cth However, these low frequency modes are open to
serious question and represent no more than intelligent guesses. It is seen that there is
good-to-excellent agreement with the experimental frequencies both as regard position,
intensity and polarisation. The frequencies selected for the thermodynamic analysis are
highlighted (see TablB.10); these are the experimental frequencies fréd§EL/FR]
where available, otherwise the calculated values.

The ideal gas thermal functions calculated with the data discussed above are given
in TableB.11 (AppendixB). The symmetry number has been taken to be 2, consistent
with Co symmetry.

To ascertain the effect of the uncertainties in the vibration frequencies, calculations
were also made with increased and decreased values of the frequencies, from which
it was concluded that realistic uncertaintiesSh (298.15 K) andCy , (298.15 K for
Tco07(g) are less than 12 and 5KJ1.mol~! respectively. For these comparisons,
the eight frequencies for which experimental confirmation is available were varied by
+2%; the remaining eleven frequencies above 60tmere varied byt10%, and the
two lowest frequencies, which are more uncertaind®p%. Thus, our selected values
are

S,(Tc207,0.29815K) = (436644 12.00) JK 1.mol™t
Com(T€207.0.29815K) = (1467+50) JK tmol™*

With the help of the enthalpy of formation selected in Sectith?2.1.2c,
AfHy(TcO07,0,29815K) = —(10081+16.1) kJmol~t
we can derive the Gibbs energy of formation

AfGS(Tc207,0,29815K) = —(9048+ 16.4) kdmol™t

V.3.4 Technetium hydrides
V.3.4.1 Solid technetium hydrides
V.3.4.1.1 Binary hydrides

Metallic technetium shows little tendency to react with(¢) under conditions of
ambient temperature and pressure. However, in 1979, Spéswah [79SPI/PON
reported the synthesis of TgdFz+0.05)(cr) by direct reaction using #g) pressures

of up to 19 kbar at 573 K. It formed a single phase with a hexagonal lattice with

a = (2.805+ 0.02) x 107®m andc = (4.4554 0.02 x 10719 m. At room tem-
perature and one atmosphere pressure it took several months for this hydride to spon-
taneously decompose, and it was kinetically stable during isothermal annealings up to
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about 470 K. However, with continuous heating under open conditions it decomposed
almost completely back to the metal ang(¢) by 570 K.

Spitsynet al. [BLSPI/ANT] varied the H(g) pressures from low pressures to about
22 kbar at 573 K and studied the Tg-libotherm. Below about 1 kbar, Sieverts’s
law was observed for dissolution of hydrogen; that is, F¢tt) formed withm o
/PH;- The formation of material with the approximate composition g sts), and the
TcHo.78(s) was reported.

Samples of Tcldss(cr) and Tchso(cr) were later studied by neutron diffraction
[84GLA/IRO, 85SHI/GLA]. Both hydrides were indexed for hexagonal cells with

e a = (28014 0.004 x 1019 m andc = (4.454+ 0.010)x 1019 m for
TcHo.4s(cr),

e a = (2.838+ 0.004 x 1019 m andc = (4.465+ 0.010) x 1019 m for
TCHO_GQ(Cr).

Three unexpected diffraction peaks were observed forghetdr), which the authors
interpreted as evidence for a superstructure. They concluded that hydrogen atoms oc-
cupied octahedral intersticies in the technetium lattice.

Antonov et al. [BO9ANT/BEL] similarly prepared samples of Tgk{s) withm =
0.26, 0.385, 0.485, and 0.765. Magnetic susceptibilities were measured as a function
of temperature, and the experimental results were used to estimate critical temperatures
for superconductivity as a function of the H/Tc mole ratio.

Zakharovet al [91ZAK/BAG] studied the electrolytic reduction of aqueous
NH4TcOy4 at pH = 1 on to a nickel substrate at current densities of 7 and 18 2.

The electrode deposits were examined by X-ray diffraction and were reported to be
TcH<0.27(S), cf. AppendixA.

There are no experimental thermodynamic data forfi&l However, Bouten and
Miedema BOBOU/MIE] estimated thatz¢Hy, (TcosHos, ) = +9 kImol~1. This
positive value indicates that it should spontaneously decompose at 1 bar pressure, as is
observed to happen.

V.3.4.1.2 Ternary hydrides

Floss and Grosse&pFLO/GRQ reduced TcQ along with a NHReQ, carrier using
potassium in ethylenediamine, to yield the ternary hydride KR&H,0O(s). The tech-
netium co-crystallised in the rhenium hydride, presumably @e<Tc)H, - 2H>0(s).
This material could be dissolved in cold aqueous 2 M KOH with slow decomposition,
but when it was added to dilute HCI the decomposition was rapid.

Ginsburg p4GIN] repeated this preparation in an ethylenediamine-ethanol mix-
ture but used carrier free NFicO4. The resulting crystals were hexagonal wath=
9.64x10"1%m andc = 5.56 x 10~19m, and they were shown to be isostructural with
K2RehHp(cr). Thus, the technetium compound was probablyéHg(cr). Small quant-
ities of Ko TcHy(cr) could be dissolved in 20 to 50 mass-% aqueous KOH without ex-
cessive decomposition, but decomposition was rapid wh@®5% KoTcHg(cr) was
added.
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No thermodynamic data are available, bufli€Hg(cr) decomposes under normal
environmental conditions.

V.3.4.2 Gaseous technetium hydrides

Mastryukov [f2MAS] estimated that the bond dissociation energy for TcH(g) was 198
to 243 kdmol! based on correlations for hydrides of other elements. A value of
188 kJmol~! was estimated by Langhoéft al. [87LAN/PET] from quantum mech-
anical calculations using the coupled pair functional method with relativistic effective
core potentials, and 168 kdol~1 by using the singles-plus-doubles configuration in-
teraction method. No experimental value is available for comparison. They concluded
that the ground state was most likely to BB+, and the bond length was (1.85 to
1.86)x 10 10m,

Wang and BalasubramaniaBJWAN/BAL] performed quantum mechanical cal-
culations for TcH(g) by using the state-averaged complete active space self-consistent
field (CASSCEF), first-order configuration interaction (FOCI), and multireference single
plus double configuration interaction (MRSDCI) methodologies, and spin-orbit effects
were accounted for using the relativistic configuration interaction (RCI) method. The
ground state of TcH(g) was predicted to b/ &f" symmetry with an atomic distance
of 1.75 x 1019 m and a dissociation energy of 254-mdl~1, which is somewhat
higher than most of the other estimates noted above.

Balasubramanian and Wan8§9BAL/WAN] performed similar quantum mech-
anical calculations for Tck{g) using the same methodologies as used by them for
TcH(g). The ground state for Tglfy) was predicted to be a IineéEar state with

Tc—H distances of (1.745t0.766) x 10-19m, and it was 746 kJmol~! more stable
than the ground states of the elements Tcf&)@and H(g).

V.4 Group 17 (halogen) compounds and complexes

V.4.1 Fluorine compounds and complexes
V.4.1.1 Aqueous technetium fluorides

There are few studies in the literature on technetium complexation with fluoride anions.
Only the Tc(IV) Tcl—%‘ complex has been identifie3SCH/HER 65JJR/SCH but

no thermodynamic data are available. This species is also briefly discussed in Sec-
tionv.4.2.1.1

V.4.1.2 Solid technetium fluorides
V.4.1.2.1 Binary technetium fluorides
V.4.1.2.1.a Tchk(cr)

Selig, Chernick and Malme[LSEL/CHE reported that direct reaction of powdered
technetium metal andykg) for two hours at 673 K produced the volatile solid F6¢¥)
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in greater than 90% vyield. This chemical formula was deduced from the number of
moles of k(g) consumed per mole of technetium, and chemical analyses indicated 5.8
F per Tc. Solid Tck(cr) was golden-yellow at room temperature and underwent a
solid-solid transition around 270 K, it had a vibrational fundamental at 745'cand
it was hydrolysed and disproportionated by aqueous NaOH to form, Teg®l,0(s)
and TcQ . The Tck(cr) melted around 306 K.

Siegel and Northropg6SIE/NOR reported an X-ray structural determination for
both solid modifications of Taffcr):

e TcFg(cr, cubic), the high-temperature form. It was cubic with= (6.16 +
0.06) x 107 19m andZ = 2 at 283 K.

e TcFg(cr, ortho.), the low-temperature form. It was probably orthorhombic, with
a=0955x101"m,b=874x1019m,c=502x 10°mandz = 4 at
254 K.

They revised the earlier reported melting temperat6SEL/CHE to 310.2 K and
the solid-solid transition temperature to 267.9 K.

The solubility of Tcks(cr) in anhydrous HF was reported to be 0.89 kgt at
room temperatureg[/FRL/SEL but no experimental details were given.

Selig and Malm $2SEL/MAL] reported vapour pressures of the low-temperature
solid of TcFks (cr, ortho.) from 256.83 to 267.68 K, for the high-temperatureg(cf;
cubic) from 268.32 to 310.03 K, and for the liquid from 311.11 to 324.82 K.Their
reported least-squares equations are equivalent to

In p/bar(TcFs, cr, ortho) = 880741— 8208371 (V.30)
—~10.787 InT

In p/bar(TcFs, cr, cubig = 286883—50150T 1 (V.31)
—2.295 InT

In p/bar(TcFs, liq) = 50.5040— 5537571 (V.32)
—5.8036 InT

These equations yield an enthalpy of fusion of 4.7kl at the fusion temperature
310.55 K, an enthalpy of sublimation for Tg(€r, ortho.) of 44.2 kdmol~1 at 267.9 K,

and an enthalpy of sublimation for Tger, cubic) of 36.6 kJ mol~1 at 267.9 K.

No uncertainties were given for the least-squares parameters of these equations, but
the typical deviations between experimental and least-squares values are around 1
104 bar forT < 274 K, from (3 to 7x10~* bar up to about 305 K, and about (1.0

to 1.5)x102 bar at higher temperatures. The difference between the enthalpies of
sublimation of the two solid forms leads to an enthalpy of transition of 7.6ndl—1

without any correction for differences in heat capacity.

A careful and detailed calorimetric study was made by Osboeheal.
[780SB/SCHi for both solid forms and for liquid®®TcFs. They measured heat
capacities from 5.809 to 347.937 K by a combination of isoperibolic and adiabatic
calorimetry, the enthalpy of transition between the two solid phases, the enthalpy
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of fusion of Tck(cr, cubic), and the transition and melting temperatures. These
enthalpies of phase transitions are more precise and should be more accurate that
their earlier results from vapour pressure measurements, and they are accepted by us.
TableV.15 contains their derived results at selected temperatures. Correction of their
values from 1 atm to 1 bar was not necessary because these corrections are smaller
than the experimental precision. In addition, adjustment of their molecular mass
of 2128968 g- mol~! to the current value of 212967 g- mol~! yields negligible
corrections of 0.00005% for thermodynamic values. These authors estimated that their
values ofC;;’rn Sy [H(T) — HL (0 K)] and [GR, (T) — Hy (0 K)] were uncertain by
0.1% above 25 K and by up to 1% at lower temperatures. This review doubles these
uncertainties to 0.2% and 2%, respectively, for 95% confidence limits.

The recommended thermodynamic values at 298.15 K are:

Si,(TcFs, cr, cubic 29815K) = (253524 0.51) JK1.mol™!
Cpm(TCFs, cr, cubic 29815K) = (157.84+0.32 JK *mol™*

The earlier value of the enthalpy of fusion of Tg¢€r, cubic) from vapour pres-
sure measurements reported by Selig and MSRSEL/MAL], 4.7 kJ- mol~1, is less
precisely but in very good agreement with the direct calorimetry valug.6.89+
0.0031) kJmol~1[780SB/SCHL Similarly, the enthalpy of transition of Tekcr, or-
tho.) to Tcks(cr, cubic) of 7.6 kJ mol~1 from their vapour pressure measurements
is in reasonably good agreement wi102494+ 0.0098 kJ-mol~! from direct calor-
imetry. The more precise direct calorimetry values are accepted. Their recommen-
ded melting temperature wa811136+ 0.098) K and transition temperature was
(286.335+ 0.009) K, both at 1 atm pressure.

The AsupH (TcFe, cr cubic),AsulGp,(TcFs, cr cubic) andAgypSh,(TcFe, cr cubic)
are discussed in Sectia.1.3.1

V.4.1.2.1.b Tc(cr)

TcFs(cr) was found as a byproduct of fluoridation of technetium by Edwards, Hugill
and Peacockg3EDW/HUQ. This solid melted at 323 K, and it began to decompose
in glass at 333 K (possibly by reaction with oxygen from the silica). Thiss{aly
crystallised in an orthorhombic space group with= 7.6 x 1019 m, b = 5.8 x
1071%m, andc = 16.6 x 10~1°m, and it was isostructural with Cgfer).

TcFs(cr) was later prepared in quantitative yield by reduction ofg[sJFwith I2(g)
in IF5 [76BIN/SEL. Solid Tcks(cr) had a magnetic moment of 3.00 B.M. Supercooled
liquid TcFs(l) at 298.15 K had vibrational bands at 749 and 693 &ifboth are intense
and polarised), with weaker bands at 669, 282, 225, and 139.cifhe vibrational
fundamentals were not identified. Solid (&) at 223 K had three strong vibrational
bands at 698, 750, and 775 th No thermodynamic data have been reported.

V.4.1.2.2 Ternary technetium fluorides

V.4.1.2.2.a MTcFe(cr) (M = K, Rb) and their hydrates

A number of double metal halides have been reported for technetium. Early data for
them have been summarised by Colt6BCOL and Peacockd6PEA.
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Table V.15: Thermodynamic properties of solid and liquid g.€F

T Com Sh [Ha(T) = HROK)]  —[Gh(T) — HRO KT
(K) (IK~Lmol Yy (IK L1mol~1) (kJmol—1) (3K Lmol~1y

cr, orthorhombic

0 0.000 Q000 Q00000 -

20 18117 13463 Q12765 7080
40 41539 34091 Q74992 15343
50 49625 44243 120636 20116
60 57261 53970 174102 24953
80 71656 72446 303244 34541
100 84381 89838 45959 43878
120 95551 10623 63972 52917
140 10573 12173 84116 61650
160 11497 13646 10620 70089
180 12377 15052 13008 78250
200 13235 16400 15569 86155
220 14106 17702 18303 93827
240 15023 18968 21214 10129
260 16338 20218 24338 10857
268.335 1745 20744 25729 11156

cr, cubic
268.335 1427 23735 33754 11156
280 15262 24377 35514 11693
298.15 15784 25352 38331 12495
300 15838 25450 38624 12575
311.136 16158 26033 40405 13046
Liquid

311.136 1765 27517 45024 13046
320 17397 28004 46561 13454
340 17694 29067 50070 14341
350 17843 29583 51846 14769

@ Transition enthalpy from Tcffcr, ortho.) to Tcg(cr, cubic) is (8.0249+ 0.0098 kJ-mol~1 at
the transition temperature of 268.335 K. The enthalpy of fusio@i8189-+ 0.0031) kJ- mol~1 at
the melting temperature af31114 + 0.10) K. Values ofcgqm , S5 [HR(T) — HR (0 K)], and
[Gh(T) — H3(0 K)] and are uncertain by 0.2% above 25 K, and by up to 2% at lower temperatures.
The temperature scale used for these heat capacity measurements was not identified, but we presume
that it was the International Practical Temperature Scale of 1968 (IPTS-68). Thermodynamic values
were not corrected to the most recent temperature scale (ITS-90) because any resulting changes for the
various thermodynamic properties would be significantly less than their corresponding experimental
uncertainties.
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Schwochau and Her6BSCH/HER first described the synthesis obKcFg(cr) by
fusing a mixture of KTcBrg with KHF2. Recrystallisation of the product from water
gave a 60 to 70% yield of hexagonal plates gffiKFs(cr). They reported the solubility
of KoTcFe(cr) to be 0052 mol- kg~1 at 298.15 K. No details were given for this
solubility determination.

Schwochau later described preparation ofyRifs(cr) [64SCH. A simpler
method of synthesis has since been given by Alberto and Ande&&gd_B/AND].
They reacted aqueous T(@rwith 40% HF and then removed Brby precipitation
with Ag(l). After 24 hours of reaction at 353 K, precipitation with ethanol gave an 89
to 98% yield of K;TcFg - HoO(s) as a white powder.

Crystal structure data have been reported folvFg(cr) (M = K, Rb) at room tem-
perature $3SCH/HER 64SCH and also magnetic susceptibilities have been reported
for KoTcFg(cr) [64SCH/KNA. A summary of the crystal structure parameters was
given by Melnik and van Lier§7MEL/LIE]. TableV.21in SectionV.4.2.2.2gives a
complete listing of the unit cell parameters and space groups for these compounds. No
thermodynamic data are available.

V.4.1.2.2.b MTcFs(cr) (M = Na, K, Rb, Cs)

Edwards, Hugill and PeacocBR3EDW/HUQ and Hugill and Peacocl6pHUG/PEA
described the preparation of the double fluorides of Tc(V): Nalal; KTcks(cr),
RbTcks(cr), and CsTck(cr). They were prepared by reduction of &dby alkali metal
chlorides in 15 solutions, and refluxing for several minutes was required to complete
the reaction. Cooling the solutions then gave crystalline powders of MEQF The
use of alkali metal iodides rather than chlorides as the reducing agents caused reduction
of Tckg to a Tc(IV) complex. Dissolution of MTcgtcr) in water gave decomposition
to approximately 2:1 mole ratios of Tc(IMTcO; - xH20(s) + TcFé‘) and Tcq .

The unit cell parameters for these MTg€r) are listed in Table/.21 in Sec-
tion V.4.2.2.2 along with those for the more numerous Tc(IV) double halides. No
thermodynamic data are available.

V.4.1.2.3 Oxyfluorides

Two reviews are available for technetium halides and oxyhalides that cover the per-
tinent literature up to the early to mid 196@5[COL, 68CAN/COL]. They contain
discussions of methods of preparation, chemical properties, and thermodynamics and
phase behaviour.

There is a lack of thermodynamic data for most of the technetium oxyhalides, but,
since they hydrolyse in water, they should decompose under normal environmental
conditions.

V.4.1.2.3.a TcQF(s)

Selig and Malm §3SEL/MAL] prepared this compound by reaction of T£€r) with
flowing /> gas at 423 K. The volatile product was isolated as a solid by cooling the
vapour, and it was purified by sublimation. Tgomelted at 291.4 K and boiled around

373 K at 1 atm. Vapour pressure measurements were reported for the solid from 264.37
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to 291.43 K, and for the liquid from 291.43 to 324.97 K. They found that 3/(©)
hydrolysed in aqueous alkali to form aqueous JcO

The results of vapour pressure measurements foglF¢) using a quartz differen-
tial Bourdon gauge were reported as least-squares equai®dB&[/MAL] which are
equivalent to

In(p/ban = (22.042+ 0.266) — (74590+ 73.6)/T

for the solid, and

In(p/ban

for the liquid. Reported uncertainty limits are presumed to have been one standard de-
viation and were converted to 1.86values. These equations yield an enthalpy of sub-
limation of (62040.6) kJmol~1, an enthalpy of vaporisation of (320.2) kJmol~1,
and an enthalpy of fusion of (224 0.7) kJmol1.

Reaction of NHTcO4 [74BIN/EL-] or KTcO4 [82FRA/LOQ with anhydrous
HF also produced Tcgp(s), and addition of Asfto such a solution yielded
TcY O3AsFs(s) [82FRA/LOQ.

(12761+ 0.099 — (47539+293)/T

V.4.1.2.3.b TcOR(cr)

Edwards, Hugill and PeacocB3EDW/HUQ found that TcOR(cr) was produced as
a byproduct of the direct fluorination of Tc metal. It was similar to Rg@©H in be-
haviour, and they are isostructur&®8EDW/JON. TcOFRy4(cr) melted at 407 K and
had an effective magnetic moment of 1.76 B.M. at 298.1%5BHDW/HUQ. A tri-
meric polymorph of TcOKcr) was also formed during fluorinatio6§EDW/JON.
Structural information for these solids is given in Tall&6.

Peacock T3PEA reported some additional information for Tcg{Er) based on
unpublished measurements by A.J. Edwards. Technetium oxytetrafluoride underwent a
solid-solid phase transition at 357.7 K and melted at 406 to 407 K. The vapour pressures
of the two solid forms and liquid were given as least-squares equations, but no raw data
or experimental details were given. These vapour pressure equations are equivalent to

In p/bar(solid I, 29815t0 3577 K) = 31718-—12793T
In p/bar(solid Il, 357.7t0406 K = 21.702—921Q'T
In p/bar(l, 406to 423K = 16.682—5844/T

These equations yield an enthalpy of sublimation for the low-temperature solid
of 1064 kImol~1, an enthalpy of sublimation of the higher-temperature solid of
76.6 kdmol~1, an enthalpy of transition of 29.8 kdol~1, an enthalpy of vaporisation

of 48.6 kJmol~for the liquid, and an enthalpy of fusion of 28.0-kbl-1. The
uncertainties in these\;Hy, values cannot be rigorously determined since the
precision of the vapour pressures was not given, -biif0 kJmol~! should be a
reasonable estimate for enthalpies of sublimation and vaporisatiof hdckJmol—1

for transition and fusion. TcQftcr) was hydrolysed completely by water to HF,
HTcOy4, and TcQ - xH20(S).
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Table V.16: Crystal structure parameters for Tc oxyfluorides.

Phase Crystal Space Z Lattice parameters Reference
symmetry group X 1010/ m)

TcORy(cr) monoclininic  C2/c 16 a=1893 [67EDW/JON
b =5.49
c=1443

(TcORy)3(cr)  hexagonal Pgm a=b=9.00+002 [68EDW/JON
c=7.92+0.02

TcOyR3(cr) triclinic® PL 8 a="7.774+0.006 [93MER/SCH

b= 7797+ 0.002
¢ = 116024 0.006

@ ¢ = (89.41+0.04)°, 8 = (88634 0.06)°, andy = (84.32+ 0.04)°.

V.4.1.2.3.c TcQF3(cr) and Tco05F4(s)

Reaction of Tc@F(s) in anhydrous HF with either Xgfor KrF; yielded a new oxy-
fluoride, and an additional compound was produced after further reaction with KrF
[82FRA/LOQ. Measurement of th&°Tc, 170, and'°F NMR spectra led to the tent-
ative identification of these compounds as@gF4(s) and TcQF3z(cr). They were

only partially characterised since they were dissolved in HF, bug ¢eld KrF, are

such strong oxidising agents that these two new compounds were undoubtedly Tc(VII)
compounds.

The compound Tcek3(cr) prepared by Frankliet al. [B2FRA/LOQ in an HF
solution has since been synthesised, isolated, and characterised in pure form by Mercier
and Schrobilgeng3MER/SCH, (AppendixA). Pure TcQF3(cr) melted at(473+
1) K, and was sparingly soluble in anhydrous HF, but it dissolved in such solutions
when excess Xefwas present. The dissolved species was prok:(atﬂfgr )(TcOF,).
Structural information for Tc@Fs(cr) is given in Table/.16.

V.4.1.3 Gaseous technetium fluorides and oxyfluorides

V.4.1.3.1 Tck(g)
V.4.1.3.1.a General properties

Vapour density measurements performed by Selig, Chernick and M4ISHL/CHE,
indicated that Tck{g) was monomeric.
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Claassen, Selig and Malr62CLA/SEL] reported IR spectra of gaseous E¢f) at
several pressures, and a partial Raman spectrum for the liquid. From these spectra they
evaluated five of the six vibration fundamentalg:= 705,v, = 551,v3 = 748,14 =
265, andvs = 255 cn L. They later reported additional Raman spectra measurements
for gaseous Tcgfg) [7OCLA/GOQ and revised the frequenciesit9 = 7129, v, =
639,v3 = 748,14 = 265,v5 = 297, andvg = 145 cnTl. However,v, andvs
are “estimated best values”, anglwas obtained from the tentative assignment of the
289 cnm! frequency as the first overtone of. Unfortunately, gas phase entropies
from statistical thermodynamic calculations are very sensitive to the frequency of low
lying levels likevg, and a reinvestigation would be most helpful. Force constants have
been derived from these frequenci83GEL/MCD.

V.4.1.3.1.b Thermodynamic data

Osborneet al. [780SB/SCHi calculated the entropy of Tegkg) from the entropy of
the liquid at 320 K, together with the entropy of vaporisation of the liquid from the
earlier vapour pressure studg2ZSEL/MAL]. This review now repeats their type of
calculation, but at 298.15 K rather than 320 K, using d(cE cubic) as the reference
condensed phase, (see discussion in AppeAdixder Ref. fBOSB/SCH)). The cal-
culated value is 3683 JK~1.mol~1 which is within about 0.1% of Osborre al. ’s
[780SB/SCH derived “experimental” value, after adjustment for the temperature dif-
ferences. This review calculates the uncertainty for this value todse 2K ~1.mol1.

The value resulting is thus

S(TcFs, 9, 29815K) = (3630+ 2.4) JK 1.mol™? (V.33)

Osborneet al. [780SB/SCHlalso calculated the statistical thermodynamic entropy
of TcFs(g) using the vibration frequencies of Claassdral. [7TOCLA/GOQJ. Their
calculated statistical entropy at 320 K was about 1% below their “experimental” en-
tropy (which agrees with the experimental value derived in this review). Osletale
[780SB/SCHassumed the 1% discrepancy between their “experimental” and statist-
ical thermodynamic entropies was due to inaccuracyjand adjusted it to give better
agreement.

This review has also recalculated the ideal gas thermodynamic properties of
TcFs(g), see Tablé/.17. The entropy value at 298.15 K is

S,(TcFs, 9,.29815K) = 359136 JK 1.mol~* (V.34)

A rigorous estimation of the uncertainties in the statistical thermodynamic values
for TcFs(g) is not really possiblecf. AppendixA). Based on very conservative estim-
ates, this review calculates that this valu&hfis uncertain by about 5.5 K. mol~*
at 298.15 K and 6.3 at 1000 K. However, the calculated experimental valu®, 3}, (
and the derived statistical thermodynamic value, ¥84), agree to 36 JK~1.mol~!
at 298.15 K, so the estimated uncertainty limits may be slightly too large.

The calculation of the experimentally-based valueStTcFs, g, 29815 K) =
(3630 + 2.4) JK~1.mol~1 given in this section, was performed by the same basic
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Table V.17: Ideal gas thermodynamic properties of g{gl-from statistical thermody-
namic calculations®

T C.m S [Ha(T) = HRQO K]  —[Gy(T) — HR(O KT

(K) @-K 1 moly (3-k~1.moll (kJ-mol~1) (@-K=1.mol~1)

0 0.000 Q000 Q000 -

10 33258 165785 0332 132527

25 33673 196314 0832 163007

50 41226 221480 1751 186458
100 65968 257636 4431 213323
200 100210 314977 12900 250475
29815 120703 359136 23822 279235
300 121001 359883 24046 279730
400 133421 396550 36821 304497
500 140847 427188 50565 326057
600 145475 453308 64898 345144
700 148503 475976 79607 362251
800 150573 495949 94567 377740
900 152042 513774 109702 391882
1000 153120 529851 124963 404888

@ Calculated with a symmetry number of 24; vibrational frequencies of 712.9 (multiplicity = 1), 639 (mul-
tiplicity = 2), and of 748, 265, 297, and 145 crh (multiplicity = 3); a molar mass of 21897 g- mol~1;
and a Tc-F bond distance of8b x 10~10m.

method used by Osborre al. [780SB/SCH and which, in essence, is a second-law
evaluation

However, since experimental heat capacities are available fgy(@cEubic), (see
TableV.15in SectionV.4.1.2.), and statistical thermodynamic calculations are avail-
able for Tcks(g), (see Table/.17), a third-law evaluation of the standard enthalpy of
sublimation for Tck(cr, cubic) can be done, the results of which are presented in Table
B.12 Third-law-based evaluations are generally more accurate than second-law-based
evaluations of enthalpy changes. Details of the calculation are given in Appa&ndix
under Ref. fBOSB/SCH.

The more reliable value of\syHp,(TcFg, cr cubic 29815 K) = (34.536t
0.094) kdmol~! was obtained from a third-law analysis of the experimental vapour
pressures of Tdftcr, cubic) along with statistical-thermodynamic calculations of
thermodynamic properties for Tefg). This very small uncertainty is based on the
precision of the input data. However, the uncertainty limit does not yet include uncer-
tainties and errors arising from inaccuracies in the statistical-thermodynamic functions.
As noted in the previous section, the frequencies of two of the six vibrational funda-
mentals for Tck(g) used in the statistical thermodynamic calculations were estimated
and another was a tentative assignmettGLA/GO(QJ (see also T8BOSB/SCHi in
AppendixA). Thus the calculated values akyHp, (TcFs, cr cubic 29815 K) could
slightly differ systematically from the correct values.

The one case that we can make a direct comparison between experimental and
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calculated values is for the molar entropy of the ideal §j6TcFs, g, 29815 K).

As noted above, the experimental and statistical-thermodynamic values disagree by
3.86 JK1.mol~1, but a sensitivity analysis, using estimated uncertaintites for the vi-
bration frequencies of Tefg) gave a larger uncertainty of about 1K J*-mol~1. We

will assume that the entropy of Tgfg) is uncertain by an intermediate amount but
closer to the observed difference, and thus our recommended value is

S(TcFs, 9, 29815K) = (35914+ 4.50) JK~1mol™!
Com(TCFs, g,298.15K) = (12070 2.63) JK~“-mol™*

This then yields a standard entropy of sublimation ®&§,,S,(TcFs, cr cubic,
298.15 K) = (1056 + 4.5) kJmol~l. Although this value is smaller than the
derived “experimental” entropy of sublimatig095 kJmol~1), it is recommended
here since it maintains consistency with the third-law calculation\ gfHy,(TcFe,
cr cubic, 298.15 K). Based on the precision of the experimental vapour pressures,
the uncertainty inAsudGp,(TCFs, cr cubic, 298.15 K) is about0.012 kdmol~1.
However, the larger uncertainty assigned\ignS;,(TcFs, cr cubic, 298.15 K) implies
that a more realistic uncertainty limit for the standard enthalpy of sublimation is
+1.3 JK~tmol L.

The recommended values are thus

AsubHm(TcFs, cr cubic 29815 K) (34.54+ 1.30) kJmol1
AsubS,(TCFs, cr cubic 29815K) = (1056+4.5) JK~tmol™!
Asutf35,(TCFs, cr cubic 29815K) = (3.055+ 0.012) kJmol~!

A more detailed spectroscopic characterisation ofg{@fFis needed in order to
refine the statistical thermodynamic calculations. The resulting improved free energy
functions will then allow more accurate enthalpies and entropies of sublimation of
TcRs(cr, cubic) to be derived. Also needed is a determination of the enthalpy of form-
ation of Tcks(cr, cubic) or of Tck(g).

V.4.1.3.2 Gaseous technetium oxyfluorides

Two gaseous oxyhalides, TgB(g) and TcOk(g) have been identified. Binenboym,
El-Gad and Selig 74BIN/EL-] reported vibrational frequencies for TgE(g). They
are,v1(Tc-O symmetric stretch) = 962o(Tc-F stretch) = 696y3(0O-Tc-O symmetric
bend) = 317p4(Tc-O asymmetric stretch) = 95#5(0O-Tc-O asymmetric bend) = 347,
andve(F-Tc-O rocking motion) = 231 cmt. Force constants were derived from that
study by BaranT5BAR].

Rakovet al. [72RAK/KOY calculated the heat capacities, entropies, relative en-
thalpies, and G (T) — H5(298.15 K)JIT values for TcOk(g) from 298 to 2000 K.
Since the vibrational fundamentals have not been measured, they used estimated mo-
lecular parameters (their estimated vibrational frequencies were not given) and bond
distances. Because the uncertainty of these calculated values is reasonably large, this
review does not recommend their reported values.
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Zavalishin and Mal'tsev did similar statistical thermodynamic calculations for
TcOsF, [76ZAVIMAL2], and for TcOR [76ZAV/IMAL], from 100 to 4000 K, as
well as for some oxychlorides (Section4.2.3. However, the English language
translation of this journal, Moscow University Chemical Bulletin, which claims to be
a cover-to-cover translation, did not contain these articles. These articles appear in the
Russian language edition, but they are one paragraph each and contain no details of
the calculations. In addition, only the values at 298.15 K were tabulated. Since their
accuracy cannot be assessed, these results are not recommended.

This review performs ideal gas statistical thermodynamic calculations fogH{c)p
and TcQCI(g) (SectionV.4.2.3 using the harmonic oscillator approximation and
published vibrational frequenciegJGUE/HOW 74BIN/EL-, 7BGUE/HOW. For
TcOsF(g) 185 x 10719 mis used for the Tc-F bond length, which is the same value
used for Tck(g) (see Sectiov.4.1.3.). TableV.18 contains these thermodynamic
values for TcQF(g). The uncertainty limits are obtained by assuming the uncertainties
in all of thev; values is 5 cm.

S (TcOsF, g,29815K) = (3068794 0.677) JK~tmol™!
Com(TCOsF. 9,29815K) = (77.261+0.308) JK~tmol™*

Table V.18: Ideal gas thermodynamic properties of 3i€(@) from statistical thermo-
dynamic calculatior{®

T Com Sh [Ha(M — HRO K]  —[GH(T) — HR(0 K)JIT
(K) @-K 1 moly (3-k~1.mol 1) (kJ-mol~1) (@-K™1.mol"Y)
0 0.000+0.000 Q000+0.000 Q000+0.000 —
10 33258+0.000  160181:£0.000 0332+0.000 126923+0.000
25 33263+0.001  190655+0.001 0831+0.000 157397+0.000
50 34366+0.114  213891+0.023 167040.001 180473+0.004
100 45120+0.448  240609+0.225 3629+0.017 204314+0.060
200 64801+0.397  278541+0.537 9215+0.062 232463+0.231
20815  77261+£0.308  306879+0.677 1622240.096 252470+0.358
300 77457+0.307  307357+0.680 16365+0.096 252807+0.360
400 86249+0.240  330926+0.758 24578+0.123 269479+0.450
500 92157+0.187  350850+0.806 33518+0.144 283813+0.517
600 96120+0.146  368027+0.836 42945+0.161 296450+0.568
700 98851+0.116 ~ 383062+0.856 52702+0.174 307772+0.607
800 10078+0.09 396394:4-0.869 62689+0.185 318032+0.640
900 10217+0.08 408349+0.880 72840+0.193 327415+0.666
1000 10321:+0.06 41917040.888 83112+0.200 336058+0.687

@ Calculated with a symmetry number of 3; vibrational frequencies of 962, 317 and 696 (multiplicity = 1),
and of 951, 347, and 231 cm (multiplicity = 2); a molar mass of 16803 g mol~1; a Tc-O bond distance
of 1.69 x 10710 m and Tc-F bond distance of86 x 1019 m.

Gibson P1GIB investigated the formation of gas phase technetium oxyfluorides
and oxychlorides (Sectiow.4.2.3 by mass spectrometry. He used a sampl&%st
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metal powder with an oxide coating, and studied its oxidation #g)<rom 573 to
848 K and by CIi(g) from 573 to 923 K. A large number of ions were detected whose
probable “parent” molecules ions were &), TcOsF(g), TcOR(g), TcOF3(g),
TcORCI(g), and TcOFCI(g).

V.4.2 Chlorine, bromine and iodine compounds and complexes
V.4.2.1 Aqueous technetium chlorides, bromides and iodides

V.4.2.1.1 Aqueous Tc(lV) halides

Several reported UV-optical spectra oM Xg(s) dissolved in aqueous HX are in good
agreement49BOY, 65JJR/SCH69KAN, 74VIN/ZAI]. These measurements leave
no doubt that the Tcé( species can exist over quite wide ranges of HX concentrations.

Solutions of Tc>§* (X =Cl, Br, ) are generally prepared by direct reduction of
aqueous Tc® with concentrated HCI, with moderately concentrated HBr, or with
approximately 4 to 5 M HI. Solubility studies of various solids containing é‘cX
ions have also been reporte@BSCH/HER 74VIN/ZAI] (see Section¥.4.1.2.2and
V.4.2.2.9.

Dissolution of TcCi(s) in concentrated aqueous HCI also yielded ﬁé(}lolu—
tions [62COL/PEA. Reduction of TcQ with SnCh in aqueous HCI gave more rapid
formation of TcCé‘ than reduction by HCl alone, for HCI concentrations of 0.4 M and
higher B7TFAR/GAR.

Solutions of Tc%f are quite stable at most pH values, and hot concentrated alkali
metal hydroxide was required to hydrolyse 1fchF[63SCH/HEF}°. However, concen-
trated solutions of HX were required to prevent 'éé)(X— = CI=, Br™) from hydro-
lysing. Solutions of Tc@ and TcBé‘ showed little tendency to hydrolyse in aqueous
solutions at lower HX concentrations provided they were stored in the dark, but pho-
tochemical aquation occurred under irradiation with UV light. (See R&KAN] in
AppendixA).

It has been conclusively demonstraté@$CH/HER 640SS/SAR65J3R/SCH
76KAW/KOY, 85ARO/HWA] that the tendency for aquation and the subsequent hy-
drolysis of TcX¢~ follows the order T}~ > TcBr2~ > TcCla~ > TcFe in their
respective HX solutions, and that T@:is stable even in water and dilute solutions
of alkali metal hydroxide. In addition, Tc§:l could be stabilised in concentrated
CI~ solutions even in the absence of Hvhereas to stabilise Tc?r in concentrated
Br~ solutions appeared to require pk 1. (see Refs.q40SS/SAR65JFR/SCH
85ARO/HWA] in AppendixA).

Results have been published for the characterisation of several of the chloro
complexes of Tc(IV). These studies were mentioned very briefly in a preliminary
note by Fujinaga, Koyama and Kanchikei7FUJ/KOY], and described in detail by
Koyama, Kanchiku and Fujinag®3KOY/KAN] and Kanchiku §9KAN]. Similar
results were reported later for bromo complexéHAW/KQOY], (see comments
under B9KAN] in Appendix A). Knowledge of the absorption spectra of chloro
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[59BOY, 65JOR/SCH68KOY/KAN, 69KAN, 74VIN/ZAI, 811AN/KOS] and bromo
[65JOR/SCH76KAW/KOY] complexes of Tc(lV) allows chemical speciation to be
determined for the products of chemical, photochemical, or radiolytic experiments.
For example, lanovicet al. [81IAN/KOS] (AppendixA) were able to determine the
relative amounts of the products of photochemical decomposition oféTci@ll M
solutions of HCI, HCIQ, or H»SO, as a function of irradiation time, and similar
experiments were done by Colin, lanovici and Ler88COL/IAN] for TcBrg‘ in

2 M HBr, 1 M HCIO4, and 1 M BSOs. All these studies claimed the existence of
species such as Tcgl TcCls(OH)2—, TcCly(aq), chg, TcBry and TcBy(aq), but

no thermodynamic data are available. Evidence for these chemical species is described
in the discussions oBBOSS/SARE9KAN, 81IAN/KOS, 81RAJ/MAC, 87HUB/HE]

in AppendixA.

Crystal structure studies are available for many of the ternary chlorides, bromides,
hydroxy chlorides, and hydroxybromides of Tc(IV) obtained by precipitation from
aqueous solutions; see TabM&1 andV.26. In all examples studied, the Tc(IV) is
hexacoordinated, with six halide ligands or five halides and one hydroxide ligand. In
addition, most complexes of Tc(IV) with simple inorganic ligands contain hexaco-
ordinated technetiumBRBAN/MAZ, 87MEL/LIE, 94BAL]. Thus the chemical for-
mulae of the pentahalo and tetrahalo complexes of Tc(IV) might, more properly, be
written as TcG§(OHz) ~, TcBrs(OH2)~, TcCly(OHz)2(aq), and TcBi(OHy)2(aq), to
show the complete inner coordination sphere. However, for thermodynamic calcula-
tions involving aqueous solution species, it is irrelevant whether the coordinated waters
are included explicitly in the chemical formulae, or whether they are implied by the
phase designation “aqueous”. Following the usual convention of solution thermody-
namics, in this book these waters are omitted from the formulae of species present in
aqueous solution.

Miinze and GroRmani7§MUN/GRQ studied the kinetics of the hydrolysis of
TcBré‘ in aqueous 0.001 to 3.0 M HBr (Append®). Kinetic rate information is also
available for isotopic exchange reactions involving Gi TcCIé‘ and Brin TcBr26‘
[65SCH2. These experiments indicate that isotopic ligand exchange occurred over a
several day period. Rate constants have been publigie&W/KOY, 81RAJ/MAC]
for the two following reactions at various temperatures:

TcCE™ = TcClp +CI” (V.35)
TcBri~ = TcBrg +Br- (V.36)

Both studies were done &t= 4.0 M solutions of Ct or Br~. In both cases concentra-
tions of technetium species were determined by spectrophotometry. The rate constants
are listed in Tablé\.7 (see AppendiA under Ref. 81RAJ/MAQ).

The three kinetic studie$pSCH2 65SCH 76 KAW/KOY, 81RAJ/MA( gave also
values of the equilibrium constants for these two reactions. B&SCH is a short
English language summary of Re65SCH2.

In this system, equilibrium is only reached after several weeks for the aquation of
TcCIS* and TcBéf (unless Tc(lll) is used as catalyst, (see Appemiipunder Ref.
[81RAJ/MAQ). The measurements of Schwoch&$CH2 65SCH were done be-
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fore it was known that slow reaction kinetics are involved, and he did not mention
changes in the spectra of their solutions with time. Thus, his reported values actu-
ally represent non-equilibrium conditions with much more Tc@r TcBrg) complex
present than should be present at equilibrium. Therefore, we consider those values to
be inaccurate and they are not considered in this review. Preference is given to the res-
ults of Kawashima, Koyama and FujinagdsKAW/KOY] and of Rajac and Macasek
[81RAJ/MA( since they allowed sufficient time to reach equilibrium or at least steady
state conditions (see ReBIRAJ/MACQ in AppendixA).

TableV.19 contains a summary of the reported equilibrium constants. Extrapola-
tion of the values of [6KAW/KOY] to 298.15 K using the equation

InK¢(V.350rV.36) = A+ BT
whereA formally denotes\;S;, /RandB denotes-A(Hp, /R, yields

K(V.35, 4 MHCI, 29815K) = 0.81+0.42
K(V.36, 4 M HBr, 29815K) = 0.52+0.08

It is hardly possible to extrapolate these values to infinite dilution with the SIT
equation (AppendixXC) as no values ofAe can be calculated because only one ionic
strength was studied at each temperature. In addition, no specific ion interaction results
are available for chemically similar systems so it is not straightforward to estiftate
by analogy. The available equilibrium constant values are at fairly high ionic strengths;
thus theAely term is probably significant for these systems. Neglecting this term
could make extrapolated values &f uncertain by as much as factors of 10 to 100.
Therefore we do not further analyse these values. No thermodynamic data can be
recommended.

V.4.2.1.2 Aqueous Tc(V) halides

In agqueous media, the Tc(V) oxychloride TC@C,I has been spectroscopically identi-
fied [67JEZ/NAT, 67JEZ/WAJ, 72BAL/HAN]. Early studies on the reduction of TgO

by aqueous HCI§9BUS 640SS/SARindicated that the initial reduction of T¢Oby

HCI was to Tc(V) and this was strongly dependent on HCI concentration, (see Ref.
[59BUY in AppendixA). Various claims have been made for the fate of Tc(V) oxy-
chlorides in aqueous HCI when the HCI was diluted below certain critical concentra-
tions [B9BUS 66SHU 71SPI/GLI 79RAJ/MIK]. For instance, Spitsyn, Glinkina and
Kuzina [71SPI/GL] found that the Tc(V) species TCO@ underwent a slow and pro-
gressive hydrolysis to Tc(V)-hydroxyoxychlorides for HCI concentrations of 3.7 M and
lower, but for 5.5 M and higher concentrations of HCI, Tc(V) was reduced to Tc(IV)
by this HCI. No conclusive results are available.

Spitsyn, Glinkina and Kuzina7[LSPI/GL] isolated a brownish-green crystalline
material which they formulated aKcO(OH)Cly(cr), based on elemental analysis for
technetium and chlorine, along with a determination of the average valence of the tech-
netium present using oxidation with Ce(1V). However, an attempt to repeat this syn-
thesis at the Australian Radiation Laboratory yielded negative reQ98AL]. Thus
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Table V.19: Equilibrium constant data for the Tc(IV) chloride and bromide system.

Method lonic media T (K) K@ Reference

TcClE™ = TeClg + CI-

pot 3MHCIO; 288.2 46 x 10* [65SCH265SCH
sp 4 M HCI 348.2  125+0.050  [76KAW/KOY]

sp 4 M HCI 353.7  1294+0.05P

sp 4 M HCI 357.7  133+0.05P

sp 4 M HCI 363.2  1394+0.050

sp 4 M HCI 298 125+0.12 [81RAJ/MAQ

rev 4 M HCl 298.15  (B1+0.429  from [7T6KAW/KOY]
TcBré = TcBry +Br~

pot 3MHCIO; 288.2 38 x 10° [65SCH265SCH
sp 4 M HBr 313.2  (0756+0.030? [76KAW/KOY]

sp 4 M HBr 318.2  (01+0.035P

sp 4 M HBr 3232  1024+0.040Y

sp 4 M HBr 327.7  1144+0.045Y

rev 4 M HBr 298.15  (62+0.089  from [76KAW/KOY]

@ Refers to the reactions indicated in the ionic medium and at the temperature given in the table.
® The uncertainty limits are calculated from®® x 0.02 x K¢ based on the reported estimated
2% errors forK¢ in [76KAW/KOY].
© A least-squares fit of experimentll; values gave IiK¢ = (2.7998+ 0.3364) — (89854 +
11962 T 1 with a correlation coefficient of 0.99542. This equation yiekis = (0.807 +
0.423) M at 298.15 K.
@ A least-squares fit of experimentsl values gave IfK¢ = (8.0095+ 0.1097) — (258192 +
35.43) T—1 with a correlation coefficient of 0.99997. This equation yiekis = (0.522 +
0.084 M at 298.15 K. The experimental value It at 313.2 K is not very consistent with the
higher temperature values and is given zero weight.
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the identification of this substance as beingfTKO(OH)Cl4(cr) is questionable. See
the discussion of {LSPI/GL] in AppendixA.

Thomaset al. [B5THO/HER using Raman spectroscopy measured the equilibrium
constant for the reaction

transTcOCI, +CI~ = TcOCE~ (V.37)

At room temperature and 12 M HCI, the equilibrium constant wa@/.37) =
(0.0015+0.0010 mol~-dm?. This established that TcOfWas by far the dominant
Tc(V) species in concentrated HCI.

The kinetics of the hydrolysis of TCOESI have been studied in aqueous HCl using
spectrophotometry8dKOL/GOM], as have the oxidation of this species by HNO
[84KOL/GOMZ and HNG [84KOL/GOMJ. As discussed in AppendiR (under
[84KOL/GOM]) the experimental data were interpreted by Koltunov and Gomonova
using the following equilibrium

TcOCE™ +H20() = TcO Ll +2H" +CI- (V.38)

The available equilibrium constants derived from reaction kinetics measurements are
compiled in Tablev.20. The reported log, K values are converted to molal unit.(
Sectionll and Tablell.5) and corrected td = 0 using the specific ion interaction
model, SIT (AppendixC). The resulting values show that ~ 0, hence logy K° =

log;o K — 8D. From the corrected data listed in TalM0, this review selects the
simple average

logyoK°(V.38,29815K) = —2.95+0.15

Table V.20: Experimental equilibrium constant data for the Tc(V) oxychloride system.

lonic Medium  T(K) log;oK®@ log;qK° @ Reference
TcOCE™ + H20(l) = TcOCI3~ + 2HT + CI~

1MHClI 29815 —1.30 —291 [84KOL/GOM
2MHClI 29815 —1.22 —-3.03  [84KOL/GOM3
3MHCI  298.15 —1.00 —2.90  [84KOL/GOM3

@ Refers to the reaction indicated, lggk in the ionic medium at the temperature given in
the table, logg K°® = —295+ 0.15 atl = 0 and 298.15 K.

The validity of this value of logyK°(V.38,29815 K) obviously depends on
whether Reaction\(38) is correct. This reaction was inferred by Koltunov and
Gomonova 84KOL/GOM, 84KOL/GOMJ from kinetic data, rather than being based
on a more direct measurement of the equilibrium constant. However, Rea¢i3@ (
requires a double deprotonation of the water ligand, which seems unlikely given that
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no solid complexes containing the TW( complex have been identified, where X
is a halide. In AppendiA, under the discussion o84KOL/GOM], we noted that
the more hydrolysed form of Tc(V) could be TcQ@DH)3 ™, rather than TcgCl3
or possibly some other species. Among these possible other species are dimeric
complexes of Tc(V). Several dimeric complexes of technetium have been identified
that containTc(IV) (n — O)>Te(IV)1*+ and[Tc(V)»03]** cores P4BAL, 98KRY].
Further clarification of the equilibrium reaction is necessary before the value of
logyoK°(V.38, 29815 K) can be recommended.

Rajec and MacéaSelBLRAJ/MA(Q also studied the kinetics of electrolytic reduc-
tion of TcOC@f in 4.0 M HCI at 298.15 K by using simultaneous coulometry and
UV-visible spectrophotometry. A detailed study of the reproportionation of,Tad
TcCIS* was done by Koltunov and Gomono&bKOL/GOM]. A preliminary experi-
ment indicated that no detectible reaction occurred betweer] Bod TcCE~ below
room temperature, but at 353 K the reaction occurred at a significant rate producing the
complex TcOC}~ (AppendixA).

Several studies have been published in which paper chromatography was used
to separate Tc from the products of its reduction by HCI or HBr, and the relat-
ive amounts of various reduced forms of technetium were determ8®0d3S/SAR
66SHU 71SHU 71SHU2 71WIL/DEE, 78SHU 82LIV/WOL]. In general, in these
studies it was assumed that Tg@as first reduced to one (or sometimes more than
one) Tc(V) oxyhalide, with subsequent reduction to Tc(IV) halides generally also be-
ing “observed”. Chromatographically separated peaks were then assigned o TcO
and to one or more Tc(V) and Tc(IV) species. However, as noted by de Liverant and
Wolf [82LIV/WOL], there were no direct measurements that allow an unambiguous as-
signment of the technetium valence to the reduction products. The spectrophotometric
study by Truffer-Caron, lanoz and Lerc8TRU/IAN] reported that the initial stage
of the reduction of Tc® by concentrated HBr was found to occur too rapidly to be
quantitatively studied, but it was possible to do kinetic studies in 6 M HBr.

Information obtained from all these studies indicates that:

1) The rates of reduction of T¢Oto Tc(V) or Tc(IV) species by halides in acidic
solution followed the order1 > Br~ > CI~. The rates of the subsequent
reduction of Tc(V) to Tc(IV) followed the order Br> Cl~.

2) Reductionrates for Tcpby HCl or HBr increased as the acid concentration was
increased.

3) Increasing the reaction temperature increased the rate at whicj We® re-
duced to Tc(V) by HCI or HBr, and it also increased the rate at which Tc(V) was
subsequently reduced to Tc(lV).

V.4.2.1.3 Other aqueous Tc halides
V.4.2.1.3.a Tc(lll)

Miinze BSMUN, 75MUN] studied the electrochemical reduction of 'pr(as a func-
tion of HX concentration, (X = Cl, Br). The reduction at a gold microelectrode was
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nearly reversible in terms of the change of emf with pESNIUN]. Their claimed
reactions are

TcCE™ +H0() +e° = TcCls(OH)* +CI™ +HT
TeBr2 + HoO() +e = TcBrs(OH)®™ +Br~ +H*

These Tc(lll) complexes could be reoxidised to the parent species either electrolytically
or by atmospheric €(g).

Redox potential measurements by HUBHUR] gave E° = 0.23 V for the reduc-
tion of TcCE™ in a 1.2 M HCI/2.65 M NaCl mixture, and 0.18 V for the reduction

of TcBré* in 6 M HBr. Huber, Heineman and Deutsci7/HUB/HEI reported redox
potentials of (0.0820.008) V for the chloride complexin 2.0 M HCI/3.0 M NaCl, and
(0.24G+0.034) V for the bromide complex in 2.0 M HBr/3.0 M NaBr, relative to the
saturated sodium chloride calomel electrode. These electrochemical results indicated
that TcCROH™ and Tch,(OH)gf are the predominant species in the chloride system.
No bromide complexes were identified (see Appendljx The redox reactions were
reported to involve one electron and to be reversible or nearly reversible in all three
studies F5MUN, 80HUR, 87THUB/HEI.

Rajec and MacaselBPRAJ/MAQ studied the electrochemical behaviour of the
reduction of TcQ in HCI concentrations by simultaneous coulometry and spectro-

photometry. These spectrophotometric results showed that the Tc(lV) speci%s‘ TcCl

and the Tc(lll) species Tcétr were formed in approximately equal amounts. Busey
[60BUY postulated the equilibirum

TcCly + H20() = TcCl(OH)™ +HT + CI™

from spectroscopic measurements. As discussed in Appéndixe existence of the
Tc(lll) species TcH(OH)™ must be regarded with some scepticism.

There is a total absence of thermodynamic data for the Tc(lll) species. However,
they are sensitive to aerial oxidation.

V.4.2.1.3.0 Tc(VI)

Busey p9BUY found no evidence for the formation of intermediate species between
Tc(VIl) and Tc(V) during the reduction of TcDby HCI. However, the spectroscopic
measurements of Ryabchikov and PozdnyalGARYA/POZ were interpreted as in-
dicating that TcQ reduction by moderate to concentrated HCI occurred by way of
a Tc(VI) species, and this Tc(VI) then disproportionated to Jcid Tc(IV). This
disproportionation was found to be slow at room temperature, but it was rapid at the
boiling point of the solution. Little reduction of T¢cOwas observed for HCI concen-
trations below 7 M, but for 10 M and higher HCI the reduction of Jc®ent directly

to Tc(IV).

When TcQ was reduced by HCI in concentrated sulphuric acid, a deep blue solu-
tion was obtained and it remained that colour for about one I88KIR/STA]. Meas-
urements of the EPR spectra indicated that a Tc(VI) complex was present, most prob-
ably TcOCE'. No Tc(VI) oxybromide was detected when HBr in concentrate8®
was used instead of HCI.
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V.4.2.2 Solid technetium chlorides, bromides and iodides
V.4.2.2.1 Binary halides

No binary iodides have been reported for technetium. Thakur and Sandwar
[B0THA/SAN] estimated the crystal field stabilisation energies and lattice energies
for TcClp, TcBry, and Tch. However, none of these compounds has actually been

prepared.

V.4.2.2.1.a TcCl(cr) and TcClg(s)

Knoxet al. [57KNO/TYR] found that technetium tetrachloride, TaQir), was formed
by the reaction of TgO7(cr) and CC} at 673 K. The formation of this compound was
also indicated by Colton6RCOL] and Guest and Lock/RGUE/LOQ. Colton also
reported obtaining small amounts of the very unstable dark green compoungs)cCl
but Guest and Lock were unable to systhesise it and its existence is problematical.
The unit cell of TcCi(cr) is orthorhombic with space group Pbca. It contains
distorted octahedral “Tcgl units linked in linear polymeric chainsspELD/PEN
66ELD/PEN. Unit cell parameters were given as= 11.58 x 107 19m, b = 13.97 x
1019m, c = 5.98x 10 1%m, andZ = 8 in the preliminary reporff5ELD/PEN, but
they were later refined @ = (11.65+0.02) x 107 19m,b = (14.06+0.02) x 10 1%m,
¢ = (6.03+ 0.02) x 10 1°m, andZ = 8 [66ELD/PEN.
TcCly(cr) is unstable with regard to hydrolysis in the presence of water vapour
[66ELD/PEN, and it has an effective magnetic moment of 3.14 B.BRKNO/COR.
More recent studies have given further information on the properties of (@l
[91IMIR/BOR 93ABR/WOLZ. However, no thermodynamic data are available.

V.4.2.2.1.b TcBy(s)

Fergusson and Hickford’DFER/HIQ prepared a technetium bromide by oxidising
technetium metal with BD»(aq), followed by evaporation of this solution with con-
centrated HBr four times under vacuum.

The compound formed was chemically analysed as being4[(&Brlt slowly and
spontaneously lost bromine, and it was rapidly hydrolysed by moist air.

Abram, Wollert, and Hiller Q3ABR/WOLZ] also prepared TcB(s) by reaction of
TcCly(cr) with (CHz)3SiBr in CHeClo. Their elemental analyses for Tc and Br were
in approximate agreement with a composition of T£BFhey reported that TcB(s)
was insoluble in most common solvents, but it did dissolve in acetonitriletentd
butylisonitrile.

V.4.2.2.1.c TcBg(cr)

Miroslavovet al. [91MIR/BOR] studied the sublimation of (Tc(C@Br)a(s) under re-
duced pressure in the presence of flowing(By. One of the reaction products was
purified by sublimation at 673 to 723 K and yielded a material whose elemental ana-
lyses for Tc and Br were in good agreement with the formula FcBrthe IR spec-

trum of a suspension of this material in mineral oil showed no bands between 400 and
4000 cnt!. Powder pattern X-ray diffraction positions and intensities were reported,
but the structure was not solved.
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V.4.2.2.2 Ternary halides

A number of double metal halides have been reported for technetium. Early data for
them have been summarised by Colt6BCOL] and Peacockd6PEA.

V.4.2.2.2.a MTcXe(cr)

The most commonly used method for preparing alkali metal or ammonium hexahalo-
technetates, MI'cXg(cr), involved the direct reduction of MTc{ecr) with aqueous

HX followed by addition of stoichiometric amounts of MX9KAN, 72ZAI/KON,
73KUZ/KOZ, 73ZAI/KON, 74ZAI/KONS5, 791AN/LER].

Some authors recommended the addition giP&, or Kl to solutions of HCI and
TcO, to enhance the rate of formation of,WicClg(cr) [S4NEL/BOY, 58DAL/GIL,
59BOY], where M denotes a monovalent cation. However, reduction of, Tb§
H3PO, in the presence of HCI has been reported to form MT@}[81COT/DAN
or MaTcClg(s) [77SCH/HED initially (see SectiorV.4.2.2.3. Although MpTcClg(cr)
will ultimately form from reaction of TcOGl with HCI in time, the use of BPO,
seems to offer little advantage. The useothused problems sincesWcCls(OH)(cr)
generally formed instead, and it was reduced only very slowly 4@ dClg(cr) by HCI
[67ELD/FER. The likelihood of misidentification is great in this case since both solids
have the identical crystallographic cubic space group (Fm3m) and nearly identical unit
cell parameters for any particulari

Fergusson and Hickford/DFER/HIQ prepared AgTcClg(s) by precipitation of
K>TcClg solutions with AgNQ in cold concentrated HN® Reaction of 11.6 M HCI
with TcOy(cr) took several months at room temperature and (in the absence of MX)
yielded shiny plates of yTcCls - 9H2O(cr) [72KOZ/NOVZ. Hydrothermal reduction
of HTcOy at 453 K and 51 bar b{g) pressure in concentrated aqueous HBr gave about
a 2% vyield of(H30)2TcBrg(cr) [B7KRY/GRI2] after evaporation of the solution in a
vacuum desiccator for two weeks.

Several other MTcXg(s) of monovalent cations have been prepared but not
structurally characterised72KUZ/OBL]. Mixed anion and cation complexes of
these compounds have also been repo@é&LI/LAN, 91PRE/WEN 92WEN/PRHE;
see discussion under Ref8dFLI/LAN] in Appendix A. The preparation of
other MpTcXg(cr) compounds with various organic ligands has been reported
[79TRO/DAV, 84BAL/BON2, 89BAL/COL].



Table V.21: Crystal structure parameters for ternary halides of techn&ium.

Phase Crystal Space Lattice parameters Reference

symmetry group %1010 /m)
Tc(1V)
K> TcFg(cr) trigonal Bm a = 5.807+ 0.004 [E3SCH/HER
¢ = 4.645+ 0.004 [64sCH
RbyTcFg(cr) trigonal Bm a = 5.986+ 0.004 [64SCH
c=4.798+ 0.004

Ko TcClg(cr) cubic a = 9.805+ 0.004 B1zAC]
cubic a=9.89 [52ELL]
cubic a=982+0.02 [58DAL/GIL]
cubic a=9.90+0.02 [59SHH
cubic Fm3m a=9.825+ 0.004 [64SCH
cubic Fm3m a=983+0.03 [67ELD/FER
cubic Fm3m a=9.811+0.002 [72ZAl/KON]

RbyTcClg(cr) cubic Fm3m a = 9.965+ 0.004 [64SCH
cubic Fm3m a = 9949+ 0.002 [72ZAl/KON]

Cs,TcClg(cr) cubic Fm3m a = 10.2374+0.008 [72ZAI/KON]

(NH4)2TcClg(cr) cubic Fm3m a=9.936+ 0.002 [72ZAI/KON]
cubic Fm3m a=9.917+ 0.004 [72NOV]
cubic a=992+0.02 [73KUZ/KOZ]
cubic Fm3m a=9.9072+0.0016 [/9ELD/EST

((CH3)4N)»TcClg(cr)  cubic a=1274+0.04 [90KRY/GRI]

(Continued on next page)
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Table V.21: (continued)

Phase Crystal Space Z Lattice parameters Reference
symmetry group %1019 /m)
((C4Hg)4aN)5TcClg(cr)  triclinic® P1 4 a=11099+0.006 [B9KRY/GRI

b = 18.628- 0.008
¢ = 22361+ 0.008

(AsPhy)>TcClg(cr) triclinic(© P1 1 a=10111+0.008 [84BAL/BONZ|
b = 12165+ 0.006
¢ = 10.263+ 0.010

[Fe(CsH5)214 - [H30O(H20) 4] - (TcClg)z(cr)

monoclinid® P2 /c 2 a=149184+0010 [94GRI/KRY]
b= 11448+ 0.004
c=1991440.008
H,TcClg - 9H,0(cr) triclinic(® Pl(orP) 1 a=830+008 [72KOZ/NOVZ
b=735+0.08
c=28.04+0.08
K> TcBrg(cr) cubic Fm3m 4 a=1037+0.04 [58DAL/GIL]
cubic Fm3m a= 10371+ 0.004 [64SCH
cubic Fm3m a =10.354+ 0.002 [72ZAl/KON]
Ry TcBrg(cr) cubic Fm3m a=10460+0.004 [64SCH
cubic Fm3m a=10461+0.004 [73ZAI/KON]
Cs,TcBrg(cr) cubic Fm3m a = 10.650+ 0.006 [73ZAI/KON]
(NH4)2TcBrg(cr) cubic Fm3m 4 a=10417+0.002 [75SHE/KON
cubic Fm3m a=104174+0.002 [72ZAI/KON]
((CH3)4N)>TcBrg(cn) cubic a=13344+0.04 [90KRY/GRI|
(H30)2TcBrg(cr) cubic Fm3m 4 a=10410+0.008 B7KRY/GRIZ

(Continued on next page)
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Table V.21: (continued)

Phase Crystal Space Z Lattice parameters Reference
symmetry group %1019 /m)
KoTclg(cr) orthorhombic 4 a=1122+0.06 [58DAL/GIL]
b =8.00+ 0.06
c=7.84+0.06
orthorhombic a=1124+0.04 [74ZAI/KONb]
b=7.96+0.04
c=7.85+0.04
monoclinic? P2/c 2 a=11352+0.004 [B7KRY/GRI|
b = 7.846+ 0.004 (probably best)
c = 13817+ 0.006
RbyTclg(cr) cubic Fm3m a= 11301+ 0.004 [64SCH
cubic a=11286+0.010 [74ZAI/KON5]
CsTclg(cr) cubic a= 114104+ 0.004 [74ZAI/KONb5]
(NHg)2Tclg(cr) orthorhombic a=1124+0.04 [74ZAI/KONb]
b=28.02+0.04
c=792+0.04
((CH3)4N)»Tclg(cr) cubic a=1420+0.04 [90KRY/GRI]
MgTcClg(cr) orthorhombic 2 a=9.85+004 [87ZAI/KRUS]
b=6.95+0.04
c=16.98+0.04
CaTcCk(cr) orthorhombic 2 a=993+0.04 [87ZAl/IKRUZ]
b =6.99+0.04
c=7.03+0.04

(Continued on next page)
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Table V.21: (continued)

Phase

Crystal
symmetry

Space
group

z

Lattice parameters

%1019 /m)

Reference

SrTcCk(cr)

BaTcCk(cr)

CdTcCk(cr)

PbTcCk(cr)

MgTcBrg(cr)

CaTcBg(cr)

SrTcBrg(cr)

orthorhombic

orthorhombic

orthorhombic

orthorhombic

orthorhombic

orthorhombic

orthorhombic

a=9.96+0.04
b=7.01+0.04
c=7.04+0.04
a=1007+0.04
b=703+0.04
c=7.06+0.04
a=991+0.04
b=6.97+0.04
c=7.02+0.04
a=9.97+0.04
b=7.00+0.04
c=7.03+0.04
a=1032+0.04
b=730+0.04
c=7.40+£0.04
a=1039+0.02
b=734+0.02
c=7.45+0.02
a=1041+0.04
b=7.37+£004
c=7.46+0.04

[87ZAI/KRU3]

[86ZAI/KRUZ]

[87ZAI/KRU7]

[87ZAI/KRUS]

[87ZAI/KRU]

[83ZAI/VIN]

[87ZAI/KRU]

(Continued on next page)
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Table V.21: (continued)

Phase Crystal Space Z Lattice parameters Reference
symmetry group %1019 /m)
BaTcBrg(cr) orthorhombic 2 a=1042+0.04 [86ZAl/KRU]
b=741+0.04
c=748+0.04
PbTcB(cr) orthorhombic 2 a=1041+0.04 [86ZAlI/KRU3]
b=735+0.04
c=745+0.04
Te(V)
NaTcFg(cr) rhombohedra® a=577 [63EDW/HUG
KTcFg(cr) rhombohedraf? a=497 [66HUG/PEA
RbTcRs(cr) rhombohedra) a=5.09
CsTckg(cr) rhombodedra) a=5.25

@The reported uncertainties are assumed todoealues, and are converted t®fic. Some of the variation in unit
cell parameters reported in the 1950’s may be due to misidentification 8EXE(OH)(cr) as being MTcXg(cr),

(see text).

By = (105864 0.06)°, = (90.84+ 0.06)°, y = (10517 + 0.06)°

©q = (93864 0.06)°, § = (11451 + 0.08)°, andy = (99.08 + 0.06)°

DB = (9196 -+ 0.04)°.

©®y = (954 1.0)°, B = (98+ 1.0)°, andy = (117.5+ 1.0)°

Mg = (14563 + 0.10)°

@y =558°
Wy =97.0°
g = 955°
Do = 96.2°
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Crystal structure data have been obtained for mapydXg(cr) at room temperat-
ure. A summary of some of these crystal structure parameters was given by Melnik and
van Lier [B7MEL/LIE]. TableV.21 gives a complete listing of the unit cell parameters
and space groups for these solids.

It has been reported that,KcClg(cr) underwent a phase transition from cubic to
lower symmetry when it is cooled below 34 K, and similarly fos TCBrg(cr) below
236 K, but K Tclg(cr) remained orthorhombic below 480 RTROS/WIN.

Thermal decomposition of KcClg(cr) at 1370 K produced technetium metal,
Cl2(g), and (presumably) KCIGANEL/BOY]. MaTcBrg(cr) (M = K, Rb, Cs)
similarly decomposed in a single step in argon producing technetium medg)Br
and MBr(l), at 1003 K, 1183 K, and 1268 K, respectiveR8VIN/KON]. Thermal
decomposition of KTclg(cr) (presumably in argon) occurred in two stages, the first
with a mass decrease corresponding to a loss of three | atoms per Tc at 793 K, and
the second corresponding to formation of Kl and hcp Tc above 863 K. Thermal
decompostition of(CHz)4N)2TcClg(cr), ((CH3)4N)2TcBrg(cr), ((CH3)4N)2Tclg(cr),
and((C4Hg)4N)2TcClg(cr) in an atmosphere of argon began in the temperature range
of 553 to 663 K and resulted in the formation of technetium metal andy(B3C
[89KRY/GRI, 99GUH.

Magnetic susceptibilities have been reported for the following solids:

o KoTcClg(cr) [5ANEL/BOY, 58DAL/GIL, 64SCH/KNA 67ELD/FER;

KoTcXg(cr) (X = Br, I) [58DAL/GIL, 64SCH/KNA 90KRY/GRI];

Rb,Tclg(cr) [B4SCH/KNA;

((C4Hg)4N)2TcClg(cr) [B9KRY/GRI];

((CHa)aN)2Tclg(cr) [SOKRY/GRI.

The magnetic moments ranged from 3.6 to 4.3 B.M. at room temperature, which
roughly corresponds to spin-only values for 3 unpaired electrons.

Electronic spectra have been reported folfECls(cr) [67ELD/FER 90DI /BET]
as well as the IR and Raman spectra for severallTd®Xeg(cr) [69SCH/KRA
72BAL/HAN, 73ZAI/KON, 89KRY/GRI, 90DI /BET]. These solids are insoluble in
benzene, CGl diethyl ether, and ethanof 2ZAI/KON, 73ZAI/KON].

As noted in Sectiov.4.2.2.2a), the known compounds of the typeWcCls(cr)
and MpyTcCls(OH)(cr), where M is a particular monovalent cation, have identical
crystal structures and nearly identical unit cell parameters. This situation also oc-
curs for CsTcBrg(cr) and CgTcBrs(OH)(cr). This can be seen by comparing the
unit cell dimensions listed in Tablés21 andV.26. Presumably, this is also true for
(NHg)2TcBrg(cr) and(NHg4)2TcBrs(OH)(cr). Furthermore, the reported unit cell para-
meters for(H3zO)2TcBrg(cr) and (NH4)2TcBrg(cr) are identical within their experi-
mental uncertainties. Since the X-ray scattering factors of oxygen and nitrogen atoms
differ very little, the possibility exists that these compounds could be misidentified
unless additional physicochemical characterisation methods are used.
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Kryuchkov et al. [87KRY/GRIZ prepared their presumedisO)2TcBrg(cr) by
dissolving TeO7 in concentrated aqueous HBr, followed by reaction of the solution
with Hz(g) in an autoclave at 453 K and at an initial(g) pressure of 50 bar. If some
N2(g) was initially present in the sample container, then some dbtild conceivably
have formed. No elemental analysis was performed on the presiig€ol, TcBrg(cr),
which was a minor impurity phase obtained in low yield. They reported the precence
of IR bands corresponding to O—H and H-O—-H bonds in this compound, which seems
to exclude the possibility that the isolated phase Wéid4)>TcBrg(cr). More direct
evidence for(H30),TcBrg(cr) is certainly desirable.

In his review, Boyd $9BQY] cited a value ofS;, (K2TcClg, cr, 298.15 K) =
(3326 +8.2) JK~1.mol~L. No details or references were given, and it was not stated
whether this is an experimental or an estimated value. We ultimately found this value
given in Appendix V.E of Cobble’s thesi§2COH. It was calculated by him by using
estimated ionic contributions to the total entropy for solids of this type.

Vinogradowet al. [74VIN/ZAI] reported the solubilities of MTcClg(cr) (M = NHag,

K, Rb, Cs)in 3, 5, and 10 M HCI, and of the corresponding bromide solids in 3.5, 7.0,
and 9.52 M HBr at 298 K. As discussed in Appendixthe data are reanalysed by this
review according to the reaction

MoTeXg(er) = 2M* 4+ TeX2

Table V.22: Selected solubility constants fop M Xg(cr) at 298.15 K and = 0.

M = NH4 M=K M=Rb M=Cs

M2TcClg(cr) = 2M* + TeClR™

log;gKS —7.98+1.00 —-9.61£100 -1112+1.00 -11434+1.00

M2TcBrs(cr) = 2M* + TcBra~

log;gKS —6.68+1.00 —-6.92+100 —-947+1.00 -11.244+1.00

The selected solubility constants are given in Tad22. No Gibbs energy of
formation can be recommended because there is no selected value for @Teimox

V.4.2.2.2.0 MTcXs(cr)

Zaitseva and co-workers reported the synthesis and characterisation of the following
Tc(lV) solids:



156 V. Discussion of data selection

e MgTcClg(cr), CaTcCg(cr), SrTcCk(cr) and BaTc(cr) [86ZAI/KRUZ,
87ZAI/KRU2, 87ZAI/KRU3, 87ZAI/KRUS];

e MgTcBrg(cr), CaTcBg(cr), SrTcBg(cr) and BaTcBg(cr) [83ZAI/VIN,
86ZAI/KRU, 87ZAI/KRU]; and

e PbTcCk(cr), CdTcCk(cr) and PbTcBg(cr) [86ZAI/KRU3, 87ZAlI/KRUS,
87ZAI/KRU7].

The corresponding unit cell parameters are given in Tabk. Grigor'ev et al.
[94GRI/KRY] have prepared and characterised a mixed ferricinium tetraaquaoxonium
hexachlorotechneta{€&e(CsHs)2)4[H30(H20)4]2(TcClg)s(cr). Structural paramet-
ers are also given in TabW21.

All of these MTcXg(cr) were generally prepared by dissolution of Mg§) or
MX2(s) in a concentrated solution of HTg@ HX. Thermal analysis of these solids
in argon indicated that they generally decomposed producing technetium metal,
X2(g), and MX(s), which is equivalent to the mode of decomposition of alkali metal
MaoTcXe(cr).

The MTcXg(cr) solids are insoluble in CglCHCl, and benzene; they dissolve in
water with hydrolytic decomposition to form hydrated T.cQH>O(s); and they show
individual variations for their solubilities in ethanol and acetone.

V.4.2.2.3 Binuclear halides

Crystal structure data have been reported for some binuclear technetium chlorides
[65COT/BRA 70BRA/COT, 72KOZ/NOV, 75COT/SH| 75KOZ/NOV, 77COT/GAG
77SCH/HED 81COT/DAN 81KOZ/LAR, 82COT/DAV, 82KOZ/LAR, 83KOZ/LAR,
85SPI/KUZ 86KRY/GRI, 90GRI/KRY, 91COT/DAN. Structural information is sum-
marised in Tablé/.23.

Although there are no experimental thermodynamic data for any of the binuclear
technetium halides reviewed here, these compounds are unstable under typical envir-
onmental conditions since they hydrolyse and are readily oxidised(y) O

V.4.2.2.3.a MTcyClg - x HoO(S)

In 1963, Eakins, Humphreys and MellisB3EAK/HUM] described the preparation of
some solids by reduction of solutions of TéCIcompounds at 373 K using zinc metal
in O2-free concentrated HCI. They thus prepared:

e (NHg)3TcoClg - 2H20(s),
e YTc,Clg - 9HO(s), and
e K3TcoClg - xH20(S),

all of which should contain mixed valence Tc(ll, 111). Oxidation studies confirmed that
the average technetium valence in these compounds was 2.5.

Further reports of the reduction reaction by(#) in an autoclave at 443 K claimed
that the products were actuallyKrcoClg)3-4H2O(s) and My(Tc2Clg)3-2H20(s), (M =
NHg, Cs) [73GLI/KUZ, 75KOZ/NOV] or Kg(Tc2Clg)3-H30-3H20(s) [75KOZ/NOV].



Table V.23: Crystal structural parameters for binuclear technetium chlorides and bromides.

Phase Crystal Space Z  Lattice parameters Tc Reference
symmetry  group %10%/m) valence
K3TcoClg - 2H,0(cn@ trigonal P321 3 1280+0.10 2,3 [72KOZ/NOV]
(or P321) c=8.30+0.08
K3TcoClg - xH0(cn@ trigonal P321 3 a=12838+0.006 2,3 [5COT/SH]
(or P321) ¢ = 8.187+0.004
K5 Kg(H30)x(TcaClg)z- trigonal P321 3 a=128174+0.006 2,3 B5SPI/KUZ
‘NHL0(cr)@ c = 8.185+ 0.004
Kg(TcoClg)s - H3O- trigonal P321 3 a=12804+012 2,3 [75KOZ/NOV]
3H,0(cn@ (or P321) c=8.30+0.08 (2% ave.)
Cs3TcyClg - 2H,0(cn@ trigonal P321 3 a=1290+0.10 2,3 [72KOZ/NOV]
(or P321) c=870+0.08
Csg(TcoClg)3 - 2Ho0(cn@  trigonal P321 3 a=1290+0.12 2,3 [75KOZ/NOV]
(or P321) c=870+0.08 (25 ave.)
(NH4)3TcyClg - 2H,0(cr) trigonal P321 3  a=130340.04 2,3 B5COT/BRA
(or P321) ¢ =840+ 0.02
trigonal P321 3 a=1304+004 2,3 [FOBRA/COT]
(or P321) ¢ =840+ 0.02
YTc,Clg - 9H,O(cr) tetra- P4g2 4  a=11712+0.004 2,3 B2COT/DAV]
gonal (or 21m) c=7.661+0.004

(Continued on next page)
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Table V.23: (continued)

Phase Crystal Space Z  Lattice parameters Tc Reference
symmetry  group %10'9m) valence
((n-C4Hg)4N)2TcyClg(cr) mono- P2/c (2) a=10922 3,3 f7SCH/HED
clinic® b = 15384
c=16.439
mono- P3/c 4 a=10915+0.002 3,3 B1COT/DAN|
clinic © b = 15.382+ 0.006

¢ = 16409+ 0.004

(CsHsNH)3[TcoClgl(cr) triclinic@  P1 1 a=8323+0004 23 POGRI/KRY]
b = 8.780 0.002
c = 8830+ 0.004

KoTcyClg - 2H0(cr) mono- Cc 4  a=8287+0.004 2,2 B6KRY/GRI|
clinic® b = 13.956+ 0.006
¢ = 8.664=+ 0.004
mono- c 1 a=8268+0.004 2,2 P1COT/DAN|
clinic® b = 13.943+ 0.004
¢ = 8.669+ 0.004
mono- c 1 a=8224+0.004 2,2 P1COT/DAN|
clinic @ b = 13924+ 0.002

¢ = 8654+ 0.004

K[Tcp(CH3COO)4Clo](cr) tetra- P4/n 4 a=119885+00006 2,3 B2KOZ/LAR]
gonal ¢ = 11.2243+ 0.0004

Tcy(CH3CO0)4Cl(cr) mono- c2lc 1 a=15035=+0.006 2,3 B1KOZ/LAR]
clinic® b = 7.801+ 0.002

c = 128944 0.008

(Continued on next page)
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In a later review paper on the cluster compounds of technet@®&8P1/KUZ, the
same group indicated that they now preferred a formulation with variable coefficients:
M5_ Mg (H30)x(Tc2Clg)s - nH20(cr), wherex andn vary from 1 to 3 and depend
on the concentration of HCI used in the reaction. It seems unlikely that reduction by
H2(g) gave a less reduced product with a lower monovalent cation-to-technetium ratio
than reduction by zinc metal. Unit cell parameters reported f§FdgClg-xH>O(s) and
Mg(Tc2Clg)3-xH20(s) are identical within experimental error, and the space groups are
the same for both crystal§3COT/BRA 75COT/SH| 72KOZ/NQV, 75KOZ/NOV].

Itis thus reasonable to assume identical compounds were prepared in both studies, and
the simpler formulation MTc,Clg-xH20(s) is accepted. We also note that the evidence

for salts of the type M(Tc2Clg)s - xH20(cr) has been disputed by Cotton and Shive
[75COT/SH] and by Guerman and co-worke@9GUH.

Another method for the preparation of these mixed valency halides has been de-
scribed by Peters, Skowronek and Preetkz,Ref. [92PET/SKQin AppendixA).

The thermal stability of KTcoClg - 2H2O(s) in argon was studied by differential
thermal analysis, IR spectroscopy, and X-ray diffractiB2QBL/KUZ]. This com-
pound underwent dehydration taaRcoClg(s) by 433 K, followed by disproportiona-
tion to KoTcoClg(s), KCI, and Tc metal at 699 K. Crystallisation of technetium metal
began around 873 K.

A similar thermal decomposition study was done(®dH,)3TcoClg-2H20(s) in ar-
gon and argon-helium mixture8TSPI/KUZ. Water was lost between 413 and 443 K,
anhydrougNH4)3TcoClg(s) decomposed to technetium metdlH4)2TcCls, NH4Cl,
and Ch(g) around 553 to 613 K, and th@&H4)>TcClg subsequently decomposed to
TcN via a claimed TcNCl intermediate.

Magnetic susceptibilities have been reported for the following solids:

e K3TcoClg - xH20(s) [73ZEL/SUB,

e CssTCoClg - 2Ho0(s) [73ZEL/SUH,

e (NH1)3TcoClg - 2H,0(s) [TOBRA/COT, 75COT/PED),
e YTc,Clg - 9H,O(s) [75COT/PED), and

¢ the alleged mixed-valence compoundgRcoClg)3-4H20(s) and Cg(TcoClg)s-
2H,0(s) [73GLI/KUZ], which would require the technetium to have an average
valence of 8/3. Subsequently, some of the same autB6&HI/KUZ reformu-
lated these compounds as having a general formula of the type\if (H3O)x-
(TcoClg)s - NnH2O(s), wherex andn range from O to 3, and the average valence
of the technetium is 2.5.

In each case the magnetic susceptibilities yielded magnetic moments of about 2 B.M.
which indicated the presence of one unpaired electron pgtl?c formula unit.

The stability of MsTc,Clg - xH2O(s) in agueous solutions has been investigated
both in the absence and presence of oxy@&BRA/COT, 77SPI/KUZ2 77SPI/KUZ
80SPI/KUZ 81KRY, 83KRY/KUZ]. Different aqueous species were suggested
but no thermodynamic data were reported (see discussion uA@d&P[/KUZ in
AppendixA).
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V.4.2.2.3.0 MpTcoClg(s)

Based on the experimental results given by Cotton and Peder&O[T/PED),

it could be possible to prepare compounds of the typgl®dClg(s). Several
authors have reported the synthesis and characterisati@n-€Hg)4N)2TcoClg(cr)
[77SCH/HED 80PRE/PET281COT/DAN (see Ref. T5COT/PED in AppendixA).
Preetz and Peter8)PRE/PETRalso prepared the corresponding bromide compound.

V.4.2.2.3.c MTc,Clg - xH20(s) and MyTcoBrg- 2H,0(s)

Other types of binuclear halides were also reported by Kryuchkov and co-workers
[82KRY/KUZ]: M2TcClg - xH20(s) and MTceBrg - 2H20(s) (where M = NH or

an alkali metal cation). They were prepared from MEa@mpounds in HCI or HBr

by reduction with H(g) at 30.4 bar in an autoclave at 413 to 423 K.

K2TceCle - 2H20(cr) was described in detail and structurally characterised
[86KRY/GRI, 91COT/DAN. The thermal stability of these binuclear clusters has
been reviewed and studied by Kryuchkov, German and Simot¥RY/GER, who
found that the hydrated compounds lose water over a broad temperature range (333 -
673 K) and that the dehydrated cluster compounds with stable ligands decompose with
disproportionation by cleavage of the Tc-Tc borglg, T02CI§‘ — TcCIé‘ + Tc.

V.4.2.2.3.d MTgBrg(s), MaTcaClig(s) and MaTce2Br 10(S)

More recently, Wendt and Preetz prepared Tc(IV) halides containipBrg¢ TczBrig

and TQCI%E ions with various organic cation83WEN/PRE 94WEN/PRE. IR and
Raman measurements were reported (see B&WEN/PRE in AppendixA).

V.4.2.2.3.e K[TeX4Cl2](s), TeX4Y(s) and TeoX4Clo(s), where X denotes a
carboxylate anion and Y a chloride or bromide ion

Several binuclear technetium compounds have been reported which contain one or
more halide ligands (chloride or bromide) and four carboxylate ligands. These com-
pounds are obtaine@$SPI/KUZ either by ligand exchange at evelated temperatures
and pressures using the corresponding carboxylic acid agictMlg - 2H>O(cr) or
M>TceBrg - 2H20(cr) in argon or nitrogen atmosphere, where M denotes a monovalent
cation, or by reduction of Tcp with Hx(g) in the presence of HCI and a carboxylic
acid. The following compounds have been prepared and partially characterised by
physicochemical methods:

o K[TC2(CH3CO0)4Clo](s) [B1SPI/BAL 82KOZ/LAR]
e TCo(CH3CO0)4CI(s) [BLKOZ/LAR, 81SPI/BA|
e Tco(CH3COO)4Br(s) [82KRY/KUZ, 83KOZ/LAR]

e TC2{(CH3)3CCOO4Cly(s) [77COT/IGAQG
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V.4.2.2.4 Polynuclear technetium cluster halides

Several polynuclear technetium cluster halides containing mainly organic
cations have been synthesised and characteriS@KRY/KUZ, 83KOZ/LAR2,
85K0Z/SUR 86GER/KRY, 86KRY/KUZ, 87KRY/GRI3 88KRY/GRI, 88KRY/KUZ,
93GRI/KRY]. These are mainly chloride or bromide complexes, although one iodine
complex P3GRI/KRY] and one mixed bromide-iodide comple83KRY/GRI| were

also reported. However, no thermodynamic data are available for any of these
technetium cluster halides. Their solutions are stable only in concentrated acid
under reducing conditions, and they would decompose under normal environmental
conditions. The thermal stability of the polyuclear clusters has been reviewed and
studied by Kryuchkov, German and Simon®1KRY/GER, who found that the
hydrated compounds lose water over a broad temperature range (333 - 673 K) and
that the dehydrated polynuclear cluster compounds, which do not contain any other
metallic cations, decompose to give Tc, TcC or TcN and gaseous species which do not
contain technetium.

Rinke, Klein and Scéfer [67RIN/KLE] prepared mixed solid phases of technecium
and rhenium chlorides, and used mass spectrometry to study the vapor phase above
them at 623 K and higher tempertaures. Parent gas phase molecules observed were
TcgClg, TcsClio, TeCly, ReyTcClg, ReTeClg, ReTeCl2, are incude many trinuclear
clusters containing Tc(IIl) or Tc(1V).

TableV.24 contains a summary of the X-ray structural information for the polynuc-
lear cluster halides of technetium.

V.4.2.2.5 Oxyhalides

Two reviews are available for technetium halides and oxyhalides that cover the per-
tinent literature up to the early to mid 196@5[COL, 68BCAN/COL]. They contain
discussions of methods of preparation and chemical properties.

The following compounds are known:

e TcOXa(s) (X = Cl, Br) [F8CAN/COL2 68COL/TOM, 72GUE/LOQ,
TcOCl(s) [72GUE/LOQG,

TcOsCI(s) [72GUE/LOQG,

K3Tc,0,Clg(s) [B5SPI/KUZ,

M2TcOCK(s) (M = NHa, K, Cs) [B7JEZ/NAT, 67JEZ/WAJ, 72BAL/HAN]

CTcOXs(s) (X = Cl, Br) [85THO/HEE.

TcOCk(s) was prepared by reaction of Tg@©r) with Clo(g) at 573 to 623 K
[68COL/TOM as well as by chlorination of technetium metal at 573 to 823 K
[72GUE/LOQ. The corresponding oxybromide, TcO#s), was produced
by reaction of TcQ@(cr) with Brp(g) at 573 to 623 K in the absence of,@)
[68CAN/COL2 68COL/TOM.



Table V.24: Crystal structural parameters of polynuclear cluster halides.

Phase Crystal Space Lattice parameters Reference
symmetry group %10%/m)
z
Hexameric Clusters
((CH3)4N)3TcgClg(-ClygCla(cr) orthorhombic Pcmn a = 11583+0.004 [B3KOZ/LARZ]
4 b = 13527+0.006 [B6GER/KRY]
¢ = 24.387+0.006
((CH3)4N)2TcgClg(e-Chg(cr) triclinic® P1 a=11614+0.008 [B6GER/KRY]
2 b =11633+0.008
¢ =14.017+0.012
((CH3)4N)3TcgBrg(1e-Br)gBrao(cr) hexagonal Pgmmc a=13781+0.006 [B7KRY/GRIJ
3 ¢ =12801+0.008
((CH3CH2)4N)»>TcgBrg(u-BrygBra(cr) triclinic® P1 a=12877+0.006 [B7KRY/GRIJ
2 b = 13.684+0.006
c = 14.613+0.008
((n-C4Hg)4N)2>TcgBrg(1-Br)s(cr) monoclinic©  P2/c a=9.999+0.006 [88SPI/KRY|
b = 14.072+0.004
c=21127+0.008
[(H20)3H30]2TcgBrg(1-Br)s(cr) monoclinid® P2/c a=9.258+0.008 [B3KOZ/LARZ]
2 b=9.211+0.006 [B6KRY/KUZ]
c=17437+0.014
[Fe(CsHs)213Teglg(1e-1)gl2(cr) tetragonal P6/m a = 13.34+0.04 [93GRI/KRY]
2 b = 1270+0.02

(Continued on next page)
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Both TcOX3(s) compounds were readily hydrolysed with disproportionation
to form solid hydrated Tc®- xH20(s) and aqueous T¢Oin a 2:1 mole ratio
[68COL/TOM. The mixed-valence Tc(lV, V) compound, 3Kc,02Clg(s), was
described by Spitsyat al. [B5SPI/KUZ (AppendixA). The authors reported that this
substance disproportionated in concentrated aqueous HCI to form equimolar amounts
of TcCIéf and Tcoc%*, which is consistent with the mixed-valence formulation.
No structural results are available for this solid, but results from IR spectroscopy
indicated that two types of non-equivalent oxygens were present, and electronic
spectra indicated the absence of a bridging chlorine ag®B%PI/KUZ. Given the
lack of direct structural information, however, the formulation of this substance as
K3Tc202Clg is unproven.

The synthesis of some Tc(V) oxyhalides was achieved by reduction of, TcO
with HCI or HBr, e.g, MaTcOCKk(s), (M = NHg, K, Cs) [67JEZ/WAJ, 67JEZ/NAT,
72BAL/HAN]; CsTcOX5(s), (X = Cl, Br) [B5THO/HEH. Lower temperatures of
around 265 to 273 K are advantageous for preparation of Tc(V) oxybromides in
order to reduce the amount of Tc(IV) formed by further reduction of Tc(V) by HBr.
Jefowska-Trzebiatowska and coworke87)EZ/WAJ, 67JEZ/NAT, 72BAL/HAN]
reported IR and UV-visible spectra for theoWcOCls(s) solids, and made magnetic
susceptibility measurements foNH4)>TcOCk(s) which was diamagnetic, at least
from 82.5 to 293 K.

In addition to the preparation of these oxyhalides, the synthesis and character-
isation of several Tc(V) oxyhalides containing organic cations has been described
[79COT/DAV, 80PRE/PET 80THO/DAV, 81DAV/JON, 81PET/PRE 82DAV/TRO,
89BAL/COL, 90KIR/KOH, 90MAN/IAN, 92HUB/ABR]. A summary of the avail-
able crystal structure information is given in TamMe5.

From the above information on Tc(V) oxyhalides, it appears that precipitation with
bulkier cations generally yields TcQXsalts, whereas smaller and intermediate sized
cations yield TcO%~ salts.

There are no published thermodynamic data for any of the oxyhalides described in
this section. They disproportionate, hydrolyse, or are oxidised by atmosphggy O
under normal environmental conditions.

V.4.2.2.6 Hydroxyhalides

In 1965, Colton 5COL] reported the synthesis of a Tc(IV) hydroxychloride by ad-
dition of KTcOy to concentrated HCI in the presence of Kl; this was originally as-
sumed to be KTc,OClip - HoO(s). However, the results of a powder pattern X-
ray diffraction study $5COL] raised the possibility that this compound might actu-
ally be KoTcCls(OH)(cr), which has the same empirical formula as one half unit of
K4TcoOClyp - Hzo(S) [65CO|_].

Elderet al [67ELD/FER prepared crystals of KTcCls(OH)(cr) by addition of
Kl to a solution of KTcQ in 11.3 M HCI. It was characterised by a single crys-
tal X-ray structural determination. Electronic spectra were also reported by them for
K>TcCls(OH)(cr) at room temperature and at liquid air temperature.

Fergusson, Greenaway and Penf@@8FER/GRE prepared additional compounds
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Table V.25: Crystal structure parameters for Tc(V) oxyhalide compounds.

Phase Crystal Space Z Lattice parameters Reference
symmetry group %100%m)
(PhgP)oN[TcOCl](cH®@  orthorhombic  Pna2 4 a=21618+0.010 [f9COT/DAV]

b =16.870+ 0.010
¢ = 9.658+ 0.006

AsPhy[TcOClL](cn® tetragonal P4/n 20r4 a=12664+0.002 [B9BAL/COL]
c = 7.822+ 0.002
tetragonal P4/n 2 a=12670+£0.002 [POKIR/KOH]

Cc=7.824+ 0.002

AsPhy[TcOBIy](cn® tetragonal P4/n 2 a=12766+0002 [92HUB/ABR]
¢ = 8.032+ 0.002

(CH3CH2)4N[TcOBI- orthorhombic Pmma 4 a=11155+0.008 [PQOMAN/IAN]
(OH2)](cn© b = 12929+ 0.004
c=11531+0.002

@ The TcOC}, ion had a distorted square pyramidal structure wiglh §ymmetry.
® The TcOX, ions are square pyramidal in shape, with, Gymmetry, with the O-Tc-X angle slightly
smaller than the tetrahedral value.

© The oxygen atom and water oxygen were trans to each other, with Tc=0 and Tc-O bond lenggizsof 1
1019 and 232 x 10710 m, respectively.
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of this type. They added various alkali metal chlorides or bromides to solutions of
NaTcQy, subsequently added HI to these solutions, and concentrated the solutions by
evaporation.

They obtained and characterised the following hydroxychlorides and hydroxy-
bromides of Tc(IV):

e M2TcCls(OH)(cr) (M =K, Rb, Cs) and
e CTcBr5(OH)(cr).

K>TcCls(OH)(cr) and CsTcCls(OH)(cr) were paramagnetic with magnetic moments
of 3.6 and 3.5 B.M., respectivelgTELD/FER 83FER/GRE. When these solids were
treated with hot aqueous HCI or HBr, they slowly dissolved to form solutions ofél‘cCI

or TcBi .

Zaitsevaet al. [87ZAI/KRU4] prepared crystals of ZnTc6lIOH)(cr) by reducing
Zn(TcOy)2 with concentrated HCI in the presence of ZpCllts identification was
based on IR, EPR, arltH-NMR, and on elemental analyses for Zn, Tc, and Cl. It was
hydrolysed by water, and it decomposed when heated in an argon atmosphere above
670 K. The same authors also prepared[TaCls(OH)]3(cr) by heating an aqueous
HCI solution of LaTcO4)3 and LaCh [88ZAI/KRU]. This material was paramagnetic,
and it was characterised by IR, ESBJ-NMR, and thermal analysis. It was hydro-
lysed by water, and it was insoluble in GGnd benzene. Thermal decomposition of
Lap[TcCls(OH)]3(cr) occurred between 678 and 753 K in an argon atmosphere.

The experiments performed by Spitsyn, Glinkina and KuzireSPI/GL] gave
some evidence for the formation of Tc(V) hydroxychlorides, but no reliable identifica-
tion was obtained (AppendiX).

There is a total absence of thermodynamic data for these technetium hydroxy-
halides. However, these compounds probably would undergo extensive or complete
hydrolysis (and, possibly disproportionation for Tc(V)) at normal environmental pH
values. Crystallographic information for the Tc(IV) compounds is given in Tel2é.

V.4.2.3 Gaseous technetium chlorides, bromides and iodides

Rudolph and Bachman8QRUD/BA(C reported the formation of two volatile techne-
tium chlorides at high temperatures (650 to 1100 K) in a40§}latmosphere at 0.33 to
1.2 bar pressure, and assumed they were Z{gCand TcCé(g). No direct evidence is
available for TcG(g). They also studied the high-temperature chromatography of gas-
eous Tc species obtained by reacting Tc metal withyC&tid “observed” the presence

of TcOCk(g) and TcOCI(g). Actually, the presence of these compounds was deduced
indirectly.

Vibrational spectra have been reported for solid, liquid, and gaseousCIcO
[72GUE/HOW 78GUE/HOW. These vibrational frequencies arégGUE/HOW
v1(Tc-O symmetric stretch) = 948;(Tc-Cl stretch) = 451p3(0O-Tc-O symmetric
bend) = 299p4(Tc-O asymmetric stretch) = 932;5(O-Tc-O asymmetric bend) = 342,
and vg(rocking motion) = 197 cm!. Electronic transitions occurred around 4170,
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Table V.26: Crystal structure parameters for hydroxyhalide compounds of Tc(1V)

Phase Crystal Space Z Lattice parameters Reference
symmetry group X 101°/m)
KoTcClg(OH)(cn@  cubic Fm3m 4 a=9.829+0014 [67ELD/FER
cubic a=9.851+0.004 [B3FER/GRE
Rby TcCls(OH)(cr) cubic a=9.964+0002 [B3FER/GRE
CsTcCls(OH)(cr) cubic a=10315+0.004 [83FER/GRE
CsTcBr5(OH)(cr) cubic a=10715+0.006 [83FER/GRE
ZnTcChk(OH)(cn®  orthorhombic 2 a=9.87+004 [B7ZAI/KRU4]
b =6.96+0.04
c=7.01+0.04
Lay[TcCls(OH)]3(cr)  orthorhombic 2 a=1011+0.04 [88ZAI/KRU]
b =7.08+0.04
c=7.09+0.04

@ |sostructural with KTcClg(cr). As noted by Eldeet al. [67ELD/FER the m3m point symmetry
indicated that technetium was in a regular octahedral environment.
0 sostructural with MTEY) Clg(cr)

16000, 32000, and 43000 cth[78GUE/HOW. These gas phase vibrational frequen-
cies were used by Bara@§BAR] to calculate ideal gas thermodynamic properties
of TcOsCl(g) by using statistical methods. Baran’s calculated values at 298.15 K
and 1 atm pressure a@;,, =805 JK tmol™!, §, = 3176 JK 1mol™,
HS(T) — HS(0 K) = 17.0 kImol~2, andGS,(T) — H3(0 K) = —77.7 k3mol~1.

Zavalishin and Mal'tsev did statistical thermodynamic calculations forsRiCand
TcO3Br [76ZAVIMALZ2], and for TcOC) [76ZAV/MAL], all from 100 to 4000 K, as
well as for some oxyfluoride compounds (SectMn.1.3.3. Since the accuracy of
their calculations cannot be assessed, their results are not recommended.

This review performs ideal gas statistical thermodynamic calculations
for TcOsCl(g) and TcQF(g) (Section V.4.1.3.2 Table V.18) using the
harmonic oscillator approximation and published vibrational frequencies
[72GUE/HOW 74BIN/EL-, 78GUE/HOW. We adopt the assertion of Guest, Howard-
Lock and Lock f8GUE/HOW that the Tc-Cl and Tc-O bond lengths in TgCl
should be essentially equal to those corresponding ones in®&23 x 1010 and
1.70x 10~19m, respectively. The reversal of assigned values{@ndv; for TcOsCl
[74BIN/EL-] (which does not matter for statistical thermodynamic calculations
since they have the same degeneracies) is also accepted. VIableontains these
thermodynamic values for Tel(g). The recommended thermodynamic data at
298.15K are

S(TcOsCl, g, 29815K) = (317.636+0.797) JK L.mol?
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Com(TcOsCl. g, 29815K) = (80.365:+0.308) JK ™ “-mol™*

Table V.27: Ideal gas thermodynamic properties of 3C{Qy) from statistical thermo-
dynamic calculations®

T .m Sh [Ha(T) = HRO K] —[Gx(T) — HR(0 K)I/T
(K) @-K 1 moly (-k~1.moll) (kJ-mol~1) (@-K™1.mol"Y)
0 0.000+0.000 Q000+0.000 Q000+0.000 —
10 33258+0.000  165796:+0.000 0332+0.000 1325384+0.000
25 33284+0.006  196273+0.001 0831+0.000 163013+0.000
50 35317+0.198  219732+0.051 1680+0.002 186125+0.009
100 47780+0511  247748+0.311 3737+0.022 210373+0.093
200 68410+0.419  287927+0.653 9653+0.071 239660:+0.300
29815  80365:0.308  317636+0.797 16995+0.106 260633+0.443
300 80547+0.306  318133+0.799 1714440.106 260986+0.445
400 88597+0.231  342486+0.876 25628+0.133 278415+0.544
500 93919+0.177  362869+0.922 34772+0.153 293323+0.615
600 97469+0.138  380327+0.950 44353+0.169 306404+0.669
700 99898+0.109  395546+0.969 54229+0.181 318075+0.710
800 10161+0.09 409003+0.982 64309+0.191 328616+0.744
900 10285+0.07 4210474+0.991 74535+0.199 338229+0.771
1000 10377+0.06 431933+0.998 84869+0.205 347064+0.793

@ Calculated with a symmetry number of 3; vibrational frequencies of 948, 451 and 299 (multiplicity = 1),
and of 932, 342, and 197 cm (multiplicity = 2); a molar mass of 18357 ¢ mol~1; a Tc-O bond distance
of 1.70 x 10710 m and Tc-Cl bond distance of23 x 1019 m.

The uncertainty limits are obtained by assumitg = 5 cm ! for 1.96 times
their standard errors for all of thg. The calculations for TcgCl(g) agree well with
those reported previously by Barar6BAR]. We neglect the contributions of higher
electronic levels reported for TGl [7T8GUE/HOW since their degeneracies are un-
known. HoweverS;, is affected by them by only.8 J- K~ - mol~* at 1000 K, and to
a much lesser extent at lower temperatures. The effect of this approximatigin
less than the variation due to uncertaintiesjimalues.

Gibson P1GIB] investigated the formation of gas phase technetium oxychlorides
and oxyfluorides (Sectiow.4.1.3.9 by mass spectrometry. He used a sampl&®de
metal powder with a oxide coating, and studied its oxidation by@From 573 to
923 K. A large number of ions were detected whose probable “parent” molecules were
TcOsCI(g), TcOCk(g), TcO:Clx(g) (with x = 2 or 3), TcORCI(g), and TcOFCI(qg).

Some evidence of the formation of TcQf8y) was given by Colton and Tomkins
[68COL/TOM, but no thermodynamic data are available.

The vaporisation of an ill-defined solid technetium oxide was studied in the pres-
ence of Bp(Q) at partial pressures of about 10 Pa fre/373 to 1073 K §4GIH]. Gib-
son stated that their oxide was probably B¢£) but it may also have contained some
higher oxide. Various technetium ions were detected whose probable parent molecules
were TcQ@Br(g), and either Tc@Bra(g) or TcO:Br3(g).
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Gibson P4GIB] also investigated the formation of technetium oxyiodides. Direct
reaction of the solid technetium oxide witf(¢) produced only a small amount of vo-
latilisation, but addition of @(g) to the vapour phase caused a substantial enhancement
of the reaction. Obviously(g) alone was not a strong enough oxidising agent. The
maximum yield of technetium oxyiodide ions occurrechdt023 K, but the intensit-
ies of the mass spectrometric peaks were much lower that for the oxybromide system
under comparable conditions, and most of the technetium was present instead as tech-
netium oxide ions. The observed oxyiodide ions can all be accounted for by assuming
that TcGl(g) was the parent molecule.

V.5 Group 16 (chalcogen) compounds and complexes

V.5.1 Sulphur compounds and complexes
V.5.1.1 Technetium sulphides
V.5.1.1.1 Binary sulphides

Addition of HyS to 0.5 to 5.0 M HCI solutions of Tcpyielded “complete precip-
itation” of a technetium sulphide. In 10 M HCI only a small fraction of technetium
precipitated, in contrast to rhenium which had more complete precipitation under that
condition BOPER/SEG The solid compound was dark black and had the chemical
formula TeS;(s) [52COB/NEL 52RUL/MEI]. The initial precipitate contained up

to 20% excess sulphur, which was removed by extraction with [B3RUL/MEI].
Spitsyn and Kuzinad9SPI/KUZ confirmed that this procedure yielded stoichiometric
TcaSy(s).

TcoS(s) was also prepared by treatment of acidic Tcédlutions with sodium
thiosulphate T7TECK/LEV] or thioacetamide Q0AND]. Trace amounts of techne-
tium can be co-precipitated as sulphides with certain second and third row transition
metals BOAND]. Dissolution of TeS;(s) with ammoniacal HO»(aq) solutions yiel-
ded NH;TcO4 solutions p2RUL/MET].

Lee and Bondietti§3LEE/BON studied the precipitation of technetium sulphide.
Chemical analysis of the black precipitate by neutron activation yielded a composition
of TcS323(s) (or TeSs5(S)), which is close to the expected composition 0$34s),

(cf. AppendixA).

The retention of technetium by sulphide minera&g, stibnite (SbS3), pyrrhotite
(FeS), pyrite (FeD, galena (PbS), and the sorption onto several minerals and
synthetic compounds,eg CdS(s), has been investigated by various authors
[89BOC/BRU 92EL-/GER 95ZHU/ZHE. A brief summary of each reference is
given in AppendixA.

Amorphous Tcg(am) has been obtained by heatingp$4s) in the absence of
0O2(g) [59BOYJ. Crystalline Tc$(cr) was prepared by chemical transport along a
temperature gradient in a sealed tube, with temperatures of 1423 and 1353 K at the
two ends of the tube. An excess of sulphur, along witb(@)l Bra(g), or Ix(g) as
a carrier gas, improved transpo@]WIL/JEL]. TcSy(cr) formed triclinic crystals.
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Its structure is probably a distorted Cd(QHype cell. Differential thermal analysis
experiments give no evidence for a structural change between 93 and 1423 K. Lam-
ferset al. [96LAM/MEE] performed a more detailed study of the crystal structure of
TcS(cr). Their single-crystal X-ray structural determination was done using the same
crystals prepared by Wildervanck and Jelling YWIL/JEL]. Lamferset al. confimed
Wildervanck and Jellinck’s conclusion that its structure was a distorted Ca(@He

cell, but showed that the value of the angla the earlier study was too small by about

a factor of two. The lattice parameters and structural information of this compound are
givenin Tablev.42 (see SectioV.9). The unit cell parameters of the more recent study
are to be preferred.

TceSy(s) that was heated to as low as 373 K in a(@) stream reportedly was
completely volatilised, and solids were collected in the cooler parts of the reaction
tube BOPER/SEG The Ch(g) apparently functioned as a carrier gas for vapour phase
transport.

McDonald and CobblegG2MCD/COH measured combustion enthalpies for several
rhenium sulphides, and they used these results to estit&@g , AfH;, andS;, for
TcS(cr), Tes(s), and TeSy(s). No direct thermodynamic data are available for these
technetium sulphides. In addition, there are no reports of the preparation gfs],cS
so we shall not consider it further.

McDonald and Cobbleg2MCD/COB estimated the following values at 298.15 K:
AfHS, = —(22384+41.0) kImol™t, AtGg, = —(2161+ 42.1) kIJmol1, andS;,
= (711+316) JK~tmol~ for TcSy(cr); andAfHS, = —(6150457.4) kImol ™,

AfG:, = —(5809 + 60.4) kImol%, andS, = (1757 + 63.2) JK~1.mol~? for
Tc2S7(s). These very conservative error estimates were made by this review. Experi-
mental values are certainly needed for these quantities.

El-Wear, German, and PeretrukhB2EL-/GER studied the solubility of TgS7(s)
in water. However, the experiments and the corresponding data analysis have serious
limitations, (see AppendiR). Therefore, no attempt has been made to extract thermo-
dynamic data from this study.

More recently Kunzeet al. [96KUN/NE( studied the precipitates formed in the
reaction of 16° M NH4TcOy with 3.2 x 1074 to 5.1 x 10~3 M solutions of NaS.

No precipitation was observed in water, apparently because of hydrolysis of #i§¢ Na
however, precipitation did occur when the pH was reduced below 3 by addition of HCI.
Kunzeet al. were not able to calculate a solubility product since much of the technetium
in solution was present as a fine colloid that could not be removed by filtration.

Kunzeet al. [96KUN/NE( also studied the solubility of T7(s) in various con-
centrated brines at pH = 8 to 10. Solubilities of technetium after 150 days were typic-
ally 2 x 107" to 2 x 10-% M in the presence of simulated waste glass, stainless steel,
and UQ; they were much lower at about510~° M in the presence of iron, zircaloy
and UQ. They also found that the Uhad no effect on the solubilities. As noted in
that study, the low solubility is consistent with reduction of T,c® TcO, - xH20(s),
which becomes the solubility-limiting phase under these experimental conditions.

We note that calculation of solubility products for metal sulphides from the meas-
ured concentration of dissolved metal ion and the solution pH is fraught with diffi-
culties. First, the sulphide ion resulting from this dissolution process is hydrolysed
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almost completely to form the HSion, and the second acid dissociation constant of
H>S(aq) is not accurately known. Furthermore, depending on the pH of the solution,
additional hydrolysis may occur to form28. Secondly, if the solution is made al-
kaline to increase the solubility of the metal sulphide, then a mixture of polysulphides
of the general formula,&*~ can also form, which adds to the difficulties of calcu-
lating the equilibrium concentrations ofSor HS™. See the discussion in reference
[86MYE] for more information. The situation for dissolution of technetium sulphides

is even more complicated because of formation of colloidal mate3&K[UN/NEC

and uncertainty about the exact chemical state or states of the dissolved technetium
[92EL-/GER.

We note that calculation of solubility products for metal sulphides from the meas-
ured concentration of dissolved metal ion and the solution pH is fraught with diffi-
culties. First, the sulphide ion resulting from this dissolution process is hydrolysed
almost completely to form the HS-ion, and the second acid dissociation constant of
H>S(aq) is not accurately known. Furthermore, depending on the pH of the solution,
additional hydrolysis may occur to formp8. Secondly, if the solution is made alkaline
to increase the solubility of the metal sulphide, the difficulties of calculating the equi-
librium concentrations of 5 or HS™. See the discussion in referen@MYE] for
more information. The situation for dissolution of technetium sulphides is even more
complicated because of formation of colloidal mater@iKUN/NEQ and uncertainty
about the exact chemical state or states of the dissolved techn&@Eh-JGER.

There are no reliable solubilities for 38;(s) and the estimated thermodynamic
values p2MCD/COH are very uncertain. Additional experimental measurements are
definitely needed.

V.5.1.1.2 Ternary sulphides
V.5.1.1.2.1 MOTcsS14(cr) (M =Rb, Cs)

Brongeret al. [93BRO/KAN] synthesised two ternary alkali metal technetium sulph-
ides by reaction, at 1073 K for 10 to 16 hours, obRID3 or C$CO3 and metallic tech-
netium with sulphur vapour in a flowing46g) stream. The resulting black coloured
rubidium and caesium compounds formed wergdRbgS14(cr) and CgoTceS14(Ch);
they are isostructural and contain isolateg3gSg = TcsS14 anion clusters. These
compounds were found to be diamagnetic from 10 to 295 K, which is consistent with
a 24-electron Tgconfiguration and with Tc being in the +3 oxidation state.

These compounds crystallised in the fcc space groupririwith a = (15.006+
0.004) x 10710 m for RbyoTcsS14(cr) anda = (15.6194+ 0.004) x 10719 m for
Csi0TceS14(cr). The rhenium analogues of these compounds were also prepared.

No thermodynamic data are available forigbcgS14(cr) or CgoTcsS14(CH).

V.5.1.1.2.2 KTcgSi2(cr), MaTcgS13(cr) (M = Rb, Cs)

KaTcgS12(cr), RiyTesSi3(cr), and CgTcsSy3(cr) were synthesised by the reaction of
technetium metal, KCO3, RbpCO3, or C3CO3, and sulphur in an Ar(g) atmosphere
for 8 hours at 1073 K,93BRO/KANZ. The cooled melts were extracted with water
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and ethanol, and well-formed shiny crystals of these solids were isolated.
The structure and lattice parameters of these solid phases are:

e K4TcsS12(cr), monoclinic, space group C24c= (16.4634+ 0.008) x 10~ 19m,
b = (9.6674 0.006) x 101%m, ¢ = (11.841+ 0.004) x 10719m, andp =
(91404 0.04)°.

e RbyTcsS13(cr) monoclinic, space group C2/a,= (9.745+ 0.004) x 1019 m,
b = (165954 0.008 x 1019 m, ¢ = (13913+ 0.006) x 10719 m, and
B = (99.83+ 0.04)°.

e CsiTcsS13(cr), monoclinic, space group C2/a,= (9.983+ 0.002) x 1019 m,
b = (17.1204 0.008) x 1019 m, ¢ = (13.643+ 0.006) x 10719 m, and
B = (100.68+ 0.02)°.

These compounds containgSg clusters which are linked to the neighboring clusters
by S or $ groups, the alkali metal cations being located in the interstices. Magnetic
measurements indicated the presence of a weak temperature-independent paramagnet-
ism. Brongeret al. [93BRO/KANZ concluded that the Tc in these clusters was in the
+3 oxidation state.

No thermodynamic data are available for these compounds.

V.5.1.1.3 Gaseous sulphides

Little is known of the existence, behaviour or stability of gaseous technetium sulphides.
However, Langhofét al. [B9LAN/BAU] have performed theoretical calculations using
two different approximation methods, giving calculated spectroscopic constants, the
dissociation energy and dipole moment; there are no experimental results for compar-
ison. The molecular parameters calculated by Langé#l. [89LAN/BAU], which
are summarised in TabR.13 (cf. AppendixB), have been used to compute the ideal
gas thermal functions of TcS(g), (see TaBlé4in AppendixB).

The values at 298.15 K, with estimated uncertainties, are:

$,(TcS 9,29815K) = (255990+ 1.000 JK~t.mol™t
Com(T€S 0.29815K) = (34.474+1.000 JK tmol*

An approximate value foDg(TcS, g) can be derived from the (adjusted) calcu-
lated value of 2.91 eV, given by Langhdadt al. [BOLAN/BAU]. If this is multiplied
by the same factor as is applicable to MoO(g) (see discussion in Se¢3od.?
this becomesDg(TcS, g) = (400+ 60) kJmol~1. After correction to 298.15 K,
with our selected value foAfHg, (Tc, g, 298.15 K) and the well-defined value of
(277.17 £ 0.15) kJmol~! for A¢HS, (S, g, 298.15 K) $9COX/WAG, this finally
gives the selected value

AfHZ,(TCS g,29815K) = (54975} kamol™?

The Gibbs energy of formation is calculated from the selected enthalpy of forma-

tion and entropy.

AfG3(TcS g,29815K) = (4915} kImol™t
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V.5.1.2 Technetium sulphates

Constant current electrolysis and potentiostatic reductions were performed for dilute
aqueous TcQ in the presence of Sfp but no details were provide@2PAQ/LIS.

Both Tc(lll) and Tc(IV) were obtained, and spectroscopic evidence was found for com-
plexes with sulphate in both valence states.

Spitsynet al. [76SPI/KUZ prepared a non-colloidal brown complex of techne-
tium by electrolysis of TcQ) in aqueous HSQy, followed by separation using elec-
trophoresis. Oxidation of this complex to Tg@n solution by use of Ce(IV) sulphate
indicated a 3 & change per technetium, so Tc(lIV) was present in the brown complex.
Based on absorption spectrum measurements as a function of pH, they suggested the
brown complex was 'I'(@H)Z(SO4)§* [76SPI/KUZ.

lanoviciet al. [BLIAN/KOS] studied photolysis of 0.005 M TC§T in 1 M H2SQy,
and they isolated both a pink cationic complex in several percent yield and a neutral
species, both of unknown composition, using low-voltage electrophoresis.

Photolysis of 103 M TcBrg™ in 1 M HSO4 gave small amounts of pink and
orange cationic species, larger amounts of a brown-orange neutral species, and a yellow
anionic speciesg8COL/IAN].

Electrolysis of 0.006 M NHTcOy4 in 1 M (NH4)2SO4 with added HSO;, also gave
either pink or brown solutions, with pink solutions usually (but not always) obtained at
0.5 < pH < 1.5[67VOL/HOL].

When TcQ was reduced by Snglin the presence of potassium ferrocyanide
and SOy, a transient blue species formed which then turned reddish-violet. After
some time a dark violet compound, of uncertain composition, was precipitated
[62AL-/MAG].

Several polarographic studies have been made fop, Tre@Quction in SOy and in
alkaline scj— solutions. Reduction potentials for Tgn 0.25 M K2SOy, with HSOy
or KOH added to obtain pH = 4 to 13, are essentially identical to the potentials for the
first two reduction waves of Tcpin KCI with added HCI or KOH at any specific pH
value, although there are some differences at lower @88AL/RUL]. This implies
that SCi* complexes of Tc(1V) and Tc(lll) are weak or non-existent at pH owing
to competition from hydrolysis.

Polarographic reduction of T¢D in NaHS(Q-Na;SO; mixtures at pH
~ 1 to 3.5 gave three reduction waves, with the first two being irreversible
[63SAL/RUL, 79GRA/DEYV, 78RUS/CAS.

The first reduction wave was 4 eo Tc(lll), the second was apparently 7 &or
TcO, to metallic Tc [8RUS/CA$ or 3 e to Tc(lll) [63SAL/RUL, 79GRA/DEV],
and the third was a catalytic hydrogen discharge wave. The first two waves were diffu-
sion controlled, and the second had a maximum.

Grassi, Devynck and TremillorvPGRA/DEV] also performed similar measure-
ments from pH = 1.5t0 13.0.

Broadly similar results were obtained b9gZAK/BAG] in H>SO4 solutions at
pH= 1 for TcQ, concentrations from 0.003 to 0.125 M, although they inferred that
all three reductions were diffusion-controlled and that the first step involved a three-
electron reduction to Tc(lV) species, which could not be further reduced to Tc.



V.5 Group 16 (chalcogen) compounds and complexes 175

Horanyi and Bakosg3HOR/BAK, 94HOR/BAK] have also studied the reduction
of TcO, at gold and platinised gold electrodes in 1 molaBS&y solutions, and found,
contrary to previous assumptions, that deposition of solid Tc species can occur at a
constant rate without the formation of gaseous hydrogen, and that the average number
of electrons involved in the intermediate reduction was 3.3.

The polarographic behaviour of TgOin aqueous Ng5O; and NaSOs-

H2SOy mixtures was very similar to its behaviour in GJGand HCIQ; solutions
[70ZHD/KUZ]. This implies that reduced forms of technetium complexed little with
sulphate.

Cyclic voltammetry of TcQ in 0.5 to 1.5 M SOy gave anodic and cathodic
peaks that involved Tc(lIl) and Tc(IV) hydrous oxides. These potentials were concord-
ant with results in HCI, HCI@, NaOH, and other ionic mediZ4MAZ/MAG]. No
well defined polarographic reduction waves were observed for the reduction gf TcO
in 210 10 M LSOy [59MAG/SCQ 60MIL/KEL].

Since none of the reduction waves for Tgc@ HSO4 or NaHSQ — NSOy
solutions were reversible, and the nature of sulphate complexes of technetium not com-
pletely certain, no useful thermodynamic data can be derived from these reduction po-
tentials.

The Ko[Tc2(SOy)4] - 2H20(cr) crystallised in the triclinic space P1 with =
(7.522+0.004 x 10 19m,b = (7.666:+0.004) x 10 1%°m, ¢ = (7.684+0.004) x 1010
m,« = 10163, B = 10025° andy = 11232 [90KRY/GRI]. The following two
solid dimeric Tc(lll) complexes have been described and partially characterised using
IR spectroscopyd8KRY], Ko[Tc2(SOy)4] - 2H20(cr) and K (H30)2[Tc2(SOy)6](cCr).

No thermodynamic data are available for them.

V.5.2 Selenium and tellurium compounds
V.5.2.1 Binary selenides and tellurides

V.5.2.1.1 TcSe(cr), TcTex(cr)

Very little information is available for the selenides and tellurides of technetium. Re-
action of technetium with these chalcogens in excess in a sealed reaction tube with a
temperature gradient, and with #8g) or I>(g) as carriers, gave chemical transport of
TcSe or TcTe to form crystals at the cool end of the tube. Temperatures at the two
ends of the tube were 1353 and 1273 K for the selenide, and 1253 and 1113 K for the
telluride [71WIL/JEL].

Single crystal X-ray determination for TcAier) showed this compound had mono-
clinic symmetry with space group Cc or C2/c aad= 12522 x 10 1°m, b =
7.023x 10 10m, ¢ = 13828x 10 19m, o = 90°, B = 10126°, andy = 9C°
[71WIL/JEL. The unit cell was said to be similar to that of high-temperature MpTe
but with a doubling of the andb axes.

TcSe(cr) seemed to be isostructural with T¢&), but the diffraction spots were
too diffuse to allow determination of unit cell parametét$\[VIL/JEL]. No thermody-
namic data are available for Tc&er) or TcTe(cr).
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V.5.2.1.2 ToeSe(s)

Miiller and Diemanng9MUL/DIE] reacted aqueous KTc@with HoSe(g) at pH= 7.
The black amorphous precipitate, after having been washed witla@5diethylether,
was chemically analysed and found to beSe;(s). No further characterisation of this
material was reported.

No thermodynamic data are available fonBey(s).

V.5.2.2 Ternary selenides
V.5.2.2.1 MTcgSe2(s)(M=K, Rb), C¢TcgSe 3(cr)

Brongeret al. [93BRO/KANZ reported the synthesis of several ternary technetium
selenides. These were prepared by reactipg@®s, Rb,CO3, or C3CO3, technetium
metal, and selenium in a #g) atmosphere for 8 hours at 1073 K. The cooled
melts were extracted with water and ethanol, and well-formed shiny crystals of
K4TcgSeo(cr), RbyTcgSeo(cr), and CgTcgSez(cr) were isolated. All three of
these compounds crystallised in the monoclinic space group C2/c and the unit cell
parameters are:

o KaTcsSeo(cr), a = (17.165+ 0.004) x 10 1°m, b = (10.019+ 0.004) x
1019m, c = (12.301+ 0.004) x 10 19m, andg = (91.42+ 0.02)°.

e RhsTceSen(cr), a = (17.640+ 0.008) x 1010 m, b = (10.092+ 0.002 x
10 10m,c = (124644 0.002) x 107 1%°m, andg = (91.30+ 0.02)°.

e CsTcsSes(cn, a = (10.275+ 0.004) x 10 19m, b = (17.826+ 0.006) x
1019m, c = (14.161+ 0.008) x 10 19m, andg = (10089 0.04)°.

The structural features of these compounds are essentially identical to those of the
sulphur analogs, which are described in Sectidnl.1.2
No thermodynamic data are available for these compounds.

V.5.2.3 Organoselenium compounds

There are a number of studies on the synthesis and characterisation of or-
ganoselenium compounds of the typ@HsCH,)sNTcOL,, where 12~ represents
(CN),C=CSSé~ [81SPI/JOH 84ABR/SP], (CN)ZC:CS(%*, and (CN)CzC?{,
[84ABR/SP] as well as nitrido complexes of the type TciNbq) where C =
(CH3CH2)2NCSg, or (CH3CH2)2NCSSe, [85ABR/SP]. A compound with the
formula[Tc(CO)3(SePh)Cl]2 has also been reporte@gHIE/OPAZ.

However, these studies are outside the scope of this review and will not be con-
sidered further.
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V.6 Group 15 compounds and complexes

V.6.1 Nitrogen compounds and complexes

There are no experimental studies involving the thermodynamic properties for techne-
tium nitrogen compounds, so this review summarised the preparative and correspond-
ing structural data.

V.6.1.1 Technetium nitrides
V.6.1.1.1 TcNp(cr) (m< 0.76)

When powdered technetium, prepared by reduction ofy N, with Ha(g), was
heated to 670 to 1170 K in a nitrogen atmosphere, no reaction occ6d€RZ/RUD.
However, powdered technetium reacted with ammonia at 970 to 1370 K to produce
a face centred cubic phase Tg(¢r) wherem < 0.76 with a lattice constard =
(3.980 to 3985 x 1019 m. They suggested that the “ideal” phase could actually be
TcN(cr) with a NaCl-type structurésp TRZ/RUD.

Thermal decomposition of N cO, in argon yielded Tc@(cr), but when
NH4TcO4 was heated to 570 K in a Ng=Ar mixture, a nitride was produced in both
cases witha = 3.970x 10~19m [78VIN/KON3].

Thermal decomposition afNH4)2TcCls in argon began at 633 K and was com-
plete by 728 K. Fo(NH4)2TcBrg decomposition began at 643 K and was complete by
758 K. A nitride phase was produced in both cases by their thermal decomposition. It
had the composition Tad¥s(cr) witha = 3.980x 10-19m, but when this Tc7s(cr)
was heated to 770 K almost no nitrogen remained and the unit cell parameter was
a = 3.954x 10~ 19m [78VIN/KONZ2, 83VIN/ZAI]. Heating the residue to even higher
temperatures yielded technetium metal.

The corresponding thermal decomposition(biiHs)2Tclg yielded only metallic
technetium §1VIN/KON]. Similarly, the thermal decomposition @NH4)3TcoClg -
2H,0 in argon or argon-helium mixtures produced “TcN(cr)” around 673 to 733 K,
with a unit cell parameter o = (3.945+ 0.006) x 1019 m and it was isostructural
with TcC(cr) [B7SPI/KUZ.

TcNm(cr) is black, brittle, and insoluble in 30%2B2(aq)-concentrated alkali. It
dissolved in warm concentrated nitric acitBVIN/KONZ2]. No thermodynamic data
are available.

V.6.1.1.2 TcNX(cr) (X =F, Cl)

There are claims about the existence of “TcNF(cr)” produced by thermal decom-
position of (NHg)2TcFs in argon, (see @6LAV/STE] in Appendix A). However,
other authors 7T0COW/LOQ pointed out that this evidence was ambiguoud, (
Appendix A). In addition, Spitsynet al. [87SPI/KUZ suggested that thermal
decomposition 0fNH4)3TcoClg - 2H20 in argon or argon-helium mixtures yielded
thermally unstable TcNCI around 633 to 723 K. It readily decomposed to “TcN(cr)”
at higher temperatures.
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It must be acknowledged that more direct evidence for TcNF(cr) and possibly
TcNCl(cr) is desirable.

V.6.1.2 Technetium nitrates

Spitsyn, Kryuchkov and KuzindBSPI/KRY] reported the isolation and identification

of the solid TcQNO3)3-H20(s). They described the aqueous acidic solutions of this
substance as having neutral, anionic or cationic forms, depending on the concentration
of added acid, which suggests that the solid substance could have a structure with
ionic nitrate anions. However, they did not describe how the empirical formula of
this proposed technetium oxynitrate compound was determined, and thus its actual
stoichiometry and chemical nature are uncertain.

The TcQ, ion has been proposed as a co-ligand, along with nitrate, in various sys-
tems involved in the liquid-liquid extraction of T¢Ofrom aqueous solutiongMAC,
79MAC/KAD, 81LIE/KRU, 81PRU 87R0OZ/ZAK, 89KAN/NEC, 90AKO/KRI].

These complexes were formulated generally as tributylphosphate solvates.

The polarographic reduction of NFicO4 was studied in various ionic media
[65SPI/KUZ. In HNO3 solutions, this polarographic study provided no evidence for
technetium nitrate complexes.

Nitrate salts of technetium complexes with various organic ligands have also been
reported f4BEC/DYR 86LIN/DAV] and also a nitrate salt of the [Tc(dpp€),]™
cation which is solvated with a molecule of H§Gee B8LIB/NOCQ] in AppendixA).

V.6.1.3 Other technetium nitrogen compounds and complexes
V.6.1.3.1 Technetium nitrido compounds

The preparation and properties of various technetium nitrido compounds have been the
subject of extensive study. They are usually prepared by the reduction gf Wt®
sodium azide, Nap in acidic solutions.

Almost no thermodynamic data are available for these nitrido compounds, but they
are unlikely to form under normal environmental conditions. However, if they are
formed, they are likely to persist since thesIN group is very stable against chem-
ical attack, even when it undergoes oxidation-reduction €rcN> TcN3*) or ligand
substitution reactions. In addition, the technetium nitrido group is preserved during
most reduction reactions, as when the [TclNClor [TcNBr4] ~ ions, which contain
the TcN** group, undergo ligand exchange/reduction with certain “soft” ligands, such
as thiols or phosphines, to produce E¢Ncomplexes$6BAL/BON, 94BAL].

The great stability of T&N during chemical reactions and oxidation-reduction
holds for®Tc, but not for®®™Tc. Alaguiet al [89ALA/APP] found that®*™TcNCI,
spontaneously converted ?S”TCOZ at pH = 4 and higher pHs, by way of an un-
known intermediate, due to radiolytic effects. This reaction reached completion within
30 minutes for pH> 5.

Descriptions of halonitridotechnetium species such as

o TCNF, [89BAL/BOA],
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Table V.28: Experimental equilibrium constants reported BOKIR/ABR,
91KOH/KIR] for the replacement of Cl by Br— in TcNBryCl,_,, at 295 K. The con-
stants refer to the following ligand exchange reaction:

TcNBrCl,_,, + Br~ = TcNBrm1Cly_, + CI™

lonic Strength Knp1  Kpp1®@ Kny1®

8M K1 0.78 0.88
8M K2 0.47 0.69
8M K3 0.30 0.53
8M Ks 0.12 0.22

@ Based on reaction of Brwith TcNCI,
(b Based on reaction of Clwith TcNBr,

e TcNCI, [84BAL/BOA, 86BAL/BON, 87BAL/BOA, 88BAL/BOA, 89BAL/BOA],
° TCNCI§7 [85ABR/SP| 86BAL/BON, 88BAL/BOA],

e TCNBr, [84BAL/BOA, 85BAL/BON, 87BAL/BOA],

e TcNCIF~, TeNFChF™ and TcNCIF [89BAL/BOA]

are available, but no stability constants can be derived from the reported information.

The halide ligands are somewhat labile in these nitrido compoud6BAL/BON,
86KIR/STA]. Kirmse and coworkers9OKIR/ABR, 91KOH/KIR] reported equilib-
rium constants at 295 K for formation of mixed halide ligand complexes of the type
TcNBryCl,_,,, based on the ligand exchange of Bwith TcNCI, and of CI" with
TcNBr, . These equilibrium constants were determined by use of EPR spectra for
solutions of TcN* in HCI-HBr mixtures, which required use of the assumption that
EPR peak areas are proportional to the concentrations of the individual complexes.
TableV.28 summarises these equilibrium constants. The ionic strengths in these stud-
ies [QOKIR/ABR, 91KOH/KIR] are too high for a valid SIT extrapolatiorf( Ap-
pendixC), and no thermodynamic data can be derived.

Baldas and coworkers have extensively investigated the properties of a nitridotech-
netic(VI) acid compound along with the formation of salts and the de-dimerisation re-
actions of this compoundf. AppendixA [89BAL/BOA, 90BAL/BOA, 91BAL/BOA,
93BAL/BOA2, 93BAL/BOA]. No thermodynamic data can be extracted.

Mixed halide-azido complexes containing the Tc(VI) nitrido group.g,
TcNCls—n(N3), and TcNBg_n(N3), with n = 0, 1, ..., 4, have been reported
[90ABR/KOH].

Two salts of the Tc(VII) chloronitridodiperoxo complex TcNCk), and several
additional Tc(VII) nitridodiperoxo complexes have been investigated by Baldas and
Colmanet 89BAL/COL2, 90BAL/COL]. Technetium nitrido salts containing cyanide
have also been reported by Baladdsl [90BAL/BOAZ2], cf. SectionV.7.1.3
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In addition, there are several studies on the synthesis and characteriz-
ation of technetium nitrido compounds containing various organic ligands
[81KAD/LOR, 88ABR/LOR  88BAL/COL, 90KIR/KOH, 90KOH/KIR,
91BAL/BOA2, 91KOH/KIR, 91KOH/KIR2, 93ABR/WOL].

The application of EPR spectroscopy in elucidating the properties of nitrido, nitro-
syl and thionitrosyl complexes of Tc(ll) and Tc(VI), the two valency states for which
well-resolved EPR spectra can be obtained at convenient temperatures, has been re-
cently reviewed by Abram and Kirms83ABR/KIR]. They summarise studies con-
cerning structural characterisation and bonding parameters and discuss the use of EPR
spectra for monitoring chemical reactions.

Structural parameters for some nitrido compounds are summarised inVia8le

V.6.1.3.2 Nitrite and ammonia salts and complexes

Koltunov and Gomonova8BKOL/GOM studied the oxidation of Tc(I1V) to Tcp by
HNO3 in HCIO4 solutions at 298 K. According to the authors, the rate-limiting step
may have been transfer of a hydroxyl group from the HN®the TcG+ ion to form
the intermediate species HT§D No complex between Tc and NOvas suggested.

Solutions of NaNQ in H>SOy, HCI, or H,SO4-H3P Oy mixtures did not reduce
TcO, even with heating/ORUL/BQY]. In fact, dilute solutions of HN@in 1to 4 M
HCl oxidised Tc(V) oxychlorides to Tcpp[84KOL/GOM3.

Heitzmanret al. [81HEI/YAN] studied the reduction of & 10~3 M NH4TcOy in
6 M HCI in the presence of excess NabOrhey obtained greenish-yellow solutions
upon addition of a reducing agent (ascorbic acid, Kl, $n@t FeSQ). The authors
reported that ESR spectra for solutions prepared by reduction with ascorbic acid or Kl
were identical to ESR spectra for solutions prepared with hydroxylamine hydrochloride
(instead of the NaNg) plus reducing agent. Since reduction of T,c@y hydroxylam-
ine hydrochloride is known to produce nitrosyl complex@slAT/THQ], this implies
that reduction of Tc@ by a reducing agent in acidic NOsolutions yielded nitrosyl
complexes also.

Polarographic studies on the reduction of Tc@ various ionic media in the
presence of NEﬂ ions have been reporte6(QMIL/KEL, 65SPI/KUZ 70SPI/KUZ
79DAV], but no evidence for the formation of ammonia complexes of technetium was
observed.

Complexes of technetium that contain ammonia ligands along with a nitrosyl ligand
are described in Section6.1.3.5

V.6.1.3.3 Hydrazine complexes and salts

Several studies have been reported for the reduction of, Tb® hydrazine in
solutions of aqueous alkali5fGER 67RUL/PAC2 69MAJ/PAC, 77GAL/BRA].
In three of these studies it was reported that the initial reduction of, TeOto

Tcoﬁ‘, which then reacted with water and disproportionated into ,Te@d hydrated
TcO, [56GER 67RUL/PAC2 69MAJ/PAQ. Attempts to isolate this Tc§7 as a



V.6 Group 15 compounds and complexes

181

Table V.29: Crystal structure parameters of nitrido compo(®ds

Compound Crystal Space Z Lattice parameters Reference
symmetry  group %10'9m)
Tc(V)
(AsPhy)[TEN(CN)4(OHp)-  mono.®  p2y/n 4 a=17107+0.010 [90BAL/BOAZ2]
-5H,0
b = 19965+ 0.014
c=15473+0.010
TcN(AsPhg)>Cly mono.©  12/a 4 a=15823+0.008 [91BAL/BOA2]
b =9.638+ 0.004
c=22490+0.014
cis-[TcNBr(bipy)2]2[TcBrg]- mono. @ P2 /c 4 a=09143+0.004 [B9ARC/DIL]
-0.5CHzOH b =35.014+0.014 [92ARC/DIL]
¢ = 15581+ 0.006
Te(Vl)
AsPhTcNCly tetrag. P4/n 2 a=12707+0.004 [B4BAL/BOA]
¢ = 7.793+ 0.002
AsPhTcNBry tetrag. P4/n 2 a=128754+0.004 [85BAL/BON]
c=7.9924+ 0.002
[{TEN(S;CNEb}2(1-0)5] trictin. ®  PL 2 a=28069+0004  [QOBAL/BOA]
b = 9.224+ 0.004
¢ = 14017+ 0.006
(AsPhy)4[TcaN4O2(0X)6] mono.®  P2y/n 4 a=14433+0.002 [88BAL/COL]
b = 13229+ 0.002
¢ = 27.020+ 0.002
Te(VI)
CHTcNCI(O2)5] ortho. P322;21 4 a=#6.376+0.004 [B9BAL/COL2]
b = 8.552+ 0.004
¢ = 11406+ 0.006
(AsPhy)o[{TeN(O2)2}2(0x)]-  mono.@  C2/c 8 a=3449+0.02 [91BAL/COL]

-2(CH3)2CO

b = 14.684+ 0.006
Cc=22776+0.012

@ No attempts were made to give a comprehensive coverage of complexes with organic ligands.

® g — (10170+ 0.04)°
© B =(10191+ 0.04)°
@ g = (10596 0.04)°

(® & = (107.77+0.04°, B = (10205 0.04)° andy = (93.80+ 0.04)°

® g = (9290+0.02°

@ Poorly crystalline sample, witd = (107.18 + 0.06)°
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barium salt did not give reproducible resul& RUL/PAC2 69MAJ/PA(Q, but a salt
of Tcofl‘ has since been prepared electrochemically under anhydrous conditions
[74SCH/AST 76AST/SCH.

In another study77GAL/BRA], however, it was claimed that the initial reduction
of TcO, by hydrazine involved 2 e per technetium rather than I e Guedes de
Carvalho p8CAR similarly found that aqueous hydrazine sulfate at pHB rapidly
reduced TcgQ) to aninsoluble black compound, which presumably waszFgB,0(s).

In HCIO4 solutions, hydrazine ultimately reduced Tg@ompletely to hydrolysed
forms of Tc(1V) [(9GOR/KOQ. Reduction of TcQ by hydrazine in aqueousiSOy
yielded dissolved Tc(IV)36GER. No complexes between technetium and hydrazine
were suggested in those studies.

There is no direct evidence for T§O being formed as an intermediate in the re-
duction of TcQ, as proposed in several of the cited studEB8GER 67RUL/PAC2
77GAL/BRA]. However, chi‘ has clearly been identified in electrochemical reduc-
tion of TcO, using fast-scan cyclic voltammetry §DEU/HEL 80HUR| and pulse
polarography37FOU/AIK]. In these two studies it was demonstrated that ﬁ‘c@
highly unstable with regard to disproportionation, with a lifetime of only tens of mil-
liseconds. In the presence of a reducing agent such as hydrazine, the reduction of
TcO, to Tc(V) and Tc(IV) is probably too rapid to allow Tﬁo to be observed as an
intermediate species.

Kinetic studies of the reduction of technetium (Tc(VIl) and Tc(IV)) with
hydrazine in HClI medium have been perfomed by Koltunov and coworkers,
[86KOL/GOM, 88KOL/GOMZ. The authors found the formation of chloride
complexes of technetium and they only invoked the formation 14V cO4 ion pairs
as intermediate products.

The oxidation of hydrazine by aqueous HBRP82AKO/KRI, 84GAR/WIL,
88ZEL, 88ZIL/LEL, 93KEM/THY] and by CIQ, ions [93KEM/THY2] using
technetium as a catalyst has been studied. Various complex reaction schemes were
proposed but the formation of technetium hydrazine species was not observed.

Frlec, Selig and Hymang[/FRL/SEL reacted NH4 - 2HF with Tcks in anhyd-
rous HF. They thus prepared a yellowish-orange hydrazinium salt with the empirical
composition NHg(TcFs)2, and brown coloured pHgTcFs. This NoHg(TcFg)2 de-
composed to PHgTcFg at about room temperature in the presence of excess fluoride.
The magnetic moment of ¥gTcks was 3.79 B.M. at 300 K, its crystals had a cubic
unit cell witha = 10.48 x 10~19m, and it was slightly soluble in an excess of HF.
IR spectra were also reportedNs(TcFg)2 would be expected to react readily with
water, with the TcE ion being converted to T@F and TcQ .

V.6.1.3.4 Molecular dinitrogen complex

There are several studies on the synthesis, characterisation and general properties
of technetium complexes containing molecular dinitrogen in their structures.
These complexes are of the type TAT)(dppez [94BUR/BRY], TcNaL;
[79KAD/LOR], HTc(N2)L2 [82STR/BAZ, HTc(N2)(dpped» [92KAD/FIN], and
[{HB(3,5-(CH3)2C3N2)3} Tc(CO)2]2(u-N2), [93JOA/APQ. A brief summary of
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each reference is given in Appendix

V.6.1.3.5 Nitrosyl complexes

In 1963, Eakins, Humphreys and MellisB3EAK/HUM] reported the preparation of

a crystalline complex which they formulated a3 ¢(NH2OH)2(NH3)3(H20)]Cl". A

later detailed study by Armstrong and Tau@é ARM/TAU] leaves no doubt that the
complex previously prepared by Eakins, Humphreys and Mellish was actteably
[Tc(NH3)4(NO)(OH>)]Cly, (see discussion on Reffl@ARM/TAU] in Appendix A).

In most nitrosyl complexes the nitrosyl group is assignedlacharge, so Armstrong

and Taube assumed their complex contained Tc(l). Their results from potentiometric
pH titration indicate that the $0 in trans Tc(NH3)4(NO)(OH,)2+ behaved as an acid
with pKay = 7.3 atl =0.01 M and 298 K.

Armstrong and Taube/BARM/TAU] also investigated the oxidation of this com-
plex by electrochemical or chemical methodstCer MnQ; ) in acidic solutions. This
yielded the complex of Tc(ltrans[Tc(NH3)4(NO)(OH2)]Cl3. Results from cyclic
voltammetry in 3.0 M trifluoromethanesulphonate indicated that water in the aqueous
complex[Tc(NH3)4(OHy)13t behaved as an acid withg ~ 2.0. With regard to the
thermodynamic data, there is insuficient information to calculate reliable valkfes, (
AppendixA).

ESR spectra for these nitrosyl chloride salts have been reported by efaalg
[82YAN/HEI].

Radonovich and Hoar@#RAD/HOA] published the results of their crystal struc-
tural determination fotrans[Tc(NH3)4(NO)(OH>)]Cly, (see Tabl#/.30). The Tc-NO
linkage was nearly linear with a bond distance(bf716+ 0.004) x 10-19m. They
found that the charge on the nitrosyl group was abe@b e, so this complex con-
tained Tc with a valence of abo#2.5.

Holloway and Selig §8HOL/SEL investigated reactions of nitric oxide, nitro-
syl fluoride, and nitryl fluoride with solid Tafz The reactions produced (NO)TgF
(NO)2Tckg, and(NO2)TcF, as indicated by elemental analyses, IR spectra, and mag-
netic susceptibilities. They were ionic compounds, and they were hydrolysed by water
to form aqueous Tc@r. Hugill and Peacock6HUG/PEA reported a nearly identical
preparation for (NO)Tcgby reaction of Tck with NO at 228 K, but found that more
than one solid compound was produced. Structural parameters of (N afegiven
in TableV.30.

The original preparation of TcB(NO)~ was attributed to Kuzina, Oblova and
Spitsyn [[2KUZ/OBL] in several review articles8BDEU/LIB, 82CLA/FAC], but that
report was concerned with organic amine chloride complexes of technetium, rather
than nitrosyl bromide complexes.

ESR spectra have been reported for frozen solutions aNT8)5(NO)Z—,
TcCls(NO)2—, TeBry(NO)~, and Tck(NO)~ [88ABR/KIR]. Kirmse and Abram
[89KIR/ABR] dissolved mixtures of then-(CsHg)sN™ salts of Tch,(NO)Z* and
TcBry(NO)~, TcCl(NO)2~ and Tck(NO)~, and TcBa(NO)~ and Tck(NO)~
in 10:1, 3:1, 1:1, 1:3 and 1:10 mole ratios in acetone. After allowing ligand
exchange to occur, they measured ESR spectra for their solutions at 295 K and of
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their frozen solutions at 130 K. They were able to assign the spectra to the various
TcBrs_xClx(NO)~, TcClkla—x(NO)~, and TcBxls—x(NO)~™ complexes withx = 0,
1,2, 3, and 4, and to Tcg(NO)2—.

Several organic technetium nitrosyl complexes with various different lig-
ands have been prepare@d6ARM/TAU, 810RV, 82JON/DAV, 86LIN/DAV,
87BRO/NEW 88BRO/NEWZ2 88BRO/NEW 90VRI/COQ 96BLA/NIC].

Four of these complexes have been structurally characterised, see Mable
[86LIN/DAV, 87BRO/NEW 88BRO/NEW2 88BRO/NEW 90VRI/COQ.

A fairly general method has been described for the synthesis of com-
plexes of technetium containing both tertiary phosphine and nitrosyl ligands
[76FER/HEV, 83KIR/LOR, 87ABR/KIR, 89PEA/DAV]. This method involves
displacing a tertiary phosphine group from a technetium complex, and replacing it
with a nitrosyl group.

Several nitrosyl complexes of technetium containing hydrido and deuterido ligands
with organic ligands have also been report@dROS/DAV.

V.6.1.3.6 Thionitrosyl complexes

The preparation of several thionitrosyl complexes has been described in the lit-
erature 84BAL/BON, 85KAD/LOR, 87ABR/HAR, 87ABRI/KIR, 88ABRI/KIR,
90KAD/LOR, 90LU/CLA, 91HIL/HUB]. These complexes are chemical analogues
of the nitrosyl complexes. Structural determination for four of these complexes
[84BAL/BON, 90KAD/LOR, 90LU/CLA, 91HIL/HUB] indicates that the thionitrosyl
ligand bonds to the technetium by way of the nitrogen atom, as in nitrosyl complexes.

Table V.30 contains a summary of the crystal structure information for nitrosyl
and thionitrosyl complexes of technetium. There are no thermodynamic data for the
thionitrosyl complexes.

V.6.2 Phosphorus compounds and complexes
V.6.2.1 Phosphorus compounds

Compoundsthat are formed between technetium and phosphorus were first described in
1982 B2RUH/JEI2 82RUH/JE]. Six different solid technetium phosphides were pre-
pared by reaction of technetium with red phosphorus at 1220 K either using tin as a flux
or iodine as a mineraliser. Samples prepared with a tin flux were subsequently treated
for one day with dilute HCI to dissolve away the tin matrix. Three of these phosphides
were characterised by X-ray diffraction: 3R(cr), TcR(cr) and TcR(cr). Tchs(cr)
was black with a metallic lustre and was not attacked by boiling BERUH/JE].

The oxidation state of Tc was +2 in Tgfer) and +3 in TcB(cr). Three other phases
were found but not identifie@PRUH/JEI2. They have the composition Tgf), with
g approximately 0.7, 1.2, and 2.0. Thermodynamic data have not been reported for any
of these phosphides.

Dietrich and Jeitschk®BDIE/JE] later determined the structure of one of the three
previously uncharacterised phaseszFAx{cr). It was prepared by the tin-flux method.
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Table V.30: Crystal structure parameters of nitrosyl and thionitrosyl complexes.

Complex Crystal Space Z Lattice parameters Reference
symmetry  group %100%/m)

(NO)TcFg cubic a=1009 [66HUG/PEA
trans-[Tc(NH3)4(NO)- mono®  P2/m 2 a=6.858+0.004 [B4RAD/HOA]
(OHp)ICl, b = 10579+ 0.006

c = 6.646+ 0.004
[TcBra(NO)- ortho. P3cn 4  a=10985+0.004 [B6LIN/DAV]
{CNC(CH3)3}3] b = 14.250+ 0.004

¢ = 14,677+ 0.004
TcCI(NO) (tmbt)3 mono.®  c2/c 8 a=24420+0.010 [POVRI/ICOQ

b = 14.701+ 0.008

¢ = 17,500+ 0.008
(n-C4Hg)aN[TcCly(NO)-  mono.©  P2/n 4  a=11350+0.020 [B7BRO/NEW
(CHgOH)] b = 11450+ 0.010

¢ = 22154+ 0.020
AsPhy[TcClz(NO)(acag]  triclin. @  P1 2 a=10261+08 [88BRO/NEW3]

b = 11261+ 0.020 [B8BRO/NEW

¢ = 13686+ 0.020
[TcCly(NS){S,CN- ortho. Pcmm 8 a=8936+0.002 [B4BAL/BON]
(CH2CHz)2}2] b = 15681+ 0.002

c = 28445+ 0.014
[TcCly(NS){PPHCHg)2}-  ortho. P322;1 4 a=105134002 [OOKAD/LOR]
{POPHCHz)»}] b = 14.274+ 0.004

¢ = 15187+ 0.004
mer-[TcCl (NS)- ortho. Pna2 4  a=19628+0.002 [OOLU/CLA]
(picoline)3]-CHCl3 b = 11.8484 0.006

¢ = 11332+ 0.008
mer[TcCl (NS)- mono®  P2/c 4  a=94630+00012  P1HIL/HUB]
{PPRCHz)2}3] b = 18,6904+ 0.0018

c=16.1676+0.0012

@ g =(94.01+ 0.04)°

® Here “tmbt” denotes the 2,3,5,6-tetramethylbenzenethiol liggne: (93.50 + 0.04)°

© g =(915+0.4)°

@ Here “acac” denotes the acetylacetonato ligangH#0,; a pentane-2,4-dionato is also knowa: =
(1017 +1.0)°, 8 =(919+ 1.0)° andy = (97.3 £ 1.0)°

© g = (93467 0.008°
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Determination of the structure was rather difficult because all of their crystals were
twinned, and because of the presence of a superstructure.

Structural parameters of 3B(cr), TcR(cr), Tchs(cr), and TePs(cr) are given in
TableV.31.

Table V.31: Structural information for technetium phosphorus and arsenic compounds.

Compound Crystal Space Z Lattice parameters Reference
symmetry group %109%m)
TcgP tetragona® 8 a=9568+0010 [B2RUH/JEIZ
c=4.736+ 0.006
TcPy orthorhombié? 8 a=6.238+0.002 [B2RUH/JEIZ

b = 9.215+ 0.006
¢ = 10,837+ 0.006
TcPs orthorhombic Pnma 4 a=153594+0010 [B2RUH/JEIZ
b = 3.092+ 0.002
¢ = 5.142+ 0.004
TcoP3 triclinic(© P1 4 a=6.266+0.002 [B6DIE/JE]
b = 6.325+ 0.002
¢ = 7.683=+0.004
TcpAsg triclinic@ P1 4  a=6574+0002 [B5JEI/DIH
b = 6.632+ 0.002
¢ = 8.023+ 0.004
[Te(diarg»Cly1PRg orthorhombic Fddd 8 a=13821+0.008 [BOGLA/WHI]
b= 21159+ 0.016
¢ = 21227+ 0.036
[Te(diars»Cly1Cl monoclinid® P2/c 2 a=9354+0.010 [BOELD/WHI|
b = 9.662+ 0.004
¢ = 15341+ 0.008
[Te(diar9,Cly1Clo,  monoclinid? c2 2 a=13001+0.020 [BOELD/WHI]
b = 10.409+ 0.006
c= 11796+ 0.016

@ Fe;P-type structure.
® Repy-type structure.
© o = (96794 0.02)°, g = (10176 + 0.02)° andy = (10434 + 0.02)°.
@ ¢ = (95694 0.02)°, B = (102034 0.02)° andy = (10431 0.04)°.
©® g =(9875+0.12)°.
® g =(11450+ 0.30)°.

V.6.2.2 Phosphorus complexes

A number of studies have been reported in which redox potentials or related data were
given for inorganic oxyphosphorus(V) complexes of technetium. These include phos-
phate, pyrophosphate, and tripolyphosphate complexes. Some of these complexes con-
tained hydroxide or halide ligands, and some may have been dimers or higher order
polymers. Unfortunately, almost no structural data are available for any of these com-
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plexes, and the stoichiometry is not completely known for any of the aqueous com-
plexes. Oxyphosphorus(V) complexes that also contain fﬁﬁCSr?Jf, or Srit are
described in Sectiox.7.3. A number of solid organotechnetium phosphine, phosphon-
ate, phosphonite, and phosphonium complexes have been prepared and structurally
characterised. Three recent reviews tabulated structural data for #28AIN/MAZ,
83DEU/LIB, 87MEL/LIE], and one of them, Deutscét al. [B3DEU/LIB] tabulated

the methods of synthesis.

In several aqueous media a reversible or nearly reversible redox potential was ob-
served. Although the valences of the oxidised and reduced forms of technetium are
known, the stoichiometries of these complexes are not. Thus, no thermodynamic data
can be derived.

V.6.2.2.1 Phosphate complexes

There are several studies available in the literature on technetium complexation by
phosphate anions. Most of these studies were performed by electrochemical reduction
of TcQ, in phosphate solution&B8THO, 60MIL/KEL, 67RUL/PAC2 78STE/ME|
82PAQ/LI]. There are some indications on the formation of Tc(lll) and Tc(IV) phos-
phate complexes but no single species has been identified.

Mazzochinet al. [74AMAZ/MAG] reduced TcQ to solid hydrous oxides on plat-
inum by means of cyclic voltammetry. They identified the solid precipitate a$ TcO
xH20(s) for pH > 3 and a Tc(lll)/Tc(IV) hydrous oxide mixture at pH 3. Solu-
tions of TcQ, in NaHPO, and NaHPQO, mixtures at various pH values gave anodic
and cathodic peak potentials that were consistent with those for solutions containing
no complex forming ions. Thus phosphate complexes cannot be very significant under
these conditions.

Polarographic measurements have been reported fof Te@queous phosphate
solutions at several pH valueBJMIL/KEL, 63SAL/RUL, 78RUS/CAS. The first re-
duction wave was diffusion-controlled and irreversible for acidic to neutral pH values,
so no thermodynamic data are obtained. Maxima were generally found during polaro-
graphic reduction of Tc® solutions and mixtures of T¢Pand Tc(1V) with phosphate
in HCI or in H3POy(aq), which made the determination of limiting currents unreliable
[72HOD/SIY.

V.6.2.2.2 Pyrophosphate complexes

The chemistry of technetium in the presence of pyrophosphate and simple
organic diphosphonate ligands is of interest mainly because these complexes
are used in nuclear medicine. They are generally prepared by reduction of
aqueous Tc® (*°™Tc) with Sr** in the presence of the appropriate ligand
[63SAL/RUL, 79RUS/CAS279RUS/CAS83MIL, 78STE/MEI. No solid pyrophos-
phate complex has been characterised (see RRETE/ME] in AppendixA).

Polarographic experiments by Miller, Kelley and Thomas60MIL/KEL], and
Russell and coworkerg BRUS/CAS 79RUS/CAS have also been reportedf( Ap-
pendixA).

Russell and Bischoff§4RUS/BIS investigated the ionic charge on technetium
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pyrophosphate complexes at various pH valeé#ppendixA. Two principal techne-
tium pyrophosphate complexes were separated by ion-exchange chromatography. The
authors reported the following conclusions:

e Increasing the electrolyte concentration decreased the retention times of the two
technetium pyrophosphate complexes, and also of a reference ion species with a
charge of-3. This similar behaviour implies that the technetium pyrophosphate
complexes also have negative charges.

e At any specific pH value the charges on the two technetium pyrophosphate com-
plexes were not very different, but the size of these charges increased with an
increase in pH.

Their derived values of the charges on these two complexes4fe+ 0.5 and
—49+05atpH=4.3,and-11.2+1.3and—10.1+1.0 at pH= 7.0. Because of the
difficulties of such measurements, and because of the presence of other solutes in these
solutions, we believe these uncertainty limits should be doubled. The stoichiometries
of these complexes are unknown, but the magnitude of the charges-at pbBl sug-
gests that they are polymeric. It is not known whether tin is incorporated into these
complexes under the experimental conditions.

V.6.2.2.3 Tripolyphosphate complexes

Terry and Zittel B3TER/ZIT] studied the coulometric reduction of T¢An sodium
tripolyphosphate (NsP3010) solutions at various pH values and also reported polaro-
graphic measurements, (see Appendl)x Their experiments indicate the formation

of some complexes. Since their stoichiometries are unknown, no thermodynamic data
can be derived.

Miller [ 83MIL] did a fairly extensive investigation of the electrochemical behaviour
of TcOy, in tripolyphosphate solutions. A variety of different technetium tripolyphos-
phate (TPP) complexes were produced depending on differences in experimental con-
ditions: bulk (coulometric) electrolysis of T¢O polarographic reduction of T¢Q or

ligand exchange with Tc%r, (cf. AppendixA), but unfortunately no thermodynamic
data can be extracted.

A few results have been reported for higher-order polyphosphates of technetium.
Steigman, Meinken and Richard&STE/ME] reduced TcQ with Sr*t atpH= 7.0
and then reacted the solution with a sodium polyphosphate of molecular weight of ap-
proximately 5100 g mol~1. The result was a yellowish solution containing mainly
Tc(lll). Addition of sodium pyrophosphate to the Tc(lll) polyphosphate solution pro-
duced the blue colour of the Tc(lll) pyrophosphate complex, which indicated that the
pyrophosphate complex was stronger than the polyphosphate complex. A somewhat
lower molecular weight (approximately 1800 gnol~1) polyphosphate complex of
technetium was separated by gel chromatograpAi? ER/DAR.
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V.6.2.2.4 Diphosphonate complexes

Several organic diphosphonate complexes of technetium have been uséd"™With

as ay-ray emitting isotope. They are particularly useful in nuclear medicine. Further
information can be found in7BMUN, 79RUS/CAS2 79RUS/CAS 79RUS/CAS3
80DEU/LIB, 80LIB/DEU, 80PIN/HElL 81MUL/OLD, 83PIN/HEL 83TAN/ZOD,
85WIL/PIN, 86MIK/PIN, 87MIK/PIN, 90TJI/VIN, 91HUI/DIE].

It should be noted that technetium forms a considerable number of diphosphon-
ate complexes. At the concentrations typical of “chemical” experiments, dimeric and
possibly higher order complexes are of major importance, but for tracer experiments,
monomeric complexes should predomina@yUN].

V.6.2.2.5 Other phosphorus complexes

Klimov, Mamchenko, and Babiche®@]KLI/MAM ] synthesised a ternary complex of
technetium by the following approach. Their reaction vessel consisted of a closed glass
vessel containing a technetium metal cathode and a nickel metal anode. The vessel was
degassed and Bkas added, condensed, and frozen on to the walls; subsequently the
technetium was “sputtered” for about an hour, a new layer of frozewRIs added,

and the process was repeated several times. Excgsgd3rdistilled off and the black-
coloured residue was purified by sublimation under reduced pressure at 400 to 430 K.
The resulting white complex was obtained in about 2 to 3% yield. Elemental analysis
indicated that it contained only Tc, P, and F, with a F-to-P mole rati@6f+ 0.1) to

1. However, they did not synthesise sufficient material to quantitatively determine the
mole ratio of technetium to the other elements. They performed IR spectroscopic and
mass spectrometric measurements on this and the known compl@x/®ao; for both

types of measurements the technetium and rhenium complexes exhibited considerable
similarities.

Various ion fragments detected by mass spectrometry suggested that this
technetium complex was dinuclear. From this information Klimov, Mamchenko,
and Babichev deduced that the technetium complex wa&Fg)10, which contains
technetium in the zerovalent state.

This To(PRs)10 slowly hydrolysed in moist air, rapidly decomposed in aqueous
alkaline solutions, and was soluble in 1-to-1 mixtures (by volume) of N> O2(aq)
and HNG + H>SOy. Its vapour pressure at 343 K was determined ta®e7 +
0.03) Pa. No other thermodynamic information is available.

V.6.3 Arsenic compounds

Hulliger [66HUL] reported preparation of the non-metallic arsenideA(cr), along

with a number of other compounds of this structure type not containing technetium.
Hulliger stated that these phases “...were prepared either by sintering the componentsin
the form of pressed powder pellets or by melting, quenching and subsequent annealing
at temperatures between 450 and @0 The phase of interest formed peritectically.
Unfortunately, no specific details were given for the preparation or characterisation of
TcsAsy(cr). It formed a cubic unit cell witta = (8.702+ 0.004) x 10~ 10m.
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Jeitschko and Dietrict8pJEI/DIH investigated the reaction of technetium with ar-
senic in a sealed silica tube with a small amounba@fdded to promote crystal growth.
Samples with initial Tc:As atomic ratios of 1:3 and 1:9 that were annealed at 1223 K
for two weeks and then quenched producedAs3 along with excess arsenic. An-
other sample with a Tc:As starting ratio of 1:2 gave a different and unidentified phase.
A single crystal X-ray structural determinatioB5JEI/DIH indicated that TgAsz(cr)
crystallised in the triclinic system wit@ = 4. Each of the four nonequivalent Tc
atoms had six neighboring As atoms that formed very distorted octahedra. Structural
parameters for this compound are given in Talb&l.

Several organometallic complexes have been reported in which technetium is
directly coordinated with an arsenic atorB9FER/NYH 60FER/NYH 65HIE/LUX,
65LEW/NYH, 66FER/HIC 68HIE/OPA 80ELD/WHI, 80GLA/WHI, 80HUR
81HUR/HEL 87NEV/LIB]. All of these complexes contain organoarsenic ligands:
diarsine (diars denote®-phenylenebis(dimethylarsine)), thiphenylarsinezA%)
or diphenylarsine PiAs. Crystal structure parameters fpFc(diar92Cls]PFs(cr),
[Tc(diar92Clo]Cl(cr) and [Tc(diar92Clo]ClO4(cr) are given in Table V.31.
Crystal structural parameters for the triphenylarsine complex TcN(#s€h
[91BAL/BOAZ2] are given in Table/.29, along with those for other technetium nitrido
compounds.

The three structurally characterised complexes contain the diarsine ligand. Two
of them,[Tc(diarg2Cl>]Cl(cr) and[Tc(diarg2Cl2]ClO4(cr), have Tc(lll) coordinated
with two chloride ions in arans configuration and with four arsenic atoms from the
diarsine ligands§OELD/WHI, 80GLA/WHI]. The other structurally characterised
complex, [Tc(diarg)Cls]PFs(cr), has Tc(V) coordinated with four chloride ions and
four arsenic atoms80GLA/WHI]. The single reported triphenylarsine complex was
only characterised by elemental analy&SHIE/LUX], and the only reported diphen-
ylarsine complex by elemental analysis and IR spectroc68i[E/OPA. The latter
complex was formulated by the autho88HIE/OPA as being the dimeric complex
[Tc(AsPh)(CO)Cl]2(s), which presumably would require the arsenic atoms of these
ligands to serve as bridges between the two technetium atoms. However, since their
characterisation of this complex is incomplete, its structure is unknown.

No thermodynamic data are available for these compounds and complexes.

V.7 Group 14 compounds and complexes

V.7.1 Carbon compounds and complexes
V.7.1.1 Technetium carbides

The gaseous monocarbide TcC(g) has been identified by Rinehart and Behrens
[79RIN/BEH over a technetium carbide of unknown composition. The authors
measured the intensities of Ty) and TcC (g) over the (carbon-saturated) sample
from 2229 to 2650 K for T¢(g) and 2293 to 2595 K for Tcg) by using Knudsen
effusion mass spectrometry. With the assumption of equal ionisation cross-sections for
Tc and TcC and reasonable thermal functions for TcC(g), calculated from estimated
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molecular parameters, the enthalpy change for the reaction
Tc(g) + C(cr, graphite = TcC(Q) (V.39)

was calculated by them to ke Hp,(V.39, 0 K) = (1514 30) kJmol—1.

Conversion to 298.15 K using, (29815 K) — HJ,(0 K): estimated by Rinehart
and Behrens9RIN/BEH for TcC(g); from TableB.2 for Tc(g) (see AppendiB)
and from Chaseet al. [B5CHA/DAV] for C(cr, graphite), gives a correction of
+1.5 kImol~! and thus the standard enthalpy of formation.

AfHS,(TCC, 9, 29815K) = (8265 40.0) kJmol?

The standard entropy calculated from the molecular parameters estimated by Rine-
hart and Behren¥PRIN/BEH is

$,(TcC,g,29815K) = (2425+150) JK 1.mol™!

with an appreciable uncertainty. The selected enthalpy of formation and entropy are
used to calculate the Gibbs energy of formation.

AfG5(TcC, g, 29815K) = (7656 40.2) kImol™t

These thermodynamic data are recommended values.

The intercalation of Tcgand other metal hexafluorides into graphite was studied
by Vankin, Davidov and Selig86VAN/DAV]. Parameters were reported for the tem-
perature dependence of the electrical conductivities of the two identified compounds,
stage-l (gTcFg) and stage-ll (@oTcFg), based on measurements from about 10 to
280 K, cf. AppendixA.

The solid technetium carbide system is discussed in Se¥itha.4

\V.7.1.2 Technetium carbonates

The reduction of Tc@ in carbonate media has been investigated by Salaria, Rulfs
and Elving p3SAL/RUL] and Russell and Casii8RUS/CAS. These studies gave no
evidence for complex formation between carbonate and technetium(lV) (App&hdix

Solubility measurements of TegOxH20(s) in carbonate media at pH values higher
than 9.27 were performed by Meyer and cowork8@&\EY/ARN, 89MEY/ARN], but
no evidence for carbonate complexes was observed under those conditioAp;
pendixA.

Paquette, Lister and Lawren&@2PAQ/LI] reported some spectroscopic evidence
for complex formation between carbonate ions and both Tc(lll) and Tc(IV). In a later
study B5PAQ/LAW], they provided further experimental details and also information
on the redox behaviour of the Tc(IV)/Tc(lll) couple in carbonate solutions at pH = 8.
Although species such as {@0z)q(OH)s "** and Tc{C03)q(OH)§;(1"+1)_2q were
suggested withh+q > 4, no thermodynamic data can be derived (see comments under
[82PAQ/LI] in AppendixA).
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More recently, Erikseet al. [92ERI/NDA, 93ERI/NDA] have reported the results
of a solubility study for Tc@-xH20O(s) as a function of pH in the absence and presence
of carbonate. They found an increase of the solubility of .68 20(s) in the presence
of COy(g) at a partial pressure up to 1 bar in the pH range 6.26 to 8.56 and interpreted
this effect in terms of the formation of two hydroxide-carbonate complexes, a neutral
and an anionic one, see Tah® in SectionV.3.

TcO(OH)2(ag) + COx(g) = TcCO3(OH)2(ag) (V.40)
TcO(OH)2(ag) + CO2(g) + H20(1) = TcCO3(OH); + HY  (V.41)

The experiments seem to be relialde AppendixA, and their constants are selec-
ted here with increased uncertainties due to the fact that only few experimental points
and no independent measurements are available. Since the measurements were carried
out at very low ionic strengthl (< 0.01 M) the correction factor tb = 0 is negligible.

log,oK°(V.40,29815K) = 1.1+0.3
l0g;oK°(V.41,29815K) = —7.24+06

From these equilibrium constants we can derive the selected Gibbs energies of
formation of the two Tc(IV) carbonate complexes :

AG(TCCO3(OH)2, aq 29815 K) = —(9689+ 9.0) kJmol™*
A§Gi(TcCO3(OH)3, ag 29815 K) = —(11587 +9.5)kImol*

The formulation by these author8ZERI/NDA, 93ERI/NDA] of the carbonate
complexes of Tc(IV), as being T€O3)(OH)2(aqg) and T¢COz)(OH)3, is consistent
with the formulations used for the various hydrolysed Tc(lV) species in Se¢t®h.1
and elsewhere in this book. Alternate formulations for the primary coordination
spheres of the Tc(IV) hydrolysed species are given in Sesti®ni.3

V.7.1.3 Technetium cyanides and oxycyanides

The preparation of a hydroxo tetracyanide salt of Tc(lV) (formulated as
“Tl3Tc(OH)3(CN)4” or “TI 3TcO(OH)(CN)4") was reported by Herr and Schwochau
[61HER/SCH 62SCH/HER. However, later studies8DTRO/JON 82FRA/LOQ
suggest that Schwochau and co-workers actually had studied the Tc(V) complex
TcO(CN)g* rather than the Tc(IV) complex “KOH)3(CN), ", (see Appendid).

Trop, Jones and DavisoBQTRO/JON identified the following compounds:

e K2TcO(CN)5 - 4H20
e K4Tc(CN)7 - 2H,0O

o K3TcOu(CN)g
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The TcQ(CN)if complex has since been studied¥¥c-NMR [82FRA/LOQ.

Roodtet al. [92ROO/LE] have described the preparation and characterisation by
chemical analysis, infra-red, visible and ultra-violet spectroscopy, of a number of oxo
and hydroxo tetracyanides of Tc(V) derived from the BGCN),~ ion. These in-
cluded:

e K3TcOu(CN)4, also described by8DTRO/JON and [82FRA/LOQ;

e (CH3)4N[TcO(OH2)(CN)4]-2H20(cr), which crystallises in the orthorhombic
system, space group Pmmn, wih= 12.11x10°m, b = 9.04x10°19 m,
c=7.10x10"19m, andz = 2;

e Cdo[Tc203(CN)gl-10HO(cr)
o K4[Tc203(CN)gl-6H20, and

e the 2,2-bipyridinium salt (2,2"-bpyH]TcO(NCS)(CN)](cr),  which
crystallises in the monoclinic system, space group C2/c, wvdth =
(18210 + 0.0089x10°1° m, b = (19473 £ 0.002x10°1° m,
¢ = (155014 0.006) x10~1%m, ands = (107.501+ 0.028)°.

Roodt and his colleagues also studied spectrophotometrically the kinetics of the dis-
placement of the D ligand in the Tc@OH,)(CN), ion by the NCS' ligand as well
as the kinetics of proton transfer reactions of these tetracyanotechn&aRO(J/LE]|
94ROO0O/LE| 95ROO0/LE] (see Appendid).

Preparation of a reduced valence Tc(l) complex was also reported by Schwochau
and Herr B2SCH/HERZ, by reaction of TcQ or “Tc(OH)3(CN); ™" with potassium
amalgam in the presence of KCN. The product wgé{CN)g(cr) and it formed cubic
crystals witha = (12,1064 0.002) x 10~1%m (isostructural with KMn(CN)g(cr) and
KsRe(CN)g(cr)). Its aqueous solutions were very air-sensitive. Both the potassium and
thallium salts of Tc(CI\@‘ had low solubilities in water.

Krasser, Bohres and Schwochat2KRA/BOH] reported Raman spectrum of
KsTc(CN)g(cr) and its IR spectrum in CsCl. From these results they derived the
vibrational fundamentals and force constants.

Polarographic measurements of the reduction of Ja©various aqueous cyanide
media have been reporte@JCOL/DAL, 64MUN, 78RUS/CAS. No useful thermo-
dynamic data can be derived.

Results from microcoulometrgBMUNZ] indicated 3 to 4 & reductions of TcQ
occurredin 0.1 mekg—! KOH-0.5 molkg~1 KCN, depending on the applied potential.
Al-Kayssi, Magee and Wilsor6RAL-/MAG] found that reduction of TcQin aqueous
HCI by bismuth amalgam or mercury in the presence of potassium ferrocyanide yielded
an anionic blue complex. In contrast, for the corresponding reduction withp,SacCl
yellowish-brown complex was obtained. The stoichiometries of these complexes are
unknown.

Baldaset al. [90BAL/BOAZ2] synthesised and characterised a complex of Tc(V),
(AsPhy)2[ TcN(CN)4(OHy)]1-5H20(cr) (AppendixA). It crystallised in the monoclinic
space group R2n with a = (17.107+ 0.010) x 10 1°m, b = (19.965+ 0.014) x
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1019m, c = (154734 0.010 x 10 19m, 8 = (101704 0.04)°, andZ = 4. In the
same study, the possible formation of the following Tc(VI) species was also suggested:
TcNCI3(CN)~, TcNCL(CN), , or TcNCI(CN); .

No thermodynamic data are available for these compounds.

V.7.1.4 Isothiocyanates and oxyisothiocyanates

The chemical and redox behaviour of technetium in the presence of thiocyanate
ions has been investigate87CRQ 64MUN, 68MUN2, 78RUS/CAS 79TRO/DAV,
87GRA/FAR. These studies gave some evidence for the formation of Tc(V), Tc(IV)
and Tc(Ill) complexes, but no single species was identified.

Various studies have been reported in which solid complexes of technetium with
SCN~ have been prepared, and they indicate that bonding in these complexes is
through nitrogen, so these complexes are actually isothiocyanates. Schwochau and
coworkers f8SCH/PIE 73SCH/AST reported preparation of different salts of Tc(V)
and Tc(IV) containing the Tc(NCg)and Tc(NCSéf ions, respectively. Reinvestig-
ation of technetium isothiocyanato solutions and salts by Etoal. [BOTRO/DAV]
indicated that Schwochau and coworkers were probably in error in assigning the
technetium valences in these salts. Their investigations indicated the formation of
Te(IV) and Te(lll) salts, i.e., T((NCS) and Tc(NCS] ™ ions. (See comments under
[68SCH/PIE in Appendix A). The existence of these two species Tc(l\@.'ISz)nd
Tc(NCS%ﬂ has been confirmed by other studi88IAR/GRA, 90YAM/KUB].

An oxopentakis(isothiocyanato)technetate(V) complex containing TcO@VCS)
was prepared and characterised by Davisbal. [81DAV/JONZ, cf. AppendixA.
Previous studies by Spitsyn, Glinkina and Kuziia$PI/GL] indicated the formation
of TCO(OH)(NCS§~, but it may well have been identical to the TcO(NES)f
Davisonet al.[81DAV/JONZ.

Abram, Abram, and Dilworth96ABR/ABR] have recently synthesised and char-
acterised a crystalline solid of Tc(lll) aser, trans— [TcCL(NCS){(CHsz)2PhB3](cr).
This compound crytallises in the monoclinic space gropugrP®ith a = (14.997+
0.014) x 107 1%m, b = (10.840+0.004) x 10 1%m,c = (19.160+0.016) x 10-1°m,

B = (11304 + 0.04)°, and Z = 4. It was found to be readily soluble in &> and
CHCI3, moderately soluble in methanol, and was stable in air both as a solid compound
and in solutions of these organic solvents.

Orvig [810ORV reported the synthesis pfn—C4Hg)4N]2[ Tc(NO)(NCS)s](cr) and
[(n — C4Hg)4N]3[Tc(NO)(NCS)5] - H2O(cr), but they were not structurally character-
ised.

No thermodynamic data are available for these complexes.

V.7.2 Silicon compounds

Numerous studies have been published on the sorption of technetium on quartz, crys-
talline silica, and silicate minerals,g, [SOBIR/LOPR, 81PAL/MEY, 88ITO/KAN], but

these sorption studies give no indication for significant interaction betweey BcO
Tc(lV) and silica or silicate minerals.
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Other compound®.g, Ba-Tc and Sr-Tc silicates, have been reported by Metter
al. [64MUL/WHI, 68MUL], but these products were highly heterogeneous and were
not characterised.

There is no published study of the Tc-Si-O phase system. However, borosilic-
ate glass is frequently used to immobilise reactor wastes, and these studies should
have some relevance to the Tc-Si-O system. Although the incorporation of techne-
tium into borolicate glass has been reported (see ReEBRA/HAR, 85ANT/MER,
89FRE/LUT] in AppendixA), there is disagreement whether technetium occurred as
Tc(VII) [79BRA/HAR, 89FRE/LUT] or Tc(lIV) [85ANT/MER] in borosilicate glass
prepared under oxidising conditions. However, there is agreement thataheOnetal-
lic technetium precipitated from such glass prepared under reducing conditions.

These results suggest that the solubility of Ba@borosilicate glass is quite low,
and this is likely to be true for Tcin SiO; (glassy). It is possible, however, that
amorphous ternary oxides or hydrous oxides of the type (Si,Z-cdO could be pre-
pared by the simultaneous hydrolytic precipitation of a solution of Si(IV) and Tc(IV).

A literature search was done of Chemical Abstracts, of the Gmelin Handbuch der
Anorganischen Chemie, of Structure and Bonding, and of several review articles. No
information about silicon complexes of technetium was located. Technetium alloys
with silicon are discussed in SectivotD.2.20

V.7.3 Tin compounds and complexes

Several studies on the reduction of TgOto Tc(IV) species by SnGl
and Sn(ClQ)2 in aqueous acidic solutions are reported in the literature
[75BRA/BRA, 75STE/ME| 770WU/MAR, 87FAR/GAR, but these investiga-
tions gave no evidence for technetium-tin complexes.

However, there is indirect evidence of the formation of technetium complexes with
Sr?t or its chloride complex. For example, reduction of Tc aqueous HCI con-
taining potassium ferrocyanide gave a blue product when reduced with Bi(Hg) or Hg,
but a yellowish-brown complex formed instead when Sns used §2AL-/MAG].

These observations suggest interaction between technetium and tin(ll) may be occuring
in certain cases.

Evidence of a somewhat more direct nature exists for the presence of techne-
tium complexes with SnéTq. Steigman, Meinken and RichardsgSTE/ME] re-
duced technetium electrolytically to Tc(lll) in a phosphate buffer. Addition of $nCl
caused no further reduction of technetium, but it did cause large changes in the absorp-
tion spectrum. They found similar evidence for association of $r?01vith a mixed
valence Tc(lll, IV) phosphate complex. Kroesbergsnal. [8B6KRO/STE studied
9ngcO; that was reduced by Sngh aqueous HCI in the presence of pyrophosphate
ions. Absorption of these reduction products on solig(@8&y)» at various pH values
indicated that a negatively charged Tc-Sn-pyrophosphate complex was initially present.
Either that complex or its dissociation products were absorbed on g @Qa..

The preparation and characterisation of several organic complexes of techne-
tium with tin has also been reported/6DEU/ELD, 80DEU/LIB, 81BRA/DAS
82BRA/DAS, 86MIK/PIN, 89HUI/TJI, 90LIN/MAL , 91KAN/RAP]. Several of these
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complexes contain the “Snglligand, where it is not certain whether it occurs as
SnCE or Sncgr. There is no consensus among these studies whether this tin present
as Sn(ICk or as Sn(lV)C{ and it is possible that different complexes may contain
tin in different valence states.

No thermodynamic data are available for these complexes of tin with technetium.
However, they do not seem to be strong enough to form under normal environmental
conditions.

V.7.4 Boron compounds and complexes

A literature search uncovered no reports containing information about inorganic
compounds or complexes of boron other than those found in the Tc-B system, see
TableV.42in SectionV.9.

However, there are several reports of the synthesis of complexes of technetium that
contain the hydrotris(1-pyrazolyl)bora@fABR/DAV, 91 THO/DAV, 93JOA/APO2,
hydrotris(3,5-dimethyl-1-pyrazolyl)borate 93JOA/APQ 93JOA/APO2, or the
boronic acid (BATO) 89TRE/FRA 93LI/WAN] ligands. In none of these complexes
is the boron atom directly coordinated to a technetium atom. There is also an absence
of thermodynamic data for these complexes, and they are not considered further.

V.8 Pertechnetates and mixed oxides

Aqueous pertechnetic acid, HTgQs a very strong acid in aqueous solution; see Sec-

tion V.3.1.2.1for details. The pertechnetate anion Tc@as little tendency to form
complexes with cations in aqueous solution. In this regard it resembles othgr MO
anions such as perchlorate Gl(perrhenate Ref, and permanganate MO These

anions can form crystalline salts with virtually every known cation. A large number

of pertechnetate salts have been prepared, the largest number of these by Zaitseva and
her colleagues in the USSR. In this section we discuss known pertechnetate salts, their
structural data, thermodynamic data and other physicochemical properties.

The synthesis of pertechnetate salts generally involves precipitation from aqueous
solutions. An agueous solution of HTg@ reacted with a hydroxide, oxide, or, some-
times, the carbonate of the desired cation to form a solution of about @Hfollowed
by evaporation of the solution until crystals precipitate. However, it is also possible
to prepare metal pertechnetates by evaporation of Ié8,-MOH solutions, because
NH3(g) is expelled by heating alkaline solutions.

Most of our information about dehydration temperatures comes from thermogra-
vimetric analysis or differential thermal analysis. The temperatures at which dehydra-
tions occur during such measurements depend on whether the system is open or closed
and on how fast the temperature is changed relative to how fast the phase transitions
occur, and the phase changes are generally slower than the heating rate. Transition
temperatures determined by quasi-static measurenegtigothermal dehydration in
a closed system) should be much more meaningful. The lowest temperatures observed
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salts are normally 0 to 55 K higher.

Structural data have been reported for a number of hydrated and anhydrous per-

technetates. The structural information is summarised in TéaBR2

197

Table V.32: Crystal structure parameters of pertechnetate salts.

Phase Crystal Space Z Lattice parameters Reference
symmetry group (x1019/m)
Anhydrous salts
NaTcOy(cr) tetragonal 14/a a = 5.339+ 0.002 [62SCH
c=11869+ 0.010
a = 5.3374+0.004 [B3KEL/KAN]
c=1188+0.04
KTcOu(cr) tetragonal 14/a a=5.654 [62MCD/TYS|®)
¢ = 13030
a =5.630+0.004 [63KEL/KAN]
c=1287+0.04
a = 5.6304+ 0.004 [76KRE/HAS
c= 12867+ 0.008
RbTcOy(cr) tetragonal a = 5.758+ 0.004 [B3KEL/KAN]
c=1354+0.04
CsTcQy(cn) orthorhombic Pnma a=5718 B2MCD/TYS
b =5.918
c = 14304
a=5.726+0.004 [63KEL/KAN]
b = 5.922+ 0.004 [66KAN]
c = 1436+ 0.04
Pnma a=5.727 [76MEY/HOR
b =5.921
c=1434
tetragondP) a=5.898 [66KAN]
c=14.38
AgTcOq4(cr) tetragonal 14/a a = 5.3194 0.002 [62SCH
c=11875+0.010
a =5.3174+0.004 [B3KEL/KAN]
c=1187+0.04
TITcOg4(cr) orthorhombic a = 5501+ 0.004 [B3KEL/KAN]
b =5.747+ 0.004 [66KAN]
c=1345+0.02
tetragondP) a=5.665 [66KAN]
c=1347

(Continued on next page)

@somewhat discrepant from the other two studies, which appear to be more reliable.

(®)High-temperature form; parameters determined at 463 K.

(C)High temperature form; parameters determined at 493 K.
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Table V.32: (continued)

Phase Crystal Space Z Lattice parameters Reference
symmetry group (x10%0/m)
NH4TcO4(cr) tetragonal 14/a a=>5.790 [62MCD/TYS]
c= 13310

a=5794+-0004  [63KEL/KAN]
¢ =1329+0.04
l41/a 4 a=57754+0004 [BOFAG/LOQ@
¢ =13252+0.010
l41/a 4 a=5769+0004  [BOFAG/LOC®
¢ = 13090+ 0.010
l41/a 4 a=57414+0004  [BOFAG/LOG®
c=13121+0014
(CH3)4NTcOy(cr) orthorhombic P22:2 4 a=12142+0.008 [B6GER/GR]
b=12223+0.008 [B7GER/GR]
¢ = 5.92840.004
4 a=1214+004 [B7KUZ/GER
b=1222+ 004

¢=5.93+0.02
(CoH5)4NTcO4(cr) orthorhombic 4 a=714+002 [87KUZ/GER
b=7.16+0.02
c=263+0.04
(n-C4Hg)4NTcOq4(cr)  orthorhombic Pnag 4 a=15403+0.004 [B87GER/GR]

b = 13785+ 0.006
¢ =9.864+0012
4 a=154+02 [87KUZ/GER
b=138402
c=987+002
Pt(NH3)4(TcOs)2(cr)  orthorhombiéd) a=786 [BOSHA/VAR]
b=763
c=1079
triclinic( P1 1 a=5178+0.004 [BOROC/KON
b = 7.7254 0.006
¢ =7.935+ 0.006

Mg(TcOy)2(cr) hexagonal 6 a=0993 [83KRU/ZAI]
_ c=1254
Tc(pdagTcosen®  orthorhombic Pna2 4 a=13869+0.008 [P2GER/KEM

b = 12799+ 0.010
¢ = 10.815+ 0.006
(Continued on next page)

(@parameters determined at 295 K.

(®)Parameters determined at 208 K.

) Parameters determined at 141 K.

@incorrectly indexed.

(Mo = (69.334 0.06)°, B = (79.74+ 0.06)°, andy = (77.41+ 0.06)°.
) pda = ortho-(HNGH4NH)Z~.
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Table V.32: (continued)

Phase Crystal Space Z Lattice parameters Reference
symmetry group (x10%0/m)
Hydrated salts

Mg(TcOy)o- triclinic() 1 a=744 [83KRU/ZAI]

-4H,0(cr) b =703
c =646

Ho(TcOy)3- triclinic(® P1 2 a=7157 [74ZAI/KON]

-4H,0(cr) b = 8.787 B3VAR/ZAID
c=12278

Er(TcOy)3- triclinic(M P1 2 a=7251 [74ZAI/KON]

-4H;0(cr) b =8.759 B3vAR/zAIl()
c=12083

Tm(TcOy)3- triclinic(™ P1 2 a=7249 [74ZAl/KON2]

4H,0(cn) b=8777 B3var/zai](
c=12038

Lu(TcOy)3- triclinic(©) P1 2 a=7193 [75ZAI/BEL]

4H,0(cn) b = 8.686 B3var/zai](
c=11943

Y (TcOyg)3- triclinic® =7 2 a=7.393 [75ZAl/BEL]

-4H;0(cr) b =8615 B3vAR/zAll()
c=11819

(NPO2)2(TcOyg)4- triclinic(@ P1 2 a=5332+£0010 [P8GUE/FED

-3Ho0(cr) b = 13034+ 0.014

c=15460+0.018

0y =10801°, B = 92.32°, andy = 12045°.
Ky = 7362°, g = 95.32°, andy = 10255°.

On the first of these pairs of references, powder-pattern results were reported but the structures were not
analysed. The other referenc83VAR/ZAI] gave the unit cell parameters, and the space group was
reported by 83TET/ZAI].

My = 7313, B = 96.07°, andy = 10281°.

My = 7394°, g = 96.38°, andy = 10371°.

Oy = 7399, g = 96.43°, andy = 10262°.

(Plq = 75.65°, B = 96.43°,andy = 10456°.

(@¢ = (107.08+0.10)°, B = (98.05+ 0.14)°,andy = (93.86+0.12)°.
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V.8.1 Pertechnetate salts of monovalent cations
V.8.1.1 KTcOgy(cr)
V.8.1.1.1 General properties

Evaporation of a solution of KTc{ at room temperature yielded unhydrated
KTcOg4(cr) [57BUS/LAR, 76KRE/HAS, although heating of the residue to about
773 K was required to completely drive off occluded wa#®&BUS/BEV].

Three structural studies at room temperature are availabBMCD/TYS
63KEL/KAN, 76KRE/HAS, cf. TableV.32, and IR and Raman spectra have also been
reported f4BUS/KEL, 72BAL/HAN, 73JEZ/HAN].

Busey and Larson5/BUS/LAR reported that impure KTcgcr) decomposed
upon heating, but that pure KTg(@r) can be melted and even sublimed without de-
composition. Busey, Bevan and Gilber2BUS/BEV prepared high-purity anhydrous
KTcOg4(cr) from NH;TcOg4(cr) by reaction with aqueous KOH containing®b(aq)
(H202(aq) oxidises any Tc(IV) formed by self-radiolysis of WF:Oy), followed by
evaporation of the solution to dryness to expeld{, and this KTcQ(cr) was sub-
sequently purified by recrystallisation from water. Heating air-dried Kgcf) to
about 773 K was sufficient to produce an anhydrous product, and fusing the sample
caused no further mass decrease. They reported that i{¢ig@as solid at 793 K but
was liquid at 848 K, and earlier they reported a melting temperature of about 813 K
[58BUS/LAR]. Vaporisation of this compound occurred around 1270 K. Gilbert and
Busey B5GIL/BUSY determined the fraction of KTcgjcr) that had melted as a func-
tion of temperature, and extrapolated these temperatures to complete melting to give
a melting temperature aB034 + 1.0) K. This value should be more reliable than
their earlier result$8BUS/LAR]. They also reported that the enthalpy of fusion of
KTcOa4(cr) was(27.03+ 0.16) kdmol1.

Germaret al. [93GER/GRU have reported a similar fusion temperature of 815 K.
These authors also found that KTg@r) undergoes a reversible phase transition at
around 753 K, with an observable colour chan@®@GER/GRU. The enthalpy change
for this transition was reported to kesH = (5.4 + 0.6) kJmol~1 and the enthalpy
of fusion as being\fusH = (28.4 + 3.9) kJmol~1, based on DTA measurements.

Miller, Kelley and ThomasongOMIL/KEL] reported values for the conductance
A°(TcOy, ag 29815 K) = 58.1 Scm?-equiv- 1 and for the tracer diffusion coefficient
D°(TcO,, aq 29815 K) = 1.56 x 10~° cm? - s~ 1. However, no experimental results
were presented, so the accuracy of these derived quantities cannot be assessed.

Schwochau and Astheimer6ZSCH/AST also reported electrical conduct-
ances of aqueous KTgOsolutions at(29815 + 0.10) K for eight concentrations
from 583 x 107° to 9716 x 10°3 M. Their electrical conductance values,
A, have been reanalysed by this review (Appendix The resulting recom-
mended values aré\°(TcO,,aq 29815 K) = (554 + 0.5) S - cn? - eq !
andD°(TcO}, aq 29815 K) = (1.484+ 0.01) x 10 °cm? - s 1.

Shvedov and Kotegow6BSHV/KOT] performed electromigration experiments for
aqueous NaTcpand KTcQ solutions at 291 K. As discussed in Appendix this
review has not considered their experimental values.
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V.8.1.1.2 Thermodynamic data

In 1957 Busey and LarsorbTBUS/LAR] reported experimental heat capacities of
KTcOqy(cr) at 66 temperatures from 16.31 to 310.51 K. Their data, after correcting
their assumed atomic mass of 9grgol)~1 for 99Tc to the current value of 98.9063,
yieldedS:, (KTcOyg, cr, 298.15 K)= 166.20 JK~1.mol~t. Unfortunately, the sample
used for calorimetric measurements was not completely anhydrous. They estimated the
water content as being0.83 mass-% (8.5 mol-%) based on the excess heat absorbed
in the vicinity of the fusion temperature of water. However, according to them, this
estimate of the water content was uncertaini8/mol-%, which makes it impossible

to reliably correct for the water present. Busey and Larson were unable to determine
the water content by thermal dehydration because their i{aPwas slightly impure

and decomposed upon heating.

Busey, Bevan and Gilber7PBUS/BEV repeated these low-temperature calori-
metric measurements with high-purity anhydrous KE(D). They reported heat ca-
pacities for anhydrous KTcfcr) at 76 temperatures from 9.00 to 308.56 K. Their
derived thermodynamic results are listed in Tall@3. They gave an extrapolated
Debye temperature @p (0 K) = 132 K. Inasmuch as their results were done carefully
with high-purity KTcQy(cr), they are our recommended values.

S5,(KTcOy, cr, 29815 K) (164784 0.33) JK tmol?t
Cpm(KTCOg4, cr, 29815K) = (123304 0.25 JK t:mol™!

This value ofS;, indicates that their earlier resu57BUS/LAR was too high by
1.4 JK~1.mol~1 due to occluded solution.

Busey and Bevan6DBUS/BEV reported integral enthalpies of solution of solid
KTcOg4(cr) into water at 298.15 K. Final molalities of KTg@fter dissolution ranged
from 0.00476 to 2592 mot kg~L. They reported that they extrapolated these results
to infinite dilution by the Debye-Huckel limiting law to obtaifisgiH(KTcOg, cr,
298.15 K)= (56341+ 0.13 kJmol~1. However, the simple average of their five
experimental values i§53.41 + 0.27) kJmol~1, which suggests that they actually
neglected to do the extrapolations. Their integral enthalpies of solution are tabulated
in TableV.34, and they are illustrated in Figuké5. As indicated by the dashed line in
this figure, their value for the final dilution molality of 0.00476 m seems to be about
0.3 kJmol~! less endothermic than expected from the trend observed for the other
four points. They reported that the sensitivity for their isothermal solution calorimeter
was 0.05 cal. However, since they did not report their sample sizes, it is not clear how
much this will affectAsoHm. In addition, they did not report any information about the
purity of their KTcQy(cr), and it may well have contained occluded solution. Based on
these considerations, we assign an uncertaintybk0mol~ to their AsoHm values,
with an experimental precision of D k3mol~ in most cases.

The integral enthalpy of solution values in TaM&4 still need to be extrapolated
to infinite dilution to obtainAseH y, of KTcO4(cr). The enthalpy change for dilution of
a solution is given by the difference of the relative apparent molar enthalpy Viajues
of the final and initial solutions. However, our final solutions are to be infinite dilution
whereLg(atm = 0) =0. Thus AsoiHp, = AsolHm — Lg.
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Table V.33: Thermodynamic properties of solid KTg@) [72BUS/BEV®@.

T Com(T) Sw(M) Ha(T)—HR(OK)  —[GH(T)—HmO KT
(K) (IKLmor Yy (3K Lmol~1) (kJmol—1) (3K Lmol~1y
0 0.0000 0000 Q00000 —

20 7.2549 2494 Q03766 06109

40 28543 13924 039245 41128

50 38082 21338 Q72654 68072

60 46358 29028 11495 98699

80 59830 44287 22168 16577
100 70499 58830 35241 23589
120 79411 72491 50252 30614
140 87109 85331 66934 37526
160 93552 97393 85011 44262
180 99075 10874 10428 50805
200 10397 11943 12459 57136
220 10849 12956 14584 63265
240 11263 13918 16796 69198
260 11652 14835 19088 74938
280 12025 15713 21456 80499
29815 12330 16478 23666 85398
300 12363 16554 23895 85888
310 12522 16962 25139 88523

@ Reported thermodynamic values were multiplied by (202.0022/202.006) = 0.999981 to convert
to current molar masses. Heat capacities are uncertain by about 9.8% at 15 K, by about 2.0%
at 25 K, and about 0.2% over most of the remaining temperature range for 95% confidence lim-
its. However, near room temperature the uncertainties increase from 0.2% to 2-3 times as large
due to increasing heat leaks from the calorimeter. Changes in thermodynamic values due to con-
version of 1 atm to 1 bar standard pressure are much less than the experimental precision and
were neglected. The temperature scale used for these heat capacity measurements was not identi-
fied, but we presume that it was the International Practical Temperature Scale of 1968 (IPTS-68).
Thermodynamic values were not corrected to the most recent temperature scale (ITS-90) because
any resulting changes for the various thermodynamic properties would be significantly less than
their corresponding experimental uncertainties. Most of these thermodynamic values are given to
one more significant figure than reported in the original publication, in order to prevent a loss of
information when converting results from calories to joules.
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Figure V.5: Integral enthalpy of solution of solid KTg@r) into water at 298.15 K
[60BUS/BEV. ReportedAsoHm to various final molalitiesd); the dashed line rep-
resents the least-squares fit to these values. Valuggqifim — Ly (A), wherel 4 was
estimated from values for KCl{fcr) [65PAR; the full line represents the least-squares

fit to those values. In each case the discrepant value at the lowest molality was given
zero weight. Note that if the corrections to infinite dilution were completely accurate,
thenAgolHm — Ly would equalAgoHp,.
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Table V.34: Integral enthalpies of solution of solid KT4@r) in water at 298.15 K
[60BUS/BEV.

Molality @ AsoH® Ly© AsolHm — Lg
(mol-kg™1)  (kImol™?) (kJmol—1 (kJmol-1)

0.02592 53283+ 0.4 —0.024+0.03 53307+ 0.40
0.02541 53342+ 0.4 —-0.023+0.03 53365+ 0.40
0.01572 53459+ 0.4 0.038+£0.02 53421+ 0.40
0.00560 53631+ 0.4 0.068+£0.01 53563+ 0.40
0.00476 53329+ 0.4 0.0670.01 53262+ 0.40

@ Final molality of solution formed by dissolution of solid KTa@r) into water.
All five molalities in this column are uncertain by 0.05% due to a lack of inform-
ation about the atomic mass 8tTc assumed for calculating molalities. It was
common around that time to use 99 gol~, which differs from the current
value of 989063g- mol—1.

® |ntegral enthalpy of solution from dissolution of solid KTg@r) to form a solu-
tion of the given molality.

(© Relative apparent molar enthalpy of dilution as estimated by this review from
the values for KCIQ(cr); —L is equal to the enthalpy change from diluting the
solution from the given molality to infinite dilution.

There are no experimental dilution enthalpies for KE0lutions. Calculations
were performed by this review in whidh, was obtained from the Debye-Huckel lim-
iting law and was used to corredtsoHm to infinite dilution. When this was done,
the “corrected" data showed more variation with molality than the uncorrected data.
Obviously, this estimated correction is not reliable.

Although enthalpies of dilution are not available for KTg¢@olutions, they
are available for the chemically similar systems KgIOKCIO3, KBrOs, and
KIO3 [65PAR 80VAN/WAU]. The chemical system that should be most similar
to KTcOq4(cr) is KCIO4(cr); consequentlyly for KCIO4 [65PAR were analysed
graphically and then used as estimates for the corresponding {@ig®alues. These
Ly and AsolHm — L) are tabulated in Tablg.34, and FigureV.5 is a plot of these
values. We estimate that the uncertainty in the estimatgihcreases from 0.01 to
0.03 kJmol~! as the molality increases. We expect that of KCIO4 and KTcQy
should exhibit some minor differences at the higher molalities due to salt-specific
ionic interactions, and indeed the correctédsHm — L) do have a slight trend
with molality. However, any error in the estimatég should vanish as the molality
goes to zero, so an extrapolation &fso|Hm — Lg) to m = 0 should yield the correct
value of AsolH,p, for KTcOu(cr). A least-squares fit of the values in TaM&4 gives
AsolH5 — Ly = 53.616— 11.12m, with a correlation coefficient of 0.973. Finally, our
selected value is

AsoH2(KTcOy, cr, 29815K) = (53624 0.42) kJmol

Parker and Martin 92PAR/MAR] determined the solubilities of KTcffcr) at
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280.15 and 300.15 K; from these two values the solubility at 298.15 K has been
interpolated to be 83 mol- dm~2 [53COB/SM| 57BUS/LAR] or 0.63 mol- kg—!
[60BUS/BEV]. Coltonet al. [60COL/DAL] reported that the solubility of KTcglcr),
presumably at “room temperature”, was “ca. 12 g/100 mL". This corresponds to a
molality of ~ 0.60 mol- kg~1, provided they meant mL of #0(l) and not of solution.
Inasmuch as no details were given, it is not clear if this was a new experimental value
or whether they were simply quoting a literature value ultimately derived from Parker
and Martin. As discussed in Appendixthe experimental results reported by Parker
and Martin B2PAR/MAR cannot be used to extract reliable thermodynamic data for
KTcOa(cr).

A new determination of the solubilities of KTe(xr) by Busey and Bevan
[60BUS/BEV gave values which are much lower and more precise than the values
reported by Parker and Martif2PAR/MAR]. Busey and Bevan determined the
molal concentrations by weighing aliquots of saturated solutions, followed by drying
these samples and weighing the anhydrous salts. Their reported solubilities are
0.1057 mol- kg~! at 298.15 K and @344 mol- kg~! at 273.15 K. Equilibrium
was approached both from above and from below saturation. The direct method of
determining solubilities that was used by Busey and Bevan appears to be much more
accurate than radiometric measuremeB®PAR/MAR], and we accept Busey and
Bevan’s solubilities for thermodynamic calculations. Based on the apparent high
quality of this solubility determination, we assign an uncertainty of 0.15% to these
saturated molalities.

Neck et al. [98NEC/KON recently determined the solubility of KTeQ(cr) at
(298.15+ 0.2) K, ms = (0.1040+ 0.0015 mol-kg~1, using liquid scintillation count-
ing of °Tc. This value agrees well witms = 0.1057 molkg~! obtained by Busey
and Bevan§0BUS/BEV]. Busey and Bevan’s value was used in the subsequent ther-
modynamic caluclations since their dehydration method for determining the molality
at saturation is more precise.

For thermodynamic calculations, we formally treat aqueous Kgabeing com-
pletely dissociated (se€3SHV/KOT] in AppendixA). We will now derive the stand-
ard entropy of the Tc@ ion, which requires values of the entropy of a pertechnetate
solid salt together with the standard entropy of solution of that same salt in water at
298.15K.

The only pertechnetate salt with published low temperature calorimetric data is
KTcOq(cr), so it is the only one with a directly determined entropy. Entropies of solu-
tion are generally obtained from a combination of the standard enthalpies and Gibbs
energies of solution of a salt in water. However, standard Gibbs energies of solution are
obtained in turn from solubilities and activity coefficients, and only the former quantity
is known for KTcQy(cr). Fortunately, the solubility of KTcglcr), 0.1057 mol kg~?!
at 298.15 K pOBUS/BEV], is low enough that the activity coefficient for that salt at
saturation can be estimated with some confidence.

Busey and Bevan60DBUS/BEV estimated thaty. = 0.74 for KTcOy at
0.1057 mol kg~1, based on available data for KGj@nd NaClQ, but no details were
given. A more detailed consideration of estimating activity coefficients was given by
Busey, Bevan and GilberfPBUS/BEV, who gave three separate estimates. First they
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used the enthalpy of solution as a function of temperature (calculated by assuming that
Cp.m of aqueous KTc@was approximately equal to that of NaRg®@ compute the

ratio of activity coefficients for saturation at 298.15 K to that at saturation at 273.15 K,
which equalled 0.84. The activity coefficient ratio was assumed to be independent of
temperature and equal to this ratio at 273.15 K. This same ratio was plotted ggainst

at 0.1057 mol kg~ for other potassium salts. Interpolation to a ratio of 0.84 then
yielded an estimate of the activity coefficient of KTg@t 298.15 K. Secondly, the
activity coefficient of KTcQ was estimated to equal that of KGjQwvhich required an
extrapolation of the published KClQdata to a higher molality. As a third estimate,
they equategry of KTcOg4 to v+ (KCIO4) x y+(NaTcQy)/y+(NaClOy).

The resulting three estimated activity coefficients given by Busey, Bevan and Gil-
bert [72BUS/BEV] are 0.685, 0.680, and 0.672. They recommended use of the average
of these three valued).679+ 0.010).We will accept this mean value, but we increase
the uncertainty limits ta0.020, because of the use of an extrapolated activity coeffi-
cient for KCIOq for their calculations.

The solubility reaction for KTcgxcr) is:

KTcOs(cn = K*'+TcO; (V.42)

for which Ioglngo(V.42) = —(2.288 £ 0.026 and AsqGp(V.42) =

—RTIn(y2m?) = (13.061+ 0.148) kdmol~.

Combining this result with the obtained valngoHg,(V.42) = (53.62+ 0.42) kJ-
mol~1 yields Aso/S5,(V.42) = (1360+1.5) JK~1.mol~1. The entropy of the aqueous
TcQ, ionis then

S,(TcO; . aq 29815K) = (1996+ 1.5) JK Lmol*

This value is recommended by this review.

There are several previous calculationsiTcO, , ag 29815 K). Two of these
were based on the same data as used here, and are in good agré@BeY8/BEY,
83RAR]. Earlier values of this quantity are slightly discrepant because they were based
upon a rejected value for the entropy of KT4Gr) [60BUS/BEV or upon a rejected
value for the solubility and an estimated entropy of K() [53COB/SM].

In SectionV.2.1 we give recommended thermodynamic data foGy, and
AfHp, of aqueous TcQ, and here we just repof;,. These values are summarised
in TableV.5 in that Section. In addition, we obtal, andAsoHy, for KTcOu(cr),
and AsoiG,, and AsoiS;,. Thus, all of the necessary information is available for the
calculation ofAfHy,, andA¢Gp, of KTcOg(cr).

For the enthalpy of formation,

AfHS (KTCOy, cr, 29815K) = —(10351+ 7.6) kdmol™!
This value allows us to derive the selected Gibbs energy of formation:
AfGS,(KTcOy, cr, 29815K) = —(9329+ 7.6) kdImol 2.

A summary of the recommended values for Ki€€) is given in Tablev.35.
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Table V.35: Recommended thermodynamic data of Kjic®) at 29815 K.

AsoH?, 53.62+0.42  kJmol™?
AsolS, 1360+15  JK~imol?
AsoiG,  130614+0.148 kJmol!
AfHS,  —10351+7.6  kJmol!

S, 16478+0.33  JK~1.mol!
AfGS, -93294+7.6  kImol!
Com 12330+0.25 JK Lmol?!
AtusHm 27.03+0.16  kJmol!
Thus 8034+1.0 K

In addition to determining the solubilities in solutions of KTg€r) in water at
29815K, Necket al. [98NEC/KON determined its solubility in KCI, MgGl, CaCb
and KoSOy solutions with molalities as high as 4.65 nkg/ 1. These systems include
both common and non-common ion mixtures. These authors represented their solu-
bilities using Pitzer’s equation, rather than with the SIT equation. Grenthe, Plyasunov
and Spahiug7GRE/PLY describe how to calculate the SIT parameter from the Pitzer
parameters.

V.8.1.2 Other group 1 (alkali) pertechnetates
V.8.1.2.1 NaTcQ-xH20(s)
V.8.1.2.1.a General properties

German, Kryuchkov and Belgae\B/[GER/KRY] reported that NaTc@ 4H,O(s) was
the precipitating phase from aqgueous solution at room temperature. These hydrated
crystals were reported to be fairly stable in contact with the saturated solution, but they
gradually effloresced in air and became anhydrous when desiccated,@gfs P

This NaTcQ - 4H,0O(s) underwent a structural transformation at 313 K and de-
hydration occurred to NaTcf{cr) at 383 K. NaTc@(cr) underwent structural trans-
formations at 610 and 635 K, and it melted at 1063 K. It was significantly volatile
above the fusion temperature. Two X-ray structural determinations are available for
the low-temperature anhydrous forB2SCH 63KEL/KAN], cf. TableV.32.

V.8.1.2.1.b Thermodynamic data

German, Kryuchkov and BelgaeVa7GER/KRY] studied thermodynamic properties
of phase transitions involving NaT@®4H>O(s). This solid was reported to undergo:

e an endothermia — B phase transition at 313 K with
AtrsH = (8544 1.6) kImol1, AysS, = (27.3+5) JK~L.mol~1;

e asingle-step dehydration to anhydreudNaTcOy(cr) at 383 K with
AdehydHh = (77 8) kImol™L, AgenydSh = (201+ 21) JK~L-mol~L;
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e atransition tg3-NaTcQy(cr) at 610 K withAysH = (2.0£ 0.3) kJ-mol—1,
AtrsS, = 3.3+ 0.5) IK~1.mol~1; and

e atransition toy-NaTcOy(cr) at 635 K withAgsHS = (1194 1.3) kJmol—1,
AtrsS, = (187 4+ 2) IK~L.molL;

e fusion ofy-NaTcQy(cr) occurred at 1063 K withhfsHS = (8.3 4 3) kd-mol~1,
AfusSh = (7.8 2.8) JK~1.mol~1.

We have changed their notation to reflect our conventiondltEnotes the lowest-
temperature phasg, the next higher temperature phasé;. No details were given
by German, Kryuchkov and Belgaev87GER/KRY for their experimental meas-
urements, but they presumably calibrated their apparatus with compounds of known
AysHp

Since measurements of this type are sensitive to the kinetics of the phase transitions
and to the heating rate, we believe that the uncertainty limits should be increased to
50% of the reported\ysHy, andAysS;, values.

Lemire, Saluja and Campbel®ILEM/SAL] have measured heat capacities of
aqueous NaTcgxsolutions at 289.15, 293.15, 298.15, 323.15, 348.15, and 373.15 K, by
use of a flow microcalorimeter with aqueous NaCl solutions used as calibration stand-
ards. From two to eight compositions were studied at each temperature, with the largest
number of experimental points being measured at 298.15 and 348.15 K. At 298.15 K,
eight compositions were studied from 0.01016 to 0.25060-rkgL. They repor-
ted that the uncertainty in their molalities wa&®.3% over most of the concentration
range, and was5 x 1072 mol - kg~ at the lowest molalities. Their estimated uncer-
tainties in the derived apparent molar heat capadiligg are=£(3 to 5) JK~L.mol~1
form > 0.03 mol- kg1, but this uncertainty increases to as muck8sJK —1.mol1
by 0.01 mol kg~1. These experiments were performed at a pressure of 6 bar.

These authors represented their apparent molar heat capacities with a Pitzer-type
equation using statistical weights. Their derived partial molar heat capacities of
NaTcQ, at infinite dilution and 1 bar were represented by them as a function of
temperature with:

Cpm(NaTcQy, aq T) = —519214(T — 261459 1 + 443121 0.916339T

At 298.15 K this equation yieldsCy ,,(NaTcQy, aq 29815 K) = (284 =+
8.0) JK~L.mol~1, where the uncertainty limit is our estimate based on their estimated
uncertainties oCp 4 at low molalities.

Desnoyerset al [76DES/VIS recommendedcg’m(Naﬂ ag 29815 K) =
43 JK~Lt.mol~! based on a critical assessment of literature data, but did not assign
uncertainty limits to this value. However, Fortier, Leduc and Desnoy@iSQR/LED
examined deviations o€; ,, from additivity for the various alkali metal halides,
which leads us to an estimate of this uncertainty-@f2 JK~1.mol~%, and they also
recommended a value @ ,(Na", aq, 298.15 K) = 4B JK~.mol~1. Combining
this value with the value for NaTcQyields

Com(TcO; . aq 29815K) = —(135+8) JK:mol™.
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We will now reanalyse volumetric data for aqueous Naj s@lutions. These res-
ults yield the partial molar volume of aqueous Tc@t infinite dilution,V$, which is
related to the pressure coefficient®fGy, (TcO,, ag 29815 K).

Neck and Kanellakopulo8fNEC/KAN] reported densities of aqueous NaT,d®
g-mL~1 at 298.15 K for five concentrations from 0.0982 to 0.3101-dwt3. From
these data they derived the vaMg(TcO,, ag 29815 K) = (45.9:£1.0) cm®-mol~L.
After corrections and recalculations of their data, as discussed in App&ndnder
[87NEC/KAN], we extrapolate the valud;, = V;(NaTcQ;, aq, 298.15K) (46.3 +

1.5) cm® - mol~1, where the uncertainty limit is our estimate.

Lemire, Saluja and Campbel®ILEM/SAL] have performed a more extensive
series of measurements of densities of aqueous Na&tQ@87.43, 291.02, 296.02,
321.10, 346.10, 371.82, and 396.67 K using vibrating densimetry, with some experi-
mental measurements to as low a810mol- kg—1. These molalities are uncertain by
about 0.3%, which is slightly better precision than reported by Neck and Kanellakopu-
los [B7TNEC/KAN], and the densities of Lemire, Saluja and Campbell are more precise
by one to two significant figures. However, their measurements were performed at a
pressure of 6 bar, rather than at the standard pressure of 1 bar. Their values also need
to be interpolated to 298.15 K, and extrapolated to infinite dilution.

Lemire, Saluja and Campbe®ILEM/SAL] smoothed their experimental results
with a Pitzer-type equation. Their derived values/gfwere then represented by the
least-squares equation:

V5(NaTcQy, ag T) = —259901 T14174212—0.134711T

in units of cn®-mol~1. Evaluation of this equation at 298.15 K yiel$ = 46.88 cn?-
mol~1. Based on the reported uncertainties for molality and density, we assign this
value an uncertainty of about 0.80 €mmol~1. The correction o3 from 6 bar to
1 bar pressure should be less than this uncertainty, and was neglected because of lack
of experimental information.

The statistically-weighted average of these two experimental vaIﬂT@ﬁﬁBTcQ,
aq, 298.15 K) %46.8 4 0.7) cm® - mol~L. Millero [ 72MIL] reported thaV$(Na™, ag,
298.15 K)= —1.21 cn? - mol~1, but did not give an uncertainty. However, using the
deviations from additivity fov$ of various alkali metal halides at 298.15 K (his table
2), we estimate an uncertainty #0.1 cn® - mol~1. Thus our recommended value is

V5(TcO,,aq 29815K) = (4804 0.7) cm®-mol L.

Boyd [78BQY2 78BOY] reported isopiestic equilibrium molalities for aqueous
NaTcQ, from 0.10784 to %640 mol- kg~ and for HTcQ from 0.10581 to
5.4404 mol- kg~1, both at 298.15 K.

More recently, Koénnecket al. [97KON/NEQ performed additional isopiestic
measurements for aqueous NaTcsblutions at 298.15 K from 0.5353 to 7.3278
mol-kg~1. Their results agreed very well with the results of Boyt8BOYZ as
reanalyzed by Rard and MilleBLRAR/MIL]. Kdnneckeet al. also evaluated the
parameters for Pitzer’s equatiordPIT] using the combined data sets to 8.0 rkgt1.
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Their Pitzer parameters should be more reliable than the parameters of Rard and
Miller, which were based on fewer data points.

Boyd [78BQOY2 78BOY] used an extended form of the specific ion interaction
equation to represent his data, and then used this equation to calculate values of the
osmotic coefficient and mean molal activity coefficient at various round molalities.
However, as noted by Rard and Mill&@]RAR/MIL], the tabulated smoothed values
of Boyd are not in particularly good agreement with the input values for HTeéd
are in considerable disagreement for NaZ sOlutions. Consequently, Rard and Miller
reanalysed these results by using a different extended form of the specific ion interac-
tion equationcf. AppendixA. These recalculations gave a water activiy,o =
(0.6442+ 0.0079, and a mean molal activity coefficiept = (0.53+ 0.02) for the
saturated solutiorgf. Table A.8 in AppendixA.

Boyd [78BOYJ also reported the solubility of NaTcs being 12299 molkg 1.

Based upon the information given by Boyd, as discussed in Appehdtke good
agreement of Boyd's isopiestic molality ratios with those determined independently
by Konneckeet al. [97KON/NEQ, along with the familiarity of one of the present
authors (Joseph A. Rard) with this method, we estimate that this solubility is uncertain
by +0.3%, and the recommended valuerig = (11.29940.034) mol-kg~1. Boyd did

not report any characterisation of the solid phase used in his solubility determination.

Germanet al. [93GER/GRU reported that the solubilities of NaTQ@ HyO(s)
were 1.48 M at 293.15 K and 1.7 M at 282.15 K, which implies that this salt has
retrograde solubility. A linear extrapolation of these solubilities to 298.15 K yields
a concentration roughly one order of magnitude smaller than the value reported by
Boyd [78BQOYJ, although the two studies cannot be accurately compared since they
reported their solubilities with different concentration units. The densities required to
interconvert these concentration scales are not available at such high concentrations.
Even if these two studies involved solubility measurements for different hydrates of
NaTcQy, it seems unlikely that they would have such large differences.

Germaret al. [93GER/GRUdescribed their solubilities as having been determined
"gravimetrically", from a solution that was saturated initially at 353 K followed by
cooling of the solution. They reported that the concentration analyses for their related
measurements for perrhenate salts were done by weighing of aliquots dried at 353
K and, presumably, a similar method was used for the NaTsmutions. Since the
chemically similar salts NaClgds) and NaRe@(s) have much higher solubilities, and
because both Boyd@BBOYZ and Kénnecke et al 7KON/NEQ were able to prepare
solutions having much higher molalities of NaT£Gt is likely that the solubilities
reported by German et al93GER/GRU are too low or pertain to a non-equilibrium
solid phase.

Germanet al. [87GER/KRY] reported that evaporation of aqueous solutions of
NaTcQ, yields NaTcQ -4H>O(cr), and that this hydrate remains stable in contact with
the saturated solution (although it undergoes a structural transition at 313 K) until 383
K, where it loses all four waters to form NaTgQr).

As described in AppendiA, Guerman 98GUEZ has performed some new
solubility experiments. Preliminary results at 298.15 K yield a very large sol-
ubility for NaTcOy - xH20(s), in qualitative agreement with the value reported
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by Boyd [78BOYZ, and indicate that the high solubility values probably refer to
NaTcQ, - 4H,O(cr).
Since Boyd ¥8BOYZ did not characterise the solid phase in his study, it is not
certain whether his reported saturation molality pertains to the reaction
NaTcQy - 4H,0(s) = Na' + TcO, + 4HO(l) (V.43)
orto
NaTcQis) = Na'+TcO, (V.44)

For the first of these reactions,

l0g1o Kgo(V.43,29815K) = 0.79+0.04

and for the second reaction

logyoKSo(V.44,29815K) = 1.56+0.03

whereK¢ (V.43,29815 K) = m3 - y2 - a,‘_ﬁzo andKg(V.44, 29815 K) = m3 - y2.
The Gibbs energies of formation can be derived using the auxiliary data selected in
this review.

AtGp(NaTcQy - 4H20, s, 29815 K) —(18434+£7.6) kJ-mol~1
AtGp,(NaTcQy, s,29815K) = —(8905+7.6) kJmol~t
Only one of these values can be correct. Based on information provided by Guerman
(see the discussion of referen@8{GUEZ in AppendixA), the experimental solubility
of ms = (11.299+ 0.034) mol - kg~ most probably refers to reactidfd3. Thus our

derived value ofiAtGy,(TcOs - 4H20, s, 29815 K) is accepted by this review and that
for NaTcQy(s) is rejected.

V.8.1.2.2 LiTcO4 - xH20(s), RbTcO4(cr) and CsTcOy(cr)
V.8.1.2.2.a General properties

Anhydrous LiTcQ(s) is isostructural with LiRegXs) [63KEL/KAN]. Zaitseva, Kon-

arev and Velichko77ZAI/KONZ2] reported that LiTcQ- 2H,0(s) was the precipitating
phase from aqueous solution at room temperature. Thermogravimetric analysis of this
solid indicated:

e structural transitions occurred between 308 and 333 K,
o fusion to form a saturated solution of the anhydrous salt at 338 to 343 K,

e dehydration at 348 to 378 K, and fusion at 638 to 658 K.
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IR spectra were reported for LiTgO 2H20(s), and X-ray diffraction powder patterns
for this solid and LiTcQ(s); however, the structures were not determined.

RbTcQy(cr) was prepared by reaction of RBO3 or RbNG; with aqueous HTc@

It has been little studied, but unit cell parameters have been rep@3&dEL/KAN]
(see Table/.32).

CsTcQy(cr) was prepared by reaction of {303 with aqueous NRTcO4
[76MEY/HOR or CsNQ; with HTcO4. The low-temperature form is orthorhombic,
and it transformed to a tetragonal structure around 3966KRAN]. Three structural
determinations are available (see Tah&2) at room temperature for the low-
temperature form@2MCD/TYS 63KEL/KAN, 76MEY/HOH, and one structural
determination for the high-temperature form was done at 4636KAN]. The
CsTcQ(cr) melted at 863 KG6KAN]. Germanet al. [93GER/GRU reported that
the enthalpy change for this structural transitiomigH = (0.86+ 0.04) kJmol~1,
based on DTA measurements.

A 99T¢ and!13Cs NMR study has been perform@2[TAR/KIR] for polycrystalline
CsTcQy(cr) from 90 to 430 K.

Technetium has been reported to enhance the volatility of caesium and rubidium
from borosilicate waste glass under some conditi@8RAU/HEI, 90MIG]. Aerosols
collected from the volatilisation of such material at 1173 to 1373 K have been shown by
spectroscopy to contain Tc(VIl) as CsTEB6BAU/HEI]. If this is the case, then va-
pour phase transport of CsTg@ould be of significance for transport of radionuclides
in nuclear reactors.

Mass spectrometric experimen@3[GIBZJ were also performed for mixtures of
CsOH(s) with a solid oxide or hydrous oxide of technetium in the presence(gj &

943 K. Many ions were detected by mass spectrometry whose likely parent species is
CsTcQy(g). It was not possible to detect dimeric caesium pertechnetate or its fragment-
ation products due to an upper detection limit of 400 amu for the mass spectrometer.

Spitsynet al. [86SPI/TAR and Tarasoet al. [B6 TAR/PET reported nuclear quad-
rupole coupling constants f8PTc in solid LiTcOs(s), RbTcQ(cr), and CsTc@cr),
and other pertechnetate salts using NMR. The UV absorption spectra were reported at
low temperatures for Tcpin K(CIOg4, TcOy) [72GUD/BAL] and in Cs(CIQ,TcQy)

[74DI /ING].

V.8.1.2.2.b Thermodynamic data

Keller and KanellakopuloSBKEL/KAN] reported experimental values of the solubil-
ities of RbTcQ(cr) at 293.15 K, and of CsTcffcr) from 288.15 to 313.15 K. Unfor-
tunately, they did not provide any experimental details, so it is not known how their
concentrations were determined, how long the solutions were given to become satur-
ated, how precisely the solubilities were determined, or how well the temperature was
controlled. The solubility values are given in TaM@&6.
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Table V.36: Solubilities of pertechnetate salts in water

Salt T Cs ms Reference

(K) (mol - dm3) (mol - kg—1)
NaTcQy - 4H,0(cr)  298.15 11.299-0.034@ [78BOYZ

282.15 ~1.7 [93GER/GRY

293.15 ~1.48

298.15 ~12.6 [P8GUEZ
KTcOy 273.15 0.0344 GOBUS/BEV]

298.15 0.1057:0.0002

280.15 ~0.37 B2PAR/MAR]

300.15 ~0.66

298.15 0.1046:0.0015 PSNEC/KON
RbTcOy 293.15  0.0469%) [63KEL/KAN]
CsTcQy 288.15 0.0114) [63KEL/KAN]

293.15 0.0139

298.15 0.016% 0.0169

303.15 0.0205

308.15 0.0244

313.15 0.0297

298.15 0.0184-0.0004 P7KON/NEQ
AgTcOy 288.15 0.0158%) [63KEL/KAN]

293.15 0.0208

298.15 0.026® 0.0270

303.15 0.0346

308.15 0.0451

313.15 0.0602
TITcO, 29315  0.0026" [63KEL/KAN]

298.15  0.0024) 0.00248

303.15 0.00319

308.15 0.00376

313.15  0.00466

298.15 0.002116 IMIK/MIS]
NH4TcO4 298.15 0.594) [77VOL/KON]
(CHg)4NTcOy 293.15 0.13 0.138 86GER/GR]

[88GER/KR)

(CoH5)4NTCO, 293.15 0.012 §8GER/KR]
(N-C4Hg)aNTcOs  293.15  0.0042:0.0002 BSGER/KR)

(Continued on next page)
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Table V.36: (continued)

Salt T Cs ms Reference
(K) (mol - dm=3) (mol - kg~1)

PhyASTcOy, 2080 (2.94t0.14) x 105 (2.95-0.14) x 10>  [80PAQ

Ba(TcQy)» 293.15  0.165:0.005" [69MAJ/PAC]

308.15 0.3630.011"

@Error limits were calculated by assumie).3% error for the solubility. Based on informa-
tion reported by German, Kryuchkov and Belyae82GER/KRY] and Guermang48GUEZ,
the thermodynamically solid phase is probably the tetrahydrate.

( This is the selected value for KTQr). The solubilities listed for referenc6ZPAR/MAR]
are discussed in Appendi.

(©calculated from their results in g/100 ml. By assuming that they §3&d, the calculated
molar mass is 24872 g- mol~1.

@ calculated from their results in g/100 ml. By assuming that they 88&d, the calculated
molar mass is 29809 g- mol~1.

®nterpolation of the least-squares fit to 298.15 K gaye= 0.0169 M, which is used in
subsequent calculations.

(" calculated from their results in 0/100 ml. By assuming that they 9¢&d, the calculated
molar mass is 27872 g- mol—1.

@ nterpolation of the least-squares fit to 298.15 K gaye= 0.0269 M, which is used in
subsequent calculations.

(W calculated from their results in 0/100 ml. By assuming that they 94&d, the calculated
molar mass is 36287 g- mol—1.

@ Interpolation of the least-squares fit to 298.15 K gaye= 0.00247 M.

(j)ExperimentaI value. The value used in subsequent calculations was obtained from our reana-
lysis of solubilities for mixtures of NgTcO, with NH4NO3.

®Based on solubility experiments for the temperature range of 297.2 to 298.2 K. Because of
its low solubility, PlyAsTcOy(s) is sometimes used as a weighing form for the gravimetric
analysis of pertechnetate solutions

(O)We assumed an uncertainty-68%, based on their statement that solubilities of NaCl, AgCl,
and KoCrO4 determined by their method agreed to within 0.8 to 3.1 % of “literature values".

Germaret al. [BBGER/KRJ gave a plot of the solubilities of various pertechnetate
salts in water as their Figure V.1. Although the temperature was not given for which
those solubilities apply, it is presumably 293 K because their own data at that temper-
ature are given on the same plot. Solubility values were also plotted for L{Eg@nd
other solids. They referenced these solubility values to two Russian language review
articles which, unfortunately, we have been unable to obtain. Thus we cannot analyse
the LITcOy(s) data.

The solubility of RbTcQ(cr) [63KEL/KAN] was determined only at 293.15 K and
not at the standard temperature of 298.15 K, so it will not be reanalysed. The solu-
bility of CsTcOu(cr) was studied at six temperatures. We represented this temperature
dependence with the equatfpn

2lncs = A+BT L (V.45)

4The coefficientsA and B are given in Tabl&/.37.



V.8 Pertechnetates and mixed oxides 215

This concentration product is equivalent to a solubility product on the molarity
scale but without activity coefficient corrections. We intend that this equation be used
only for smoothing and interpolation of the experimental solubilities. We do not con-
sider them to be reliable for calculation of enthalpies of solution, because of the fairly
large uncertainty in the reported solubilities, and because of the neglect of activity
coefficients.

Temperature coefficients for the molar solubilities of various pertechnetate salts,
e.g., CsTcQ(cr) [63KEL/KAN], are given in Tablé/.37, and FigureV.6 is a plot of
the solubility as a function of g T.

Table V.37: Temperature coefficients for solubilities of aqueous pertechnetate salts as
a function of temperatuf@

Salt Temperature Range A B Reference
(K) (K)

CsTeq® 288.15-313.15 18537+ 1.0652 —686332+ 31989 [63KEL/KAN]

AgTcO,© 288.15-313.15 22081+ 1.3729 —967204+ 41231 [63KEL/KAN]

TITcO,@ 293.15-313.15 18941+ 2.2130 —787051+67042 [63KEL/KAN]

@ Coefficients for equation: 2les = A+ BT~

® correlation coefficient =0.99887 and 060 (fit) = 0.0741
© Correlation coefficient =-0.99906 and D6 (fit) = 0.0955
@ Correlation coefficient =0.99718 and D6o (fit) = 0.1154

Konneckeet al. [97KON/NE( recently determined the solubility of CsTg(@r)
at (298.15+ 0.2) K using liquid scintillation counting o*°Tc.

The calculated solubilifyy of CsTcQy(cr) at 298.15 K from Equation\{45) is
cs = 0.01686 M fns = 0.0169 mol- kg—1) which agrees quite well with the experi-
mental value from that stud$BKEL/KAN]. The more recent solubility value afs =
(0.01844+ 0.0004 mol-kg~! from Kénneckeet al. [97KON/NEQ is higher by 9 %.
Keller and Kannellakopulos [63KEL/KAN] also gave the solubilities of TIT¢E),
and an independent determination of its solubility at 298.18KMIK/MIS] resulted
in avalue 13 % lower (see Table36). These comparisons suggest that the solubilities
reported by Keller and Kannelakopulos may be uncertain by about 10 %.

Because Konnecket al. [97KON/NEQ provided experimental details of their
solubility measurements, whereas none were provided by Keller and Kannelakopulos
[63KEL/KAN], our selected solubility oms = (0.01774+ 0.0009 mol -kg~?! for
CsTcQ(cr) gives greater weight to the more recent study. The molality of a saturated
solution of CsTcQ(cr) at 298.15 K is low enough that the activity coefficient can
be estimated from the extended Debye-Huckel part of the SIT, which gives the value
y+ = 0.8781. Assuming that the solid phase is Cs1@D), we calculate the solubility

5In SectionV.2.1 we give Eq.Y.4) for the conversion of molar concentrations to molal concentrations,
(m/c) ~ 1.00296+ alc(dm® - kg~1 - mol~1), which is valid at low ionic strengths. We selected a value
of a = (0.027+ 0.017) M~1 as the average for a number of electrolytes. However, the valacfaf
NaClQy solutions was @435 M1, which is at the upper limit of this range. We consider this value for
NaClQy to be a better approximation for 1-1 pertechnetate salts.
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Figure V.6: Plot of solubility data of Keller and Kanellakopul@KEL/KAN] for

aqueous solutions of CsTgOAgTcO4 and TITcQ,. Least-square curves are shown
for 2Incs = A+ BT~1, where the values oA andB can be found in Tabl¥.37.

2incg

|
3.25 3.00

(103mM), K-

3.50
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product
log;g Kgo(V.46,29815K) = —(3.6174 0.047)

for the reaction
CsTcQicr) = TcO, 4+ Cs" (V.46)

where the value ofyL was assumed to be uncertain by 2 %. This value
of logq Kgo(V.46, 29815K) is in nearly perfect agreement with IggKe,
(V.46, 29815K) = —(3.607 & 0.023) reported by Kénnecket al. [97KON/NEQ.
Their value was derived from their binary and ternary solution solubility data using
Pitzer’s equation{3PIT].

The Gibbs energy of formation is derived using the auxiliary data selected in this
review.

AfGS,(CSTcQy, cr, 29815K) = —(9495+ 7.6) kJmol*

V.8.1.3 Other 1.1 pertechnetates
V.8.1.3.1 AgTcQ(cr)
V.8.1.3.1.a General properties

AgTcOy(cr) was prepared by reaction of AQOs with HTcOy4 [63KEL/KAN] or by
precipitation from an agqueous solution of WFOy4 by addition of Ag- [62SCH. Two
X-ray structural determinations for AgTg(@r) are in excellent agreemer@dSCH
63KEL/KAN], cf. TableV.32. The IR spectrum of AgTcgfcr) was also reported
[66MUL/KRE, 72BAL/HAN, 73JEZ/HAN].

V.8.1.3.1.b Thermodynamic data

Keller and Kanellakopulos6BKEL/KAN] reported solubilites for AgTcgfcr) from
288.15 to 313.15 K. The experimental data are given in Teld6 and they are shown

in FigureV.6. The temperature coefficients for the solubilities are in TAb37. As-
suming that the solid phase in the solubility study by Keller and Kanellakopulos was
anhydrous, the data correspond to the reaction

AgTcOs(cr) = Ag" +TcO, (V.47)

The reanalyses of this experimental data are done in exactly the same manner
as for CsTcQ(cr) (see SectioV.8.1.2.9. The least-squares equation for the tem-
perature dependence of the solubility, Equativi5), yields a calculated value of
¢cs = 0.02689 M at 298.15 K for AgTcglcr), which is in good agreement with the
measured value of 0.0263 M3KEL/KAN]. Using the least-squares equation value
then givesms/cs) ~ 1.00413 dni-kg—1 andms = 0.0270 mol- kg~1. The estimated
activity coefficient at this molality i = 0.8568, which then yields

log1oKeo(V.47,29815K) = —-327+0.13
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Keller and KanellakopulosoBKEL/KAN] do not provide sufficient experimental in-
formation to allow the accuracy of their reported solubilities to be assessed directly.
However, they also reported solubilities of several other pertechnetate salts and for
two of them, TITcQ(cr) and CsTc@(cr), there are independent determinations of the
solubilities at 298.15 K§1MIK/MIS, 97KON/NEQ. For these two salts the molal
solubilities from different laboratories agree to 13 and 9 %, respectively. See the dis-
cussion in SectioN.8.1.2.2.h Consequently, as with CsTg(@r), we assume th&t;o
is uncertain by 30 %.

The Gibbs energy of formation is derived using the auxiliary data selected in this
review.

AfG,(AgTCOy, cr, 29815K) = —(5790+ 7.7) kdmol™?

V.8.1.3.2 TITcOq(cr)
V.8.1.3.2.a General properties

TITcOg4(cr) was prepared by reaction of;10; with HTcO4 followed by evaporation

of the solution 3KEL/KAN]. This TITcOq4(cr) occurred as an orthorhombic crys-

tal at room temperature, it transformed to a tetragonal structure around 368 K, and
melted at 803 K §6KAN]. Structural data were published for both of these solid
phases§3KEL/KAN, 66KAN], cf. TableV.32. The IR spectrum of TITcg{cr) was

also reported at room temperatu&MUL/KRE, 66 MUL/KRE].

V.8.1.3.2.b Thermodynamic data

Solubility data were published by Keller and Kanellakopul68KEL/KAN] for
TITcOg4(cr). The experimental data are given in TaM&6 and they are shown in
FigureV.6. Assuming that the solid phase was anhydrous, the data correspond to the
reaction,

TITcO4(cry = TI* +TcO, (V.48)

The calculated solubility at 298.15 K from the least-squares representation is
0.00247 M, which is in good agreement with the experimental value of 0.0024 M. The
molarity-to-molality conversion yieldms/cs ~ 1.00307(dm? - kg~1) (see footnote

5) and thusms = 0.00248 mol- kg~1. This molality yields an estimated activity
coefficient ofy; = 0.9472, and therefore quK;O(VA& 29815K) = —5.26.

Mikulaj, Misianikova and Macasek 8LMIK/MIS] reported solubilities of
TITcOg4(cr) in water at 298.15 K, along with those of TITg@r) in solutions of
HNOs3, LINO3, NaNGs;, NH4NO3, and C&NOs), up to quite high ionic strengths,
cf. AppendixA. This review has reanalysed their experimental data and extrapolated
to I = 0 using the specific ion interaction model. As discussed in AppeAdike
calculated value is, lag K¢ ((V.48, 29815 K) = —(5.39+ 0.01).

S,
These two values oK¢ , for TITcO4(cr) are in good agreement. Neither of these

experimental studie$BKEL/KAN, 81MIK/MIS] provided sufficient experimental de-
tail to allow us to judge which value is more accurate, so we accept the unweighted
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average as the best value. We estimate the error in this value as being 1.96 times the
average deviation from their mean for the 95 % confidence limits. Our recommended
value is

logyoKSo(V.48,29815K) = —(5.32+0.12)

There are no thermodynamic values for-Tih the CODATA tables, but a value for
AtGy, is selected in Chapt&fl. The Gibbs energy of formation of TITcXr) is then
obtained using our selected value@o(v.48, 29815 K),

AfGS,(TITCO, cr, 29815 K) = —(700.2 + 7.6) kJmol~*

V.8.1.3.3 NH;TcOgy(cr)
V.8.1.3.3.a General properties

One of the most thoroughly studied pertechnetate salts isTdEy(cr). It was pre-
pared by neutralisation of aqueous HTo@ith NH3(aq) [63KEL/KAN] or by dissolv-

ing metallic technetium in a mixture of aqueous®$(aq) and NH(aq) [78SPI/KUZ.
Fresh samples of NfTcO4 are colourless, but upon storage they gradually darken due
to radiolytic self-decomposition (see the discussion of REFAND] in AppendixA).

The structure of NRHTcOg4(cr) at room temperature was reported in three publica-
tions [62MCD/TYS, 63KEL/KAN, 80FAG/LO(Q, and results are also available at 208
and 141 K BOFAG/LOQ, cf. TableV.32.

Various properties of NHTcO4(cr) have been reported. These include magnetic
susceptibilities at 78 and 298 IK4NEL/BOY], the IR [65MUL/KRE, 66MUL/KRE]
and Raman spectr8)FAG/LOQ, the nuclear quadrupole coupling constant¥8Fc
in NH4TcOg4(cr) [86SPI/TAR 86 TAR/PET], and the technetium 3gb binding energy
[86THO/NUN.

Thermal decomposition of NJTcO4(cr) in an argon-ammonia atmosphere
produced a technetium nitride, see SectitB.1.1 Decomposition of NgTcO4(cr)
in an argon atmosphere was reported to occur at 59 &SPI/KUZ or 513 K
[78VIN/KON3], and below 402 K (presumably in airp4NEL/BOY]. A decompos-
ition temperature of about 823 K was reported for ;NO4(cr) heated in vacuufn
Muller, White and Roy §4MUL/WHI] studied the decomposition of NFicOy4(cr)
in a Ny(g) atmosphere with the £y) partial pressure fixed at 4 106 bar.
Decomposition began below 600 K but was not entirely complete until 1023 K.

These major differences in the thermal decomposition behaviour @ff BBy (cr)
are too large to be attributed to experimental differences such as heating rate or the
presence or absence of an inert gas. Most likely the decomposition is catalysed by
impurities in the NHTcOg4(cr), including those arising from radiolytic self decompos-
ition.

Both X-ray diffraction B4AMUL/WHI, 78SPI/KUZ 78VIN/KON3] and thermogra-
vimetric measurement§8SPI/KUZ 78VIN/KON3J] indicated the solid residue was

6S. Fried, personal communication to G.E. Boyd, cited in R&IBOYZ.
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TcOy(cr). Thus, the thermal decomposition in the absence of oxygen occurred by way
of the overall reaction

1
NHsTcO4(cr) — TcOz(cr)+§N2(g)+2H20(g)

V.8.1.3.3.b Thermodynamic data

Volk, Konarev and Barabash/TVOL/KON] reported values of the solubility of
NH4TcOq4(cr) in water and in aqueous NINOs over the whole composition range at
298.15 K (see Tablé.4 in AppendixA). Solutions were allowed to equilibrate with
a solid phase for four to five hours. They did not report how precisely they controlled
their temperature.

Their reported solubilitites have been reanalysed by this review (Appéndixd
the calculated equilibrium constant&s o, for the reaction

NH4TcOs(cr) = NHj + TcO, (V.49)

have been extrapolated 1o = 0 using the specific ion interaction model (SEF,
AppendixC). As discussed in the Appendi, the selected value for the solubility
equilibrium is

log;oKZo(V.49,29815K) = —0.91:+0.07

The Gibbs energy of formation is derived using the auxiliary data selected in this re-
view.

A1GS (NH4TCOy, cr, 29815 K) = —(7220+ 7.6) kJmol ™t

V.8.2 Pertechnetate salts with divalent cations

There are no experimental studies involving the thermodynamic properties for most of
these compounds (only for Mg(Ta® and Ba(TcQ)2(s)), so this review summarises
the preparative and general properties of the known salfd$ableV.38.

V.8.2.1 Alkaline earth (Group 2) pertechnetates

Zaitseva, Velichko and KazakoV9ZAI/VEL] reacted magnesium hydroxycarbonate
with HTcOy, and evaporated the solution in air to yield crystals. These crystals were
readily soluble in water, ethanol, and acetone, but were insoluble in carbon tetrachlor-
ide. Chemical analysis indicated the precipitating phase was MgpefH,0(cr). A
pycnometric measurement gave a density of 2.3@crg 3. They reported IR spectra

and X-ray powder diffraction pattern results for Mg(Tg&(cr) and both of its hy-
dratescf. TableV.38, but did not determine the crystal structures. However, Kruglov
and Zaitsevag§3KRU/ZAI] determined the symmetry groups and unit cell parameters
for Mg(TcOy)2(cr) and Mg(TcQ)2-4H20(cr). The dehydration temperature of these
solids was measured by differential thermal analysis and thermogravimetric analysis.
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Table V.38: Pertechnetate salts of divalent cations.

Compound X References

Mg(TcOg)2 - xHoO  4,2,0  B3KRU/ZAI]

CaTcOy)p - XxHO  2,1,0  PB5WAS 66KEL/WAS, 86 TET/ZAI|
SKHTcOy)p - XH O 2,1,0  PBS5WAS 66KEL/WAS]

Ba(TcOy)o 0 [65WAS, 66KEL/WAS, 69MAJ/PAQ
Ph(TcOg)7 - xHoO 2,0 [77ZAI/KON3]

Zn(TcOy)2 - xHoO  4,2,0  B2ZAIIVEL2]

Cd(TcOy)2 - xHO 2,0 [78ZAI/KON]

Cu(TcOy)p - xHO  4,2,0  [7ZAIIKON]

Co(TcOy)p - xH2O  4,3,0  [8ZAINVEL]

Ni(TcOg)o-xHO  4,2,0  [8ZAI/VEL2]

Necket al. [98NEC/KON prepared Mg(Tc@), - 2H,0 (cr) by reaction of stoi-
chiometric amounts of MgO(s) with aqueous NFtOy4 at 373 K, followed by evapor-
ation of the water at the same temperature.

Wassilopulos §5WAS], Keller and Wassilopulos6KEL/WAS], and Teterinet
al. [B6TET/ZAI reacted CaC@or CaO with HTcQ, and evaporated the resulting
solution to yield crystals of Ca(Tcf),-2H>0(s) as the precipitating phase. Differential
thermal analysisg6KEL/WAS] indicated the formation of the monohydrate, and the
anhydrous Ca(Tcg)2(s). The IR and théH NMR spectra of Ca(Tc@2-2H,O(S)
were also reported by Teterat al. [B6 TET/ZAI.

Reaction of SrC@with HTcOy, followed by evaporation of the solution, yielded
crystals of Sr(Tc@)2-2H,0O(s) [65WAS 66KEL/WAS]. Differential thermal analysis
indicated the formation of the monohydrate and anhydrous Si{)b¢§). The struc-
tures of these phases are unknown.

The reaction of BaC®with HTcOy4, followed by evaporation of the solution, gave
crystals of anhydrous Ba(Te@(s). This solid was thermally stable to at least 900 K
[65WAS, 66KEL/WAS]. Structural data are not available. Aqueous solubilities of
Ba(TcQy)2(s) were reported at 293 and 308 BOMAJ/PAQ. As discussed in Ap-
pendixA, these experimental values do not provide sufficient information to extract
thermodynamic data.

Neck et al. [98NEC/KON performed isopiestic vapour-pressure measurements
for aqueous Mg(Tc@)> solutions from 0.1588 to 3.7929 mi) ! at 298.15 K, and
analysed these results using Pitzer's equati@P|T]. Their reported parameters for
this equation can be used for the calculation of water activities and mean molal activity
coefficients of Mg(TcQ)2 solutions. The measurements suggest that the solubility of
hydrated Mg(TcQ), exceeds 3.8 metg .

Necket al. [98NEC/KON also derived Pitzer parameters for aqueous CagJ£O
solutions from measurements of the solubility of KT,c(@r) in aqueous Caglsolu-
tions at 298.15 K. These parameters can be used to estimate the water activity and mean
molal activity coefficients of Ca(Tcg), solutions. Similarly, they derived Pitzer para-
meters for KTcQ from measurements of the solubilities of KTgd KCl solutions.
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V.8.2.2 Other 1:2 pertechnetates

A lead pertechnetate was prepared by reaction of excess lead hydroxycarbonate
with HTcOy, followed by evaporation of the solution ovep® until crystallisa-

tion occurred T7ZAI/KON3]. Chemical analyses indicated these crystals were
Pb(TcQ)2-2H,0(s). This solid was soluble in water, ethanol, and acetone, but it
was insoluble in diethylether, chloroform, and carbon tetrachloride. The IR spectra
and X-ray powder diffraction patterns were reported for Pb@EgQH,O(s) and
Pb(TcQy)2(s), but the structures of these phases were not determined.

A zinc pertechnetate was prepared by reaction of ZnO with HJcfol-
lowed by evaporation of the solution under vacuum and dehydration over
P>O5(s) [82ZAI/VEL2]. Chemical analyses indicated the resulting crystals were
Zn(TcOy)2-4H20(s); they were soluble in polar solvents. The pycnometric density
of Zn(TcQy)2-4H,0(s) was given as 3.06 or 3.45 gm—2 and that of Zn(Tc@)2(s)
was 3.88 g cm 3. IR spectra and X-ray powder diffraction patterns were given for
Zn(TcOy)2(s) and both of its hydrategf. Table V.38, but the structures of these
phases were not determined.

A cadmium pertechnetate was prepared by reaction of excess £3diCHTcOq,
followed by evaporation of the solution to dryness ove®§(s) [78ZAI/KON]. The
crystals were highly soluble in water, ethanol, and acetone. Results from chemical
analyses indicated their composition was Cd(De2H20(s). IR spectra and X-ray
powder diffraction patterns were reported for Cd(hg£2H>0(s) and Cd(Tc@2(s),
but the structures were not determined.

Zaitsevaet al. [77ZAl/KON] prepared a copper(ll) pertechnetate by reaction of
excess CuO with HTcg followed by evaporation of the solution in air. The crystals
were found to be Cu(Tcg2-4H,0(s) by chemical analysis. They were soluble in
water, ethanol, and acetone, and they were stable in air at room temperature. IR spectra
and X-ray powder diffraction patterns were reported for anhydrous Cu{()k¢€) and
its two hydratescf. TableV.38, but the structures of these phases were not determined.

Reaction of excess cobalt oxycarbonate with Hfc@llowed by evaporation
of the solution over FOs(s), produced a crystalline solid which was found to be
Co(TcOy)2-4H,0(s) by chemical analyseg3ZAIl/VEL]. The density was determined
to be 2.84 g cm3 by pycnometry. These crystals were hygroscopic and readily
soluble in water, ethanol, and acetone, but they were insoluble in diethylether and
carbon tetrachloride. IR spectra and X-ray powder diffraction patterns were reported
for anhydrous Co(Tc@)2(s) and the two hydratesf. TableV.38, but the structures of
these phases were not determined.

The reaction of NiC@ with HTcOy4, followed by filtration and evaporation over
P,Os(s) or anhydrous Cag(s), gave a crystalline solidBZAI/VELZ2]. These crystals
were found to be NiTcOy)2 - 4H>0(s) based upon chemical analyses. This compound
as well as its different hydratesf. Table V.38 were hygroscopic and were soluble
in water, ethanol, and acetone, but insoluble in diethylether and carbon tetrachloride.
Their IR spectra and X-ray powder diffraction patterns were reported, but the structures
of these phases were not determined. They reported thiat®j), - 2H>O(s) and
Ni(TcOy)2 - 4H20(s) are isostructural with their perrhenate analogues. The density of
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Table V.39: Pertechnetate salts of trivalent cations.

Compound X References

SaTcOy)3-xHO0  3,1,0 B2ZAI/VEL]

Y (TcOy)3 - xH20 4,2,0 [F5ZAI/BEL, 83TET/ZAI, 83VAR/ZAI]
La(TcOy)3-xHO  3,1,0 [f4ZAI/IKON3]

CeTcOy)3-xH 0  3,1,0 [f4ZAI/IKON3]

Pr(TcOg)3 - XH20 4,3,1,0 F2ZAIIVEL2]

Nd(TcOy)3-xHO  4,1,0 [F2ZAIIVEL]

SmM(TcOy)3-xH O 3,1,0 [f4ZAIIKON4]

Eu(TcOy)3-xHO  3,1,0 [F4ZAI/KON4]

Gd(TcOy)3-xH2 O 3,1,0 [5ZAI/KON]

Tbh(TcOy)3-xHO  4,2,1,0 F6ZAIIKON2, 83TET/ZAI]
Dy(TcOy)3-xH20  4,2,0 [F6ZAI/KON, 83TET/ZAI|
Ho(TcOy)3-xHO  4,2,0 B3TET/ZAI, 83VAR/ZAI]

Er(TcOy)3 - xH2O 4,2,0 [f4ZAIIKON, 83TET/ZAI, 83VAR/ZAI]
Tm(TcOy)3-xH2 O  4,2,0 [F4ZAI/KON2, 83TET/ZAI, 83VAR/ZAI]
Yb(TcOy)3-xH2O  4,2,0 [f4ZAI/IKON2, 83TET/ZAI
Lu(TcOg)3-xH O  4,2,0 [F'5ZAI/BEL, 83TET/ZAI, 83VAR/ZAI]
GaTcOy)3-xH O 7,5,3,1,0 87ZAI/VEL]

IN(TcOy)3 - XH2O 3,1,0 B7ZAIIVEL2]

Al(TcOy)3-xHO  7,4,3,1,0 86ZAI/VEL]

Fe(TcOy)3-xH O 4,2,0 B6ZAI/VEL2]

the tetrahydrate was determined to b@43g- cm~23 by using pycnometry.

Differential thermal analysis and thermogravimetric analysis were used to determ-
ine the dehydration temperature of all solid pertechnetates listed in Va#eSee the
source papers cited in this section for the detailed information.

V.8.3 Pertechnetate salts of trivalent cations

There are no experimental studies involving the thermodynamic properties for these
salts, so this review summarises the preparative and general properties of the known
solids,cf. TableV.39.

V.8.3.1 Rare earth pertechnetates

Pertechnetate salts have been prepared by Zaitseva and co-workers for all of the rare
earths, Ln (lanthanum and the lanthanides, yttrium, and scandium) with the exception
of promethium, which has no stable isotopes. Because of considerable similarities of
their chemistry, they will be discussed together as a group. Salts of yttrium generally
are very similar in properties of those of the heavy lanthanides, whereas scandium salts
can show some individualistic behaviour owing to the smaller ionic radiusbf.Sc

The general method of synthesis for rare earth pertechnetates has been to react the
sesquioxides LgOs3(s) with HTcQy, followed by evaporation of the solution at room
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temperature to yield crystals. Cerium carbonate, terbium oxide, a®iPt were
used for those rare earths inasmuch agQg{is) were not readily available for them.

Several hydrated pertechnetates that precipitated from agueous solutions are listed
in TableV.39.

The heavier lanthanides (yttrium subgroup) uniformly gave tetrahydrates upon pre-
cipitation. However, the lighter rare earths gave either trihnydrates or tetrahydrates,
which implies these two hydrates differ little in stability for those elements.

X-ray powder diffraction patterns were reported in those studies for the hydrated
rare earth pertechnetates that precipitated, the anhydrous and some of the intermedi-
ate hydrates obtained by thermal dehydration of the original hydrates. However, the
structures of these phases were not determined in those studies. Varofolemnatev
[83VAR/ZAI] determined unit cell parameters for the isostructural triclinic crystals
of the yttrium subgroup (Y, Ho, Er, Tm, and Lu) Ln(Tg{@-4H2O(cr). Although
the space group was not given in that report, it was reported by Teterin and Zaitseva
[83TET/ZAI to be PL with Z = 2. They also noted that the Yb and, presumably, Th
and Dy analogues are isostructural.

IR spectra were reported for most of the compounds listed in @B as well
as for all of the yttrium subgroup compounds Ln(T§4H>O(cr), (the latter in Ref.
[83TET/ZALI). In addition, electronic absorption spectra were reported for some of
the anhydrous and hydrated pertechnetates of praseodymium, holmium, and erbium
[72ZAIIVEL2, 74ZAl/KON].

The hydrated Ln(Tc@)z(cr) were described as being readily soluble in water, eth-
anol, and in acetone. Given the general similarity of the solubilities of pertechnetate
salts to those of the corresponding perchlorate salts (with a few exceptions), we expect
their aqueous solubilities to be quite high

In nearly all cases the hydrated and anhydrous rare earth pertechnetates were de-
scribed as being hygroscopic, with the degree of hygroscopicity increasing as the de-
gree of hydration of the salt decreased.

In all of the experimental investigations listed in Tam89, dehydration was stud-
ied for the hydrated Ln(Tcg)zs(cr). The stoichiometries and temperatures for the step-
wise dehydrations were investigated with thermogravimetric analysis and differential
thermal analysis. In the majority of cases the authors also determined the dehydration
temperatures by isothermal dehydration.

V.8.3.2 Other 1:3 pertechnetates: Ga, In, Al and Fe

A pertechnetate of gallium(lll) was prepared by dissolving freshly precipitated gal-
lium hydroxide in HTcQ, followed by evaporation of the solvent over anhydrous
CaCh(s) [87ZAI/VEL]. From the results of chemical analyses, the authors concluded
that the precipitating phase was Ga(Tig$§7H>0(s). IR spectra were reported for
Ga(TcQ)s-7H20(s) and Ga(Tc®3(s).

"Reported solubilitiesf4SPE/RARfor the hydrated Ln(CI@)3(cr) range from 4.604 to 4.760 mdtg—1
at 298.15 K.
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Indium(lll) pertechnetate was prepared by the same method used for gallium(lll)
[87ZAI/VELZ2]. The precipitating phase was found to be In(hg£8H20(s) by chem-
ical analyses. IR spectra and X-ray powder diffraction patterns were reported for
IN(TcOy)3-3H20(s), In(TcQ)3-H20(s), and In(Tc@)3(s), but the structures of these
phases were not determined.

Zaitseva, Velichko and Boriso8pZAI/VEL] prepared a hydrated aluminium(lIl)
pertechnetate by dissolution of Al(O{}) in HTcQy. Evaporation of this solution
over CaCj(cr) gave crystals after 3 to 4 days. Chemical analyses indicated that the
precipitating phase was AIlcOy)3 - 7H20(S). IR spectra and X-ray powder diffraction
patterns were reported for AlcO4)3(s) and all of its hydrates, but the structures of
these phases were not determined.

Iron(lll) pertechnetate was prepared by dissolving iron(lll) hydroxide in Hg,cO
followed by evaporating the solution in a vacuum or oveOKs) [86ZAI/VELZ2].

The precipitating phase was Fe(T9@4H,0(s) as determined by chemical analyses.
IR spectra and X-ray powder diffraction patterns were reported for anhydrous
Fe(TcQ)3(s) and both hydrates, but their structures were not determined. Pycnomet-
rically determined densities for Fe(Tgi3-4H>O(s) and Fe(Tc®@3(s) were 2.52 and

2.80 g- cm~3, respectively.

Differential thermal analysis and thermogravimetric analysis were used to determ-
ine the dehydration temperature for all these solifisTableV.39.

All these salts were hygroscopic and soluble in water, ethanol, and acetone, but
were insoluble in carbon tetrachloride.

V.8.4 Other pertechnetates
V.8.4.1 Tetraalkylammonium and ammine pertechnetates

Tetramethylammonium pertechnetate ($HNTcO4(cr) was prepared by reaction of
aqueous HTc@with (CH3)4NOH, followed by slow evaporation. Its IR spectrum was
also reported§7GER/GR]. (n-C4Hg)4NTcOq4(cr) and (GHs5)4NTcO4(cr) were also
prepared by the same meth@&/GER/GR] 88GER/KRJ.

Nuclear quadrupole coupling constants have been reported for these three
tetraalkylammonium pertechnetate865PI/TAR 86TAR/PET. German et al
[93GER/GRU determined the enthalpies for phase transition8@Hs)4NTcO4(cr)
and -C4Hg)4NTcOy(cr), and the enthalpy of fusion ofi{C4Hg)4NTcO4(cr), based
on DTA measurements.

These same three tetraalkylammonium pertechnetates have been investigated in
more detail by Kuzina, German and Spits\8¥KUZ/GER and their crystal struc-
tures were determined by X-ray diffraction. They studied the thermal decomposition
temperatures of these solids in flowing argon by differential thermal analysis.

Germanet al. [B8GER/KRJ 93GER/GRU reported aqueous solubilities of the
three pertechnetates at 293 K. They also reported solubilitiesGiHg)4NTcO4(cr)
in aqueous solutions of 0.25 to 5.00 M LINQin 0.25 to 5.00 M HNQ, in 0.0042
to 0.210 M (n-C4Hg)4NOH, and in mixtures of LIN@ and HNQ; at a total ionic
strength of 5.00 M. Their reported solubilities for the tetraalkylammonium salts in
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water are included in Tablg.36. No attempt is made to reanalyse these solubilit-
ies [B6GER/GR] 88GER/KRJ since they were measured at 293.15 K rather than at
298.15 K. A discussion on the solubilities @i-C4Hg)4NTcOg4 in solutions of other
electrolytes is given in RefSBGER/KRJ (AppendixA).

The synthesis of PWH3)4(TcOg)2(cr) has been reported by Shaldt al
[B0SHA/VAR] and by Rochon, Kong and Melans@0ROC/KON.

V.8.4.2 Other organic pertechnetate salts

Kuzina, Oblova and SpitsyryBKUZ/OBL] reported the synthesis of a triphenylguan-
idinium pertechnetattPhNH)3CTcO; - HoO(s) along with its IR spectrum and differ-
ential thermal analysis measurements.

The solubility of PRASTcOy(s) has been measured in watera298 K [8OPAQ
and in solutions of PJAsCI [52PAR/MAR]; see discussion under ReBJPAQ in
AppendixA.

Nuclear quadrupole coupling constants were reported fQA®TcOy(s) and
PhPTcOy(s) [B6SPI/TAR 86 TAR/PET]. The IR spectrum of PAAsTcOy(s) was also
reported 7MUL/RIT].

The coprecipitation of PAASTcOy(S) in PyAsCIOy(s) was studied by Omoeitt al.
[840OMO/TAK].

Gerberet al. [92GER/KEM prepared and characteri$etic(pdaxTcOs(cr) which
contains technetium in two different valence states.

The synthesis of a dimeric acetate compound(;EeCH3COQ)4(TcOy)2(cr). has
been reported by Baturiet al. [91BAT/GER. Baturinet al. [94BAT/GRI] also pre-
pared a ferricinium pertechnetate(EgHs)>TcOy(cr) by reaction of 1 M HTcQ@ with
powdered ferrocene. Additional details of the synthesis and characterisation of this
material were given by Antipogt al. [94ANT/KRY].

V.8.4.3 Oxypertechnetate salts: U(VI), Th(IV) and Np(VI)

A uranyl pertechnetate was prepared by reaction og(dwith HTcQy, followed by
evaporation of the solution in ai7§ZAIl/SLA]. The resulting hygroscopic precipitate
was determined to be UQIcOy)2-2H20(s) from chemical analyses. Thermogravi-
metric analysis and differential thermal analysis were used to determine the dehydra-
tion temperature of UgXTcOy)2-xH20(s) k = 2, 1.5, 1, 0). X-ray powder diffraction
patterns were reported graphically for the solids with= 2, 1.5, 0 but the structures

of these phases were not determined.

Zaitseva and Vakhrushin8fZAI/VAK] dissolved thorium(lV) hydroxide in
HTcO4. The resulting solution was evaporated until crystals formed. IR spectroscopic
measurements on these crystals gave no evidence for the presence of a hydroxy ligand.
That evidence, together with results from chemical analyses, led them to formulate
the solid as being TO(TcOy)6 - 6H20(s). Using thermogravimetric analysis, they
observed a mass loss corresponding to the the formation gD(MltOy)e(s). IR

8H2pda is 1,2-diaminobenzene.
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spectra and X-ray powder diffraction patterns were reported for both solids, but the
structures were not determined. The formulation of these salts as dimeric thorium
oxypertechnetates is plausible but speculative, and actual structural information is
needed to confirm this. Guermast al. [98GUE/FED prepared the compound
(NpO2)2(TcOy)s - 3H20(cr) and determined its structure using single crystal X-ray
structural analysis. This compound contains two structurally independent%*N’pO
units, one of which is coordinated with pertechnetates and water molecules and the
other coordinated solely with pertechnetate ligands. The authors of this study kindly
made their results available to this review prior to publication.

V.8.5 Mixed oxides

The most thoroughly studied ternary oxides of technetium contain the pertechnetate
ion TcG,. The present section is devoted to all other ternary and quaternary oxides
containing Tc(VII), Tc(VI), Tc(V), Tc(IV), or Tc(lll). The majority of these mixed
metal oxides were prepared by solid state reaction of pertechnetate salts 4cfjcO
with oxides of one or more other metals. Technetium metal was also added in some
cases to give reduction of Tc(VII) to Tc(VI) or Tc(V), or reduction of Tc(1V) to Tc(ll1).
Much of the original data can be found in the papers by Muller, White and Roy
[64MUL/WHI], Keller and KanellakopulossbKEL/KAN], and Keller and Wassilopu-
los [66KEL/WAS] and also Muller's Ph.D. thesi§8MUL]. Most of these results have
been summarised in the Gmelin Handbo8RALL/BUR, pp.55-77]. The basic struc-
tural types were reported for many of these oxides in those reports, but the space groups
were generally not listed. Space groups for ternary and quaternary oxides of technetium
have been summarised by Pies and WelS$|E/WE]. Crystal structure information
for the ternary and quaternary oxides are summarised in Na#le Ternary oxides
described by Keller and Wassilopul®88KEL/WAS] as being M'M{, . Tco 503 were
rewritten as MJM'TcOs, where M denotes Li or Na.

Table V.40: Crystal structure parameters of ternary and quaternary oxides of techne-
tium.

Phase Crystal Space Z Lattice parameters Reference
symmetry group %10%m)
Te(VII)
LisTcOg(cr) trigo. P312or 3 a=504+0.02 [65KEL/KAN]
P312 c=1410+0.04
NagTcOg(cr) trigo. P312or 3 a=565 [77PIE/WE]
P312 c= 1569
Sr5(TcOg)2(cr) hexag. Pemc 2 a=574+0.02 [66KEL/WAS]
c=1898+0.02
SrpLiTcOg(cr) cubic Fm3m 4 a=7.84+0.02 [66KEL/WAS]
SrpNaTcQs(cr) tetrag. 4 a=8.09+0.02 [66KEL/WAS]
c=2814+0.04
BapLiTcOg(cr) cubic Fm3m 4 a=28.092+0.004 [B6KEL/WAS]
BapNaTcQs(cr) cubic Fm3m 4 a=28.292+0.004 [66KEL/WAS]

(Continued on next page)
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Table V.40: (continued)

Phase Crystal Space Z Lattice parameters Reference
symmetry group %100/m)
Te(VI)
B-LiaTcOs(cr) mono(® c2lc 4? a=5055+0004  [B5KEL/KAN]
b = 8.755+ 0.004
c=9.67+0.02
a-LigTcOog(cr)® trigo. P312or 3 a=505+0.02 [65KEL/KAN]
P312 c=1420+0.04
NagTcOg(cr) trigo. P312or 3 [77PIE/WE]
P3,12
BagTcyOg(cr) trigo. RBm 3 a = 5.800+ 0.004 [66KEL/WAS]
c = 2100+ 0.02
((CH3)4N)2TcOy(cr) cubic(fcc) F23 or 4? a=1120 [75AST/HAU]
F43m
Te(v)
a-LigTcOy(cr) mono.® c2lc 6 a=5038+0004 [B5KEL/KAN]
b = 8.726+ 0.004
c=9.82+0.02
B-Li3TcOy(cr) cubic Fm3m 1 a=417+0.04 [65KEL/KAN]
Te(V)
LioTcOg(cr) mono.(© c2lc 8? a=4.988+0004  [B5KEL/KAN]
b = 8.639+ 0.004
c=1001+0.02
NapTcOs(cr) mono. C2lc 8 @5KEL/KAN]
CaTcQ(cr) ortho. 1 a=387+004 [66KEL/WAS]
(perovskite) b =396+ 0.04
c=376+0.04
SrTcO;s(cr) @ cubic Pm3m 1 a=3949+0.004 [B6KEL/WAS]
a-BaTcQ(cr) © hexag. Pg/mmc a=>5763+0006  [B6KEL/WAS]
¢ =14.05+0.02
hexag. P&/mmc a=5.758 T7PIE/WE]
€ =10.046
B-BaTcO;s(cr) cubic 8 a=28.140+0.004 [66KEL/WAS]
PbTcGs(cr) cubic Fd3m 16 a=10361 [B4AMUL/WHI]
BayTcOgy(cr) tetrag. 14/mmm 2 a=4.011+0.004 [B6KEL/WAS]

c=1340+0.02

Mg, TcOy(cr) cubic Fd3m 8 a=8498+0006 [B4AMUL/WHI]
SrpTcOgy(cr) tetrag. 14/mmm 2 a=23.902+0.004 [B6KEL/WAS]
c=1272+0.04
CopTcOy(en® cubic Fd3m 8 a=8450+0.006 [B4MUL/WHI]
MnyTcOy(cr) cubic Fd3m 8 a=8682+0006 [B4AMUL/WHI]
SmpTcy07(cr) cubic Fd3m 8 a=10352+0008 [B4MUL/WHI]
Dy, Tcp07(cn® cubic Fd3m 8 a=10246+0.008 [BAMUL/WHI]
Er,TcyO7(cn® cubic Fd3m 8 a=10194+0.008 [EAMUL/WHI]

(Continued on next page)
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Table V.40: (continued)

Phase Crystal Space Z Lattice parameters Reference
symmetry group %100/m)
CoMnTcQq(cr) cubic Fd3m 8 a=8563+0.006 [B4AMUL/WHI]
CONiTcOy(cr)® cubic Fd3m 8 a=8449+0006  [B4AMUL/WHI]
NicdTcOy(cr)® cubic Fd3m 8 a=8768+0006 [B4AMUL/WHI]
NiMNTcOy4 cubic Fd3m 8 a=28551+0.006 [B4AMUL/WHI]
NiZnTcO4(cr) cubic Fd3m 8 a=8462+0.006 [6B4MUL/WHI]
Tig.6TCo.402(cr) tetrag. P4/mnm 2 a=4.636 [B4AMUL/WHI]
c=2974

Mg Tig95TC0504(cnN@  cubic Fd3m 83KHA/WHI]
Mg2Tig.93TCo g704(cr) cubic Fd3m a=8.448 B3KHA/WHI]
Mg Tig.g3Tco 1704(cr) cubic Fd3m a=28451 B3KHA/WHI]
SryTig.goT¢.1003(cr) (perovskite) BAKHA/WHI]

(@ g = 99.8° for both 8-Li4TcOg(cr) andg-LizTcOy(cr).

(b g_| i TcOg is orthorhombic, space goup Immm afd= 1 [65KEL/KAN].

©8 =99.4°.

(d)SrTcQ(cr) was found to be orthorhombic or lower symmetry with a = 3950~ 1%m and
Z = 3 [64MUL/WHI].

(®-BaTcOs(cr) was found to be hexagonal with space groug/@nc, Z = 6, a = 5.758
andc = 14.046 [B4AMUL/WHI].

®slightly non-stoichiometric phase.
(@ Stoichiometry not corrected for technetium loss during sample preparation.

No thermodynamic data are available for these ternary and quaternary oxides of
technetium so this review summarises the preparative and structural data for these com-
pounds. Many of the obtained substances are not stable in aqueous solution due to hy-
drolysis, disproportionation to T¢Oand Tc(IV), and precipitation of Tc xH20(s).

V.8.5.1 Tc(VIl) oxides

Keller and Kanellakopulos6bKEL/KAN] prepared LsTcOg(cr) by reaction of stoi-
chiometric amounts of LiTc@with LioO at 523 to 723 K, or from LiTc@and LLCOs
at 873 to 923 K. It decomposed above 923 K to farrhigTcOg(cr), TeO7(g) and
(presumably) @(g). They also reported preparation offNaOs(s) and NgTcOg(cr),
and KgTcOs(s) by similar methods. All of these double oxides were chemically ana-
lysed for technetium and alkali metal, and all were quite hygroscopic with hydrolysis
occurring to form MTcQ.

Keller and Wassilopulos56KEL/WAS] prepared several double oxides of Tc(VII)
with alkaline earth metals. GArcOg)2(s) was prepared by reaction of Ca(TH@with
CaO at 873 K in an ©(g) atmosphere. Similarly, reaction of Sr(Tg@with SrO gave
Sr3(TcOs)2(s) and Sg(TcOg)2(cr), and of Ba(TcQ@)2 with BaO gave Ba(TcOs)2(S).
Further reaction with BaO gave BacOg)2(s). Reaction of MTc@ (M = Li or Na)
with SrO or BaO at 673 to 873 K gave the quaternary oxides ¢3fldg sO3(cr),
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BaLipsTco503(cr), SrNa5Tcos503(cr), and BaNasTcg503(cr). Elemental analyses
were performed both for technetium and alkaline earth metal in most cases.

V.8.5.2 Tc(VI) oxides

Keller and KanellakopulossSbKEL/KAN] prepared two crystalline forms, (the low
temperature phase) argl (the higher temperature phase) of bothTdOs(cr) and
LieTcOg(cr). They reacted LiTc@with LioO and technetium metal in stoichiometric
amounts in an evacuated quartz ampoahi 4 TcOs(cr) was produced at 970 K, and it
had transformed tB-Li4TcOs(cr) by about 1070 K. Thg-form was thermally stable

to at least 1173 Ka-LigTcOg(cr) formed below 593 K, ang-LigTcOg(cr) above
623 K. Upon dissolution in water both lithium compounds formed solutions of Tc(V1),
which then disproportionated completely to form aqueous,Te@d TcQ - xH20(s)

in stoichiometric amounts.

Keller and WassilopulosG6KEL/WAS] reacted Ba(Tc®), with technetium metal
and BaO in stoichiometric amounts in an evacuated quartz ampoule at 973 K to yield
BagTcoOg(cr). It was isostructural with the rhenium analogue.

Rulfs, Pacer and Hirsct6fRUL/PACY attempted to prepare a double oxide of
Tc(VI) by reduction of TcQ with hydrazine in aqueous 0.7 M NaOH. Addition
of Ba(OH), gave precipitates with Tc-to-Ba mole ratios of 1:1.2 and 1:1.1. They
concluded that the products were BaTg¢€) contaminated with Tcgjcr) and
Ba(TcQy)2(s). However, this was not confirmed by a later study in their laboratory
[69MAJ/PAQ. In that study TcQ was reduced by hydrazine in 0.5 and 3 M
aqueous NaOH saturated with Ba(QH)The products were mixtures of Bag@®),
Ba(TcQy)2(s), and (mainly) Tc@- xH20(s). No evidence was found for BaTg@).

The inability to prepare Tcﬁ? compounds from aqueous solutions appears to be
due to the strong tendency of T§Ot0 disproportionate. However, since the dispro-
portionation involves hydrogen ions, it should be possible to suppress it by reducing
TcO, in anon-aqueous aprotic solvent. Schwockgal. [74SCH/AST thus prepared
K2TcOq4(s) by reduction of KTc@ at a mercury cathode in deaerated dimethylsulfox-
ide using KCIQ as a supporting electrolyte. Chemical analyses and IR and diffuse
reflectance spectra indicated thatTKO4(s) was the major component, although the
pure phase was not obtaineSCH/AST 76 AST/SCH.

Schwochau and colleagueBSCH/AST 76AST/SCH also prepared and charac-
terised air-sensitivg(CHz)4N)2TcOy(cr) by electrolysis of CH3)4NTcO4 at a plat-
inum sheet electrode in deaerated acetonitrile ugBids)4NCIO4 as supporting elec-
trolyte. Decomposition of (CH3)4N)2TcOy(cr) in pH = 7 deaerated water gave
a clear brown solution, and DC polarography indicated that the disproportionation
products were Tc® and Tc(V) species6AST/SCH. This is somewhat surpris-
ing, since Tc(VI) compounds generally disproportionate in water to form,TaGd
TcOy - xH20(S).
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V.8.5.3 Tc(V) oxides

Keller and Kanellakopulos6bKEL/KAN] prepared two crystalline modifications
of LigTcOy(cr) by solid state reaction of stoichiometric amounts of LiLcO
technetium metal, and O in an evacuated quartz ampoule. The low-temperature
phasea-Li3TcOy(cr) transformed tos-LizTcOy(cr) around 1223 K, which in turn
disproportionated to LITcOs(cr), technetium metal, and LiTegGaround 1273 K.

Similarly, they prepared NaTe{{s) by reaction of NaTc@ technetium metal, and
NaO at 773 K; or NaTc@, TcO,, and NaO in an evacuated quartz ampoule at tem-
peratures from 773 to 1073 K. It was insoluble in water.

V.8.5.4 Tc(IV) oxides

A large number of ternary and quaternary oxides of Tc(IV) have been prepared, gen-
erally by reaction of Tc@(cr) with other oxides in their stoichiometric ratios in sealed
ampoules.

Muller, White and Roy $4MUL/WHI, 68MUL] prepared a number of spinel
phases by reaction of metal monoxides MO with ) in a platinum crucible for
1.5to 2 days at 1398 to 1488 K. The following solids were thus prepared:

e Mg2TcOy(cr), CapTcOy(cr), MnpTcOgy(cr), and

e CoMnTcQy(cr), CoNiTcQy(cr), NiMnTcOq(cr), NiZnTcQy(cr), and
NiCdTcOy(cr).

The phases GdcO4(cr), CoNiTcQycr), and NiCdTcQ(cr) were slightly nonstoi-
chiometric. At liquid nitrogen temperature, only MitOy(cr) and NiMnTcQ(cr)
became ferrimagnetic.

They [64MUL/WHI] were also able to prepare three phases of the AB@e by
the same method. They were:

e aslightly distorted perovskite phase SrT€) which was obtained by heating
the oxides at 1498 K for 1 to 3 days,

e hexagonal BaTcgJcr) obtained by heating the oxides at 1303 to 1498 K for 1 to
7 days, and

e a pyrochlore phase PbTg(@r) obtained by reaction of the oxides at 1163 K for
3.5 days.

The rutile structure phasegldTco 402(cr) was obtained by heating anatase-JX(i€d)
with TcOy(cr) at 1483 K for 1 day§4MUL/WHI].

Muller, White and Roy §4MUL/WHI] similarly prepared phases with the pyro-
chlore structure, SpTc,0O7(cr), Dy>Tc,O7(cr), and EgTcoO7(cr), by reacting the ox-
ides for 3 days at 1473 to 1503 K. The latter two phases were slightly nonstoichiomet-
ric.

Keller and Kanellakopulos6bKEL/KAN] prepared LyTcOgz(cr) by reaction of
LioO and TcQ(cr) in evacuated quartz ampoules at 673 to 773 K for 10 hours, or
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by reaction of LiTcQ, technetium metal, and $© at 723 to 923 K for 30 hours.
They similarly prepared N cOgz(cr) by reaction of NaTc@ technetium metal, and
NaO at about 623 K for 2 to 20 hours. It decomposed to formyT¢®s, techne-
tium metal, and NgO around 823 K. They also obtained N&O4(s) from reaction
of NaTcOz and NaO at 723 K; it decomposed to technetium metal andTd®s
above about 1273 K. Neither 45icOs(cr) nor NaTcOgs(cr) were dissolved by water,
but Na; TcOq4(s) was very hygroscopic and hydrolysed in water to form Z:0®20(s)
[65KEL/KAN, 83ALL/BUR].

Keller and WassilopulosgpKEL/WAS, 83ALL/BUR] reacted TcQ(cr) and CaO
at 823 K in an evacuated quartz ampoule for one day and obtained G&F;@ could
also be prepared by reacting Ca(Tg8 technetium metal, and CaO at 873 K. Reaction
of TcOy(cr) with SrO at 823 to 873 K gave a mixture of,$cOy(cr) and TcQ(cr),
which further reacted at 873 K to yield SrTg@r). Pure S§TcO4(cr) was prepared
by reaction of TcQ@ with SrO in a 1:2 mole ratio at 823 K; it decomposed to Sr3cO
around 903 K. A solid solution formed betweenBtO4 and SrO, which had better
thermal stability than pure $FcO;.

The reaction of Tc@(cr) with BaO at 1073 to 1273 K gave-BaTcQs(cr)
[66KEL/WAS]. At 823 to 873 K a mixture of Bgl'cO4 and TcQ(cr) was obtained,
which further reacted to form-BaTcOs(cr) above 903 K. The reaction of Ba(Tg)2,
technetium metal, and BaO at 873 K ga#BaTcOs(cr). B-BaTcOs(cr) was stable to
at least 1273 K and did not transformdeBaTcG;. Reaction of Tc@(cr) with BaO
in a 1:2 mole ratio, or of BaTc®with BaO in a 1:1 mole ratio gave BacOy(cr) at
803 K. A solid solution formed between BEcO4 and BaO, which had better thermal
stability than pure Bgl cOy.

Khalil and White BAKHA/WHI] prepared SrTigoT €o.1003(cr) by reaction of SrO,
TiO2, and TcQ in their correct molar proportions at 1523 K for 1 day. They noted that
preparation of technetium containing phases based on titanate ceramics only required
reducing or sealed conditions to prevent oxidation of technetium to Tc(VII). They also
prepared three compositions of spinel phases™g xTcxO4(cr) by reaction of TiQ,
MgO, and TcQ at 1563 K; a mixture of MgTi@, MgO, and spinel phase was obtained
below 1523 K. The nominal compositions of these phasesxwas0.05, 0.10, and
0.20. However, by use g8~ counting of the®*Tc they showed the latter two phases
actually hadk =0.07 and 0.17 due to some technetium loss during the heat treatments.
Also see the discussion in referen88ALL/BUR].

V.8.5.5 Tc(lll) oxides

Keller and Kanellakopulos 66KEL/KAN] prepared NaTcg(s) by reaction of
TcOy(cr), technetium metal, and N@; or NaTcQ, TcOy(cr), technetium metal, and
NaO in an evacuated ampoule at about 873 K.

V.8.5.6 Tc(0) oxide cermets

Zaitseveet al. [73ZAI/KONZ] prepared various technetium cermets with rare earth ox-
ides. Agueous solutions containing rare earths and technetium were prepared by dissol-
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ution of rare earth oxides or hydroxides in aqueous Hj.d&vaporation of these solu-
tions gave hydrated rare earth pertechnetates Ln{Jsc@H>O(s) x = 1 to 4). Either
hydrated or anhydrous Ln(Tg@(s) could be used as starting materials. Samples of
Ln(TcO4)3(s) were pressed into pellets and reduced with flowintghgas for several
hours. For samples prepared at 673 K and higher temperatures, particles of metallic
technetium were found in rare earth oxide matrices; they were detected by X-ray dif-
fraction. By this procedure they were able to prepare technetium cermets in hexagonal
LaxOs, in cubic CeQ, in hexagonal BOs (possibly with a second praseodymium ox-

ide phase), in a mixture of hexagonal and cubie®g] in monoclinic SmO0s, in cubic
Gd03, Dy203, H0203, Yb203, and other cubic yttrium subgroup @3 (Ln was not
specified).

Alekseevet al. [91ALE/BAR] investigated the superconductivity of various cer-
mets of technetium in rare earth sesquioxide matrices (La, Sm, Eu, Gd, Tb, Ho, Er,
Yb, and Lu oxides; LpO3). Their technetium metal had a superconducting transition
temperature of 7.45 K, whereas the transition temperature was always higher for tech-
netium in a LrO3 matrix. The highest transition temperatures occurred for technetium
in a matrix of LgO3 and YkO3, where superconductivity occurred below a temper-
ature of 10.25-10.5 K. In addition, the critical magnetic fields were always higher for
technetium in the cermets than for the pure metal.

Several investigations have been made of the behaviour of metallic technetium on
an oxide substrate (403 or Y203), with regard to its utility as a catalyst for spe-
cific organic reactions such as the dehydrogenation of cyclohexane to form benzene
[84ZAI/VEL, 90PIR/POR.

V.9 Intermetallic compounds

There are very few thermodynamic data for technetium alloys. Indeed, only in the
technetium-zinc systen6ffVEL/JOH are there any experimental high-temperature
thermodynamic data other than solubilities from which alloy stabilities can be derived.
The major part of this review therefore summarises the structural and phase diagram
information available on binary and higher order systems of technetium alloys. How-
ever, a number of groups have made semi-empirical or semi-quantitative predictions of
alloy stabilities, and these are noted first.

V.9.1 Theoretical predictions

Three publications§1WAT/BEN, 83NIE/BOE 85COL/PAS contain reports of semi-
empirical correlation methods to give estimates of the enthalpy of formation of solid
and sometimes liquid alloys of technetium, mainly with other transition metals. In Ref.
[83NIE/BOR alloys with non-transition metals are reported as well.

A comparative selection of these values, for alloys of equimolar composition, is
given in TableV.41. The differences between¢Hy, of different structural types
of compounds are much less than the likely uncertainties in the estimated values, as
can be seen from TabM41. It should be noted that in the model of Niesssral.
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[83NIE/BOH, the enthalpy of formation of the solid equimolar compound is assumed
to be 3/8 of the mean enthalpies of solution in the liquids at infinite dilution, see Ref.
[BOMIE/de, p.16]. It is seen that there is often reasonable agreement in the estimates
of Watson and Benne8LWAT/BEN] and Niesseret al. [B3NIE/BOH, whose values

may be taken as an indication of the likely size of the interactions in the relevant sys-
tems. The estimates of Colinet, Pasturel and Hic@&COL/PAS are often, but not
always, much smaller in magnitude than those of the other two studies.  Although

Table V.41: Estimated enthalpies of formation of 8 cy s(cr) compounds reported
in the literature.
M  EstimatedA¢Hs, (MosTcos, cr, 298.15 K)/ [ kdmol 1]
[BIWAT/BEN] [83NIE/BOF®  [85COL/PAS

Co —4 -0.4 2
Cr -29 -14 -2
Fe —-12 -5 2
Hf -72 -70 -20
Ir -6 -2 -23
Mn —22 -13 0
Mo —-305 17 —4
Nb -53 -53 -18
Ni -5 1 6
Os 0 04 -6
Pd 74 6 -5
Pt -0.7 -5 -25
Re -17 04 0
Rh —5.6 0.4 -11
Ru -0.3 -0.4 —4
Sc —48 -56

Ta -56 -52 -11
Ti -63 -58 -8
V —47 -32 -6
w -27 -10 -5
Y -87 —42

Zr —74 -80 -19

@ values in this column are calculated by this review.

the tabulated values are for the formation of solid phases from the solid elements, the
related values fonfHg, of liquid alloys from liquid metals are generally predicted to
be reasonably clos8BNIE/BOE 85COL/PAS.

In addition, Bieber and GautieBYBIE/GAU] performed purely theoretical elec-
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tronic structure calculations in a number of transition metal binary systems, includ-
ing solid Tc-Ti, which predict semi-quantitatively the stability at 0 K of a number of
ordered and disordered structures based on the bcc and fcc lattices. The main purpose
of these calculations in their report was to demonstrate the relative importance of the
various contributions to the energy, such as the elastic, chemical and relaxation terms.
Nevertheless, for Ti-Tc, the calculation correctly predicts the appreciable stability of
the partially ordered CsCl-type phase in this system.

V.9.2 Binary systems

The present review collects the available structural and phase diagram information for
binary Tc alloys. A short discussion is given for systems for which more than just
structural information is available. Otherwise, the structural information is summarised
in TableV.42 for intermetallic compounds whose homogeneity range is small, and in
TableV.43 for solid phases with a wide range of composition.

Table V.42: Structural information for intermediate phases in technetium alloy systems.

Phase Symmetry Lattice parameters Prototype Reference
space group  X109m) structure
TcoAl tetragonal a = 2977+ 0.002 MoSp [65DAR/DOW]
14/mmm c=9.4764+ 0.004
TcAly unknown B5DAR/DOW
TcAl3 unknown B5DAR/DOW]
TcAlqo bee, I8 a=7.525+0.001 WAIl12 [64WAL]
a = 7.52840.002 [65DAR/DOW]
TcrAl3 hexagonal a=4164+0.02 NipAl3(?) [63VEI/WAL]
P3m1 c=513+002
TcAly monoclinic a=51+02 [63VEI/WAL]
b=170+0.2
c=51+02
B = 100°
TcAlg orthorhombic  a = 6.58+ 0.02 MnAlg [62VEI
Cmcm b =7.63+0.02
¢=9.00+0.02
a =6.5944+ 0.02 [67WIL]

b =7.629+ 0.018
¢ =9.0011+ 0.0022
TcpAsg triclinic a=6.574+0.004 cf. MooAsg [85JEI/DIH
P1 b = 6.632+ 0.004
¢ =8.023+ 0.008
a = (10203+ 0.2)°
B = (95.69+ 0.2)°
y = (1043714 0.4)°
TczAsy bce a=8.702+0.004 InGey [66HUL]
Im3m

(Continued on next page)
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Table V.42: (continued)

Phase Symmetry Lattice parameters Prototype Reference
space group X 1010/m) structure
TcgB orthorhombic a=2.891(Z =4) Re3B [64TRZ/RUD
Cmecm b=09.161
c=7.246
TcyB3 hexagonal a=7417(Z =2 ThyFe3 [64TRZ/RUD
P&mc c=4777
TcB unknown p4TRZ/RUD
TcgBg unknown p4TRZ/RUDO
TcBo hexagonal a=12892(Z2=2 ReB [64TRZ/RUD
P63/mmc c=7.453
TcBeyo fcc (Fcﬁm’?) Z=8) unknown p7BUC/PAL
TesC-TyC  fee a=3.7968 unknown BOHAI/POT]
at16.2 at-% C
a=3.7984 unknown
at17.6 at-% C
Tc-Cr tetragonal a = 9.290+ 0.006 o(Cr-Fe) 62DAR/LAM]
P4o/mnm ¢ = 4.846+ 0.002

at 25 at-% Cr
a=9.21740.002
¢ = 4.803+ 0.002
at 40 at-% Cr

TcyDy hcp, P@/mmc  a = 5.365 MgZnp [64DAR/NOR
c=28.830
TcoEr hcp, Pg/mmc  a =5.340 MgZnp [64DAR/NOR
c=28792
Tc-Fe tetragonal, a=9.130+0.010 o(Cr-Fe) 62DAR/LAM]
P4o/mnm c=4.788+0.010

at 40 at-% Fe
a =9.077+0.006
¢ =4.756+ 0.006
at 50 at-% Fe
a =9.010+ 0.002
c=4.713+ 0.002
at 60 at-% Fe

TcpGd hcp, Pg/mmc  a = 5.397 MgZrnp [64DAR/NOR
c=28.883

TcyHf- cubic, 143m a = 9.603+ 0.002 a-Mn [62DAR/LAM]

-TcgHf at 12.5 at-% Hf 61LAM/DAR]

TeoHf hcp, P&/mmc  a = 5.200+ 0.002 MgZnp [62DAR/LAM]

¢ = 8,616+ 0.002
at 33.3% Hf
a = 52001+ 0.0008 [70GIO/SZK
¢ = 8.6175+ 0.0022
at 33.5% Hf
TcHf bce, Pndm a = 3.270+0.008 CsCl B2DAR/LAM]
(Continued on next page)
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Table V.42: (continued)
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Phase Symmetry Lattice parameters Prototype Reference
space group X 1010/m) structure
TcpHo hcp, Pg/mmc  a =5.353 MgZnp [64DAR/NOR
c=28.813
Tcolu hcp, Pg/mmc  a = 5.309 MgZnp [64DAR/NOR
c=28.739
a =5.310+ 0.002 B1SzZK/GIO
¢ =8.736+ 0.004
Tc-Mn tetragonal, a=9.15+0.02 o(Cr-Fe) 62DAR/LAM]
P4o/mnm c=4.80+0.02
at 40 at-% Mo
Tc-Mo tetragonal, a = 9.5091+ 0.0008 o(Cr-Fe) 62DAR/LAM]
P4o/mnm ¢ = 4.9448+ 0.0026 b62DAR/ZEG
at 30 at-% Mo
a=9.552+0.014 o(Cr-Fe) [78GIO/MAT]
¢ =4.950+ 0.010
at 36 at-% Mo
TcgMo11 cubic, Pn8n a = 4.9408+ 0.0004 CgSi [62DAR/LAM]
at 44 at-% Mo 62DAR/ZEG]
TcgNb- cubic, B3m a = 9.547+ 0.002 a-Mn [62DAR/LAM]
-TcgNb at 14.3 at-% Nb
cubic, ¥3m a=9.625+0.004 a-Mn [61COM/COR
at 25 at-% Nb
a = 9.547 a-Mn [63VAN/LAM]
at 15 at-% Nb
a = 9.592+ 0.002 a-Mn [70GIO/SZK]
at 24 at-% Nb
a =9.557+0.008
at 42 at-% Nb
TcoPu unknown T6HAI/MAR]
[8OHAI/POT]
TcS triclinic, a = 6.465 distorted T1IWILIIEY
P1 b =6.375 Cd(OH»
c=6.659 type
a = (10661)°
B = (6297)°
y = (11896)°
TcS triclinic, a=6.371 distorted 96LAM/MEE]
P1 b = 6.464 Cd(OH»
c=6.654 type
a = (6294)°
B = (10361)°
y = (21339)°
Tc7Sc cubic, #3m a = 9.509+ 0.002 a-Mn [61LAM/DAR]
[62DAR/LAM]

(Continued on next page)
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Table V.42: (continued)

Phase Symmetry Lattice parameters Prototype Reference
space group X 1010/m) structure
TcpSc hcp, Pe/mmc  a = 5.223+ 0.002 MgZnp [62DAR/LAM]
¢ =8571+0.002
a =5.224+0.002 B1szK/GIg
¢ = 8.570+ 0.004
TcySi bce, InBm a = 3.009 w [E5DAR/DOW]
Tc3Si(?) bec, a =9.014+ 0.002 [5DAR/DOW]
Im3m or FegZnyg or
143m CuZng
TcsSiz tetragonal, a = 9.403+ 0.002 W5Si3 [65DAR/DOW]
14/mcm ¢ = 4.8494 0.002
TcSi cubic, P23 a = 4.755+ 0.002 FeSi f5DAR/DOW]
TcySiy tetragonal, a=5.737 MnySiz [65WIT/NOW]
P4c2 c = 18099
TcTa bce, PrBm a=3.172+ 0.006 CsCl B2DAR/LAM]
TegTa- cubic, #3m a = 9.565+ 0.002 a-Mn [61LAM/DAR]
-TcyTa at 16.6 at-% Ta 62DAR/LAM]
TcoTh hcp, Pg/mmc  a =5.375 MgZrnp [64DAR/NOR
c=28.843
TcTe, monoclinic, a=12522 distorted TAIWILAELY
CcorC2/c b=7.023 high-T MoTe
c=13828 type
B = (10126)°
TcyTh hcp, Pg/mmc  a =5.394+ 0.010 MgZn [65DAR/BER
¢ =9.222+0.010
a =5.393+0.002 [70GIO/ISZK
¢ =9.223+0.010
at 44 at-% Th
TcyTi- cubic, 143m a = 9.579+ 0.002 a-Mn [61LAM/DAR]
-TcgTi [62DAR/LAM]
a = 9.500 [76KOC
at 12.5 at-% Ti
a=9.512
at 15 at-% Ti
TcpTi- bce, Pn8m a=3.083at 33 at-% Ti CsCl 716KOQ
-TcTi a=3.091at50at-% Ti
a=3.110+0.010 CsClI B2DAR/LAM]
at50 at-% Ti
TcoTm hcp, Pg/mmc a =5.334 MgZnp [64DAR/NOR
c=28775
TcUy monoclinic, a = 13407+ 0.006 WRu [65BER/DWI|
(z=4)
b =3.271+0.001 [65DAR/BER

¢ = 5213+ 0.001
B = (96.38+ 0.4)°

(Continued on next page)
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Table V.42: (continued)

Phase Symmetry Lattice parameters Prototype Reference
space group X 1010/m) structure

TcpU unknown (not MgZn) [65DAR/BER
Tc-V(8) unknown B8KOC/LOV]
Te-V(y) unknown B8KOC/LOV]
TcV bce, Pndm a=3.025+0.010 CsCl B2DAR/LAM]

a=3.023 [62VAN/LAM ]
Tec-W tetragonal, a=9.4794+0.010 o(Cr-Fe) 62DAR/LAM]

P4o/mnm ¢ =5.166+ 0.010

at 25 at-% W

a=9478 o(Cr-Fe) B5GIC|

¢ =4.950

at 25 at-% W

a=9.504

c=4971

at 30 at-% W

a=9526

¢ =5.000

at 40 at-% W

a = 9.520+ 0.002 o(Cr-Fe) BSAUT/HUL]

¢ =5.003+ 0.002
at 40 at-% W

TepY hcp, P&/mmc  a =5.373 MgZnp [64DAR/NOR
c=8.847
a=5.371+0.002 B1SzZK/GIO
c=8.862+0.010

TcZng fcc a=7.588+0.002 (Z=28) related to 64CHA/JOH

AuCug

TcZms- unknown B4CHA/JOH

-TcZmg

TcgZr cubic, ¥3m a = 9.637+0.002 a-Mn [62DAR/LAM]
a=9.636+0.004(Z=58?) «-Mn [61COM/COR

TepZr hcp, P&/mmec  a =5.2194 0.002 MgZnp [62DAR/LAM]

¢ = 8.655+ 0.002

at 33 at-% Zr

a = 5.2185+ 0.0008 [70GIO/SZK
¢ =8.6527+0.0014

at 33.2 at-% Zr

V.9.2.1 Tc-Al

The number, composition and structure of the intermediate phases in this system is
far from clear. D’Alte da Veiga§2VEI, 63VEI/WAL] claimed to have found the four
phases TgAl3, TcAlg, TcAlg and TcAl, and gave structural details for TCAITcAlg

and TcAl. TcAlg was indexed on a monoclinic cell, (see Ta¥lé2) with a structure
similar to MoAl,, although MoA}, is in fact orthorhombic. The structures for T@Al
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and TcAl2 were subsequently refined by Wilkinsa®i7/WIL] and Walford B4WAL].
However, no details whatsoever of the preparation or analyses of any of these phases
were given in any of these four papers. Darby, Downey and No&DAR/DOW, in

a more detailed study, found, of these phases, only [cdith additionally the phases
TcoAl, TcAlz and TcAk. In view of the complete lack of analytical and preparative
detail of the phases BAl3, TcAls, TcAlg proposed by d’Alte da Veiga, their stability

in the Tc-Al binary system must be regarded as unproven.

V.9.2.2 Tc-Au

This system was discussed by Okamoto and Massa8gkDKA/MAS], who quoted

the electrical resistivity measurements of Van Rongen, Knook and Van den Berg
[65VAN/KNO], which suggest that the solubility of Tc in Au at 1273 K is “very
small”.

V.9.2.3 Tc-Be

This system was discussed by Okamoto and Tar8@&DKA/TAN], who quoted the
measurements by Bucher and Palr6y BUC/PAL] on the superconducting transition
temperature (5.21 K) of an uncharacterised phase e Lacking any structural in-
formation for this phase, Okamoto and Tanner assumed that it has the same fcc struc-
ture (AligCraMgs-type), space group Bin, as Be;Re, though there is no direct evid-
ence for this.

V.9.24 Tc-C

There is not enough information to give more than a schematic of the phase diagram for
the Tc-C system. Trzebiatowski and Rudzin®@TRZ/RUL showed that there is an
fcc carbide co-existing with technetium. They gave the composition as TcC (without
any strong evidence). However, Haines and coworkéésiAI/MAR, 80HAI/POT]
showed that this carbide, which also exists in equilibrium with graphite, probably
has a range of composition from16 to 20 at-% C (see TabM42) which corres-
ponds to TeC to TuC. It melts, probably peritectically, at a temperature somewhere
above 1723 K. On the carbon-rich side there is an eutectic with a liquid composition
between 25 and 33 at-% C [76HAI/MAR]. Giorgi and Szkla@6G10/SZK reported
that a technetium-carbide phase of unknown composition#fec(3.9854 0.004) x
10~19m), but containing both HC and graphite, melted at (21880) K, which may
thus be an approximate value of the eutectic temperature on the carbon-rich side. No
carbides other than the fcc phase have been found.

Trzebiatowski and Rudzinsk6PTRZ/RUL suggested that the solubility of carbon
in technetium is~1% at 1183 K, without stating whether this is wt-% or at-%. How-
ever, since in similar, contemporaneous, paperg,([64TRZ/RUL on technetium
borides) it is clear that the undefined % means wt-%, it is assumed that this is the case
for the carbon system also. This also brings their solubitit§ @t-%) into reasonable
agreement with that given by Haines, Potter and R&MHRAI/POT], up to ~10% at
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Table V.43: Solution phases in technetium alloys: maximal solubilities of elements in
Tc and vice versa.

Element  Symmetry Prototype Max. solubility (at-%) of Reference
space group structure Tcin Element Elementin Tc
C hexagonal, graphite ~8 [62TRZ/RUD
~0 ~10 [BOHAI/POT]
Co fce, FnBm Cu <52 > 75 [63DAR/NOR
Fe fcc, Fndm Cu ~20 [63BUC/HUM]
bce, InBm w ~20
Ir hcp, P&/mmc Mg 5? > 67,<75 [63DAR/NOR
Mo bee, InBm w ~55 ~20 [62DAR/LAM]
~ 50 >15,< 22 [63NIE3
Ni fce, Frdm Cu <25 > 50, < 67 [63DAR/NOR
~28 > 40 [75SPI/GR]
Nb bce, InBm w > 50, < 60 >3,<15 [63VAN/LAM]
> 31,< 58 >6,<24 [70GIO/SZK2
Os hcp, Pe/mmc Mg 100 100 62DAR/LAM]
100 100 B5NIE]
Pd fcc, Fn8m Cu > 25,<34 > 50, < 67 [63DAR/NOR
> 25,< 32 > 47,<575  [63NIE]
Pt fce, Fn8m Cu > 14,< 33 >25,<34 [63DAR/NOR
> 38,< 50 > 24.6,< 34  [63NIE]
Re hcp, Pe/mmc Mg 100 100 63NIEZ
100 100 B2DAR/LAM]
Rh fcc, Fn8m Cu <25 >50,< 75 [63DAR/NOR
> 4.5,<10 > 66,< 76 [63NIE]
Ru hcp, Pe/mmc Mg 100 100 62DAR/LAM]
Ti bce, Im3m w > 35, < 50 4 [76KOC]
(ordered at low temperatures)
\Y bce, Im3m w > 30,< 35 >5,<10 [68KOC/LOV]
W bee, InBm W > 50, < 68 > 10,< 15 [63NIEZ
> 40, < 50 [65AUT/HUL]
> 50, < 60 >15,< 20 [85GIO
Zn hcp, P6/mmc Mg ~0 ~0 [64CHA/JOH
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1073 K. Thea parameters of the hcp cell of carbon-saturated Tc given in these two
studies are, however, rather differeat= 2.812x 1071%°m, ¢ = 4.470x 10 1%m
[62TRZ/RUD, a = 2.9848x 10 1°m, ¢ = 4.4470x 101% m [80HAI/POT] (cf.
a=274x10"1%m, c = 4.40 x 1019 m for the initial technetium metal), although
the compositions may also be a little different.

Burylev [85BUR] gave an estimated Tc-C phase diagram (and component activit-
ies), based on the “systematics” of the diagrams of Group V and VI metals with carbon.
However, he ignored the formation of the intermediate carbide in the Tc-C system, and
based his estimates of the solubility of carbon in Tc on the assessment given by Shunk
[69SHU, who interpreted the solubility given byp2TRZ/RUQ to be 1 at-%, rather
than 1 wt-%. Burylev suggests a simple eutectic system, similar to the Re-C system,
with a eutectic at 1933 K, and mole fractions of carbox @&, hcp = 0.0722 in solid
technetiumx(C, liq) = 0.292 in the liquid, but of course with a much lower solubility
of carbon in Tc(hcp) at lower temperatures (1 at-% at 1183 K) than that noted above. In
view of the lack of any attempt to include the known intermediate phase, and the prob-
able misinterpretation of the solubility data &TRZ/RUD, little weight is given to
this study.

Teplov and Mikheevad3TEP/MIK] studied the structural, magnetic and electrical
properties of thin films (400 to 508 10-1% m) of compositions containing 6.5 to
55 at-% C. The films were prepared by ion-sputtering alternating layers of Tc and C.
Electron diffraction and microscopy showed that according to the annealing conditions
the thin layers were amorphous or contained an fcc phaseawit!6.66 x 10-19m or
a supersaturated solution of carbon in the technetium hcp lattice. All these structures
are presumably metastable.

The most probable phase diagram for the Tc-C system is shown schematically in
FigureV.7, although the alternative, with the carbide melting congruently and a eutectic
on the Tc-rich side also, cannot be excluded. This is similar to that suggested by Erem-
enko, Velikanova and Bonda89ERE/VEL; their assumption that the TgCy phase
decomposes peritectically is based on a correlation of its (estimated) Gibbs energy of
formation withX ey /rm wheree andr are (probably) the total valence electrons (sum
of s,p and d electrons) and the radius of the metal atom, respect82#BRE/VEL.
However, sinceAtGp, (TcCi—x) is only an estimate, this merely replaces one assump-
tion by a series of others.

Eremenko, Velikanova and Bond889ERE/VEL do not state explicitly their es-
timated value forA¢Gy, (TcCi—y), but values given in this paper and the companion
paper on scandium carbid&9VEL/ERH imply that their estimate fontGg, (2000 K)
for the metastable NaCl-type phase BeUs approximately zero.

V.9.25 Tc-Cu

Bukov et al. [90BUK/TIT] have measured the mutual solubilities of Tc and Cu in
arc-melted samples annealed at 773, 1173, 1373 and 1573 K for 5-200 hours, by spec-
trographic, radiometric and metallographic analyses. Further samples were quenched
from the melt at 2473 and 2868 K. The maximum solubilities in either the solid or the
liquid were 3.4x10~2 at% Cu in Tc and 4.3<10~2 at% Tc in Cu. These values are
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Figure V.7: Schematic of tentative Tc-C phase diagram.

100

2108+ 50

/graphite

|
90

60

Technetium at */s

40

2500 (—

2000

M /7 2anjosadway

1500 |-

1000 —
500

Te



244 V. Discussion of data selection

close to the lower limits of measurement, so Tc and Cu are essentially insoluble in both
the solid and liquid states, at least at temperatures up to 2873 K. Rhenium and copper
also show essentially zero mutual solubility.

Gerasimowet al. [B5GER/ZEL studied samples of Tc-Cu alloys weighing 1-10 ng,
supported on platinum or copper substrates, by conversion electron spectroscopy. How-
ever these samples contained appreciable amounts of oxygen (O/Cu mot0a2i)
and the observed shifts in spectra from those for the pure elements were attributed to
an undefined Cu-Tc-O ternary oxide phase.

V.9.2.6 Tc-Co

Darby, Norton and Downey6BDAR/NOR found there were no intermediate phases
in this system, and studied the solid solubility in the elements at around 1323 K. The
solubility of Tc(hcp) in Co(fcc) is> 75 at-%, and that of Co(fcc) in Tc(hep) 4525 at-

%.

The variation of the unit cell volume with composition shows negative deviations
from Végard's law. The hexagonal phase of Co is stable up to about 700 K, and al-
though the solubility of Tc in this phase is not known, it would be expected, on size
considerations, to be quite large, with even perhaps a continuous range of hcp solutions.

V.9.2.7 Tc-Cr

The only study of the Tc-Cr phase system is that of Dagbgl. [62DAR/LAM] who
established the existence ofsaphase at compositions of 25 and 40 at-% Cr, see
TableV.42. Venkatraman and Neumar8gVEN/NEU expanded this observation into

a “speculative” phase diagram, which has thigphase decomposing peritectically at
~2260 K, and maximal values of the terminal solubilities\&0 at-% Tc in Cr at the
peritectic melting point of this bcc phase (estimated te-24.70 K) and~14% Cr in

Tc at~2260 K. As Venkatraman and Neumar@6VEN/NEU themselves indicated,

this diagram, patterned on the Cr-Re system, should be considered only as a rough
guide for future phase diagram studies.

V.9.2.8 Tc-Fe

Kubaschewski §2KUB] presented a tentative phase diagram, shown in FiglBe

based on two studies. Darkyal. [62DAR/LAM] established the existence of a phase
with the well-known Fe-Cw-phase structure, extending from at least 40 to 60 at-%
Tc. Following the suggestion of RaynatZRAY] concerning the general behaviour of
o-phases, this was assumed to decompose peritectically. Buckley and Hume-Rothery
[63BUC/HUM] studied the liquidus-solidus behaviour on the iron-rich side, showing
that Tc is appreciably soluble (at least 15 at-%) in both Fe(fcc) and Fe(bcc) from 1569
to 1829 K, and that the liquidus-solidus lines are relatively flat up16 at-% Tc with

a very slight increase with increasing technetium concentration.
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Figure V.8: The iron-technetium phase diagram, redrawn from Kubaschewski
[82KUB].
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V.9.2.9 Tc-Hg

Guminski P3GUM] has recently reviewed the Tc-Hg system, noting that the mutual
solubilities are expected to be minute. Three experimentally indistinguishable predic-
tions of the solubility of Tc in liquid mercury at 298.15 K are given 93GUM]:
[64KOZ 1.1 x10~° at-%; [89GUM] 6 x10~13 at-% and B9GUM] 1010 at-% (dif-
ferent model).

V.9.2.10 Tc-Ir

Darby, Norton and Downey6BDAR/NOR found there were no intermediate phases
in this system, and have determined the approximate limits of solid solubility in the
elements at around 1323 K:

Tc(hep) i~ 70at-% Ir ;  Ir(fcc)< 25 at-% Tc

The variation of unit cell volume with composition shows negative deviations from
Végard's law.

V.9.2.11 Tc-Mo

Alloys in this system have been studied quite extensively, owing to their supercon-
ducting properties. Comptoet al. [61COM/COR and Matthias §1MAT] first pre-

pared and studied Tc-Mo alloys. They did not characterise the structure of their alloys,
assuming they were similar to those present in the Mo-Re system. The subsequent
solid-state investigations by Darby and co-work&2DAR/LAM, 62DAR/ZEQ and

by Niemiec B3NIEJ are in good agreement. There are two intermediate phases, a
cubic CgSi-type (A-15) phase at 52 to 56 at-% Tc and a tetragenphase with a
composition range of-66 to 72 at-% Tc. Marples and Koch [72MAR/KOC] found
that the cubic A-15 phase formed from the melt at 60 at-% Tc and then decomposed at
970 to 1270 K to give a diphasic A-15 andstructure. The solubility of Tc in bcc Mo

is between 50 and 60 at-% and that of Mo in hcp Tc is between 15 and 22 at-% Mo.

More recently, Giorgi and coworkers prepared samples of bcc alloys containing 12,
25, 45, 54, and 60 at-% Tc [78GIO/MAT, 78STE/GIO, 79STE/GIQ] and hcp alloys
containing 70 to 95 at-% Tc [78STE/GIO2] and measured their low temperature heat
capacities (1 to 18 K) and superconducting temperatures. Many of these samples were
prepared by rapid quenching, and may have contained metastable phases.

No solid-liquid equilibria have been investigated. Calculated phase diagrams
were given by Haines, Potter and Ra@@HAI/POT] and by Brewer and Lamoreaux
[BOBRE/LAM]; they are quite different. That presented by Haines, Potter and Rand
was based on regular solutions for the liquid, bcc and hcp in this system, and other
phasesd and A-15) were not included. The Gibbs energies of transformation of
the metastable phases, Tc(bcc) and Mo(hcp), and the regular solution parameters
were taken from, or estimated using the same procedures as, Kaufman and Bernstein
[7OKAU/BER]. However, the calculated terminal solubilities are rather different
from the experimental values quoted above (the calculated values are 11 to 40 at-%
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Table V.44: Parameters of E450for the integral Gibbs energies of mixing of Mo-Tc
phases. Derived from the study of Brewer and Lamore80BRE/LAM)].

Reaction/ A B C D @  x1c@  Temperature-
Mo-Tc- range

phase (@mol~1) (min)  (max) (K)
(V.52) /liq 0 4157 —16629 8314 0 0667 2300-2890
(V.51) /liq —2744 2744 —-5197 —7275 0.667 1 2350-2500
(V.52) /bcc 0 0 1757# 0.83T 19290 0 0500 1200-2890
(V.53) /hcp 0 0 15194 0.83T 19685 0.760 1 1200-2500

@ Mole fractions.

Mo in Tc and 25 to 35% Tc in Mo). Moreover, there is a maximum in the predicted
solidus-liquidus curved0OHAI/POT], which is perhaps unlikely in comparison with
the Mo-Re system3dOBRE/LAM].

Brewer and Lamoreau8pPBRE/LAM] included thes-and A-15-phases in their
assessment and gave estimated thermodynamic data consistent with estimated solidus
and liquidus curves, probably by assuming some similarity with the Mo-Re system.
Their estimated thermodynamic data are cast into an equivalent but preferred equations
for the integral excess Gibbs energy of mixing of the form

AmixG®' = A+ Bxte 4+  XMoXTc[C + D(Xmo — XTc)] (V.50)

which are, however, valid only over a restricted rangef In this formalism, the
corresponding partial excess Gibbs energies referred to the phase components as given
in the Reactions\(51) to (V.53),

Mo(l) + Tc() = (Mo, To)() (V.51)
Mo(bco + Tcthep = (Mo, Tc)(bco (V.52)
Mo(bco + Tcthep = (Mo, Tc)(hcp) (V.53)

are given by the expressions
Guo = A+xZ[C+ D +2D(xmo — XT0)]

—exX

Grc

A+ B+ Xl%/lo[c — D + 2D (Xmo — XT¢)]

for the liquid. Gibbs energies of formation of thesSi- ando -type phases are given
by

11
Mo(bco) + 5 Tc(hcp = MoTcyye(bee, CraSi-type) (V.54)

AsGg, (V.54,1200t0 1973 K) = (128004 4200 — 0.831T]J- mol—1
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and
37
Mo(bcc)+1—3Tc(hcp) = MoTcz7/13 (o) (V.55)

AsGg, (V.55,1200t0 2350 K) = [—(282444 8300 — 1.663T]J- mol1

However, it must be emphasised that these expressions are estimates without any
experimental confirmation, and are designed to give reasonable solidus and liquidus
values (for which, again, there are no experimental data).

The phase diagram proposed by Brewer and Lamore2QBRE/LAM] is shown
in Figure V.9, and should be regarded as a guide for future experimental studies. It
is qualitatively similar to Mo-Re systen80BRE/LAM], in the regions where this is
known reasonably well.

Figure V.9: Tentative phase diagram of the system molybdenum-technetium, redrawn
from Brewer and LamoreauB8pBRE/LAM].
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V.9.2.12 Tc-Nb

Alloys in this system have interesting superconducting properties and were studied by
Comptonet al. [61COM/COR, van Ostenburgt al. [63VAN/LAM] and Giorgi and
Szklarz [f0GIO/SZK3, and lattice parameters were reported for 14.3 and 25 at-% Nb
[62DAR/LAM] with general agreement. Their solubility of technetium in niobium

is about 50 at-%, and that of Nb in Tc about 5 to 10 at-%. Between these two ter-
minal solid solutions, there is a bce phase with the alpha-manganese structure, extend-
ing from at least 75 to 85 at-% Tc [630ST/LAM], and perhaps down to 58 at-% Tc
[70GIO/SZK]. Lattice parameters for this phase are given in Tsl2.

V.9.2.13 Tc-Ni

Nash B5NAS presented an evalution of the Tc-Ni phase diagrarh,KigureV.10),
based on the studies by Darby, Norton and DowrBSDAR/NOR and Spitsyret al.
[75SPI/GR]. There are no intermediate phases, but substantial mutual solubilities,
with a peritectic decomposition of Ni(fcc) containing 29.4 at-% Tc to liqui@8 at-

% Tc) and to Tc(hcp) containing45 at-% Ni at 1768 K. The lattice parameters of
the solid solutions as a function of composition were determined in both studies, with
reasonable agreement, see R8ENJAY. The volume of the hcp cell was found to be

a linear function of the compositio63DAR/NOR.

Figure V.10: Assessed Ni-Tc phase diagram, redrawn from Ne&KASY.
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V.9.2.14 Tc-Os

Darbyet al. [62DAR/LAM] and Niemec $§5NIE] showed that technetium and osmium
form a complete range of solid solutions in the hcp phase. The former gave the vari-
ation of lattice parameters as a function of composition. The volume of the hexagonal
cell is essentially a linear function of the mole fraction of technetium. Unit cell para-
meters from Alekseyevskiy, Balakhovskiy and Kirillo?JALE/BAL] are consistent
with those of Darbyet al.

Savitskii and Gribulya75SAV/GR] suggested that there mightoaphase in the
Tc-Os system, based on a computer correlation of the formation of kaspimases
and the distribution of electrons in the isolated component atoms. However, the same
analysis forecasts possiltephases in the Fe-Mn, Fe-W and Mo-Ni, all systems which
have been fairly extensively studied without the detection-phases.

V.9.2.15 Tc-Pd

Darby, Norton and Downey6BDAR/NOR and Niemec §3NIE] found there were no
intermediate phases in this system, and they determined the approximate limits of solid
solubility in the elements at around 1323 K, with good agreement:

Tc(hep) : roughly 50 at-% Pd  ;  Pd(fcc) : roughly 25 at-% Tc

Haines, Potter and Ran8(HAI/POT] presented an estimated phase diagram for the
Tc-Pd system, based on regular solutions for the liquid and hcp phases for the solids in
this system. The Gibbs energies of transformation of the metastable phases, Tc(fcc) and
Pd(hcp), and the regular solution parameters were taken from, or estimated using the
same procedures as, Kaufman and BernstedKRAU/BER]. However, the calculated
terminal solubilities are rather different from the experimental values quoted above (the
calculated values are approximately 11 to 18 at-% Pd in Tc and approximately 15 to
35 at-% Tc in Pd), so it seems likely that more complicated models or better estimates
of the Gibbs energies of transformation and interaction parameters are required for this
type of calculation.

V.9.2.16 Tc-Pt
Darby, Norton and DowneysBDAR/NOR and Niemec $3NIE] found that there were

no intermediate phases in this system, and have determined the approximate limits of
solid solubility in the elements at around 1323 K, with good agreement:

Tc(hep) : roughly 30 at-% Pt ;  Pt(fcc) : roughly 40 at-% Tc

The variation of unit cell volume with composition shows negative deviations from
Végard's law.
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V.9.2.17 Tc-Rh

Darby, Norton and Downey6BDAR/NOR and Niemec $3NIE] found there were no
intermediate phases in this system, and have determined the approximate limits of solid
solubility in the elements at around 1323 K, with good agreement:

Tc(hep) : roughly 70 at-% Rh ;  Rh(fcc) : roughly 8 at-% Tc

The variation of unit cell volume with composition shows negative deviations from
Végard's law p3DAR/NOR 63NIE].

Haines, Potter and Ran8QHAI/POT] have presented an estimated phase diagram
for the Tc-Rh system, based on regular solutions for the liquid, fcc and hcp phases in
this system. The Gibbs energies of transformation of the metastable phases, Tc(fcc) and
Rh(hcp), and the regular solution parameters were taken from, or estimated using the
same procedures as, Kaufman and Bernst&diK AU/BER]. However, the calculated
terminal solubilities are rather different from the experimental values quoted above (the
calculated values are40 at-% Rh in Tc and-50 at-% Tc in Rh), so it seems likely that
more complicated models or better estimates of the Gibbs energies of transformation
and interaction parameters are required for this type of calculation.

V.9.2.18 Tc-Ru

Darby et al. [62DAR/LAM] and Niemec §5NIE] showed that technetium and
ruthenium form a complete range of solid solutions in the hcp phase. The former
give the variation of lattice parameters as a function of composition graphically. The
volume of the hexagonal cell is essentially a linear function of the mole fraction of
technetium. Unit cell parameters from Alekseyevskiy, Balakhovskiy and Kirillov
[75ALE/BAL] are reasonably consistent with those @2 DAR/LAM].

V.9.2.19 Tc-Sc

Darbyet al. [62DAR/LAM] found two phases in the Tc-Sc system, a cubic phaseScTc
with thea-Mn structure and a Laves-phase (MgAype) at ScTg, see Tabl&/.42. The

latter phase was subsequently found to be superconducting up to 10.9 K by Szklarz and
Giorgi [81SZK/GIQ, and its heat capacities were measured from about 5 to 18 K by
Stewartet al. [B2STE/COR Those results, which were presented graphically, show
that above the superconducting transition regi@f,, /T rises more rapidly than the

usualT 2 dependence.

V.9.2.20 Tc-Si

Darby, Downey and Nortor6bDAR/DOW] studied ten alloys in this system, finding

the five intermediate phases given in Tabld2. Alloys with approximately 25 at-

% silicon contained a disordered bcc structure in the as-cast state, which formed an
ordered bcc structure (either 310 (Im3m) or CZng (143m) type) when annealed

for one week at 1323 K.
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Darby, Downey and Nortonr6bDAR/DOW] suggested that the most silicon-rich
phase was isostructural with “Mn3j but were unable to index their powder patterns
consistently. Wittemann and NowotnggWIT/NOW)] subsequently pointed out that
the “MnSk” phase in fact has an atomic ratio of Si/Mn 2 and were able to index
the d-spacings of “TcS" given by [65DAR/DOW] as a tetragonal cell, with a com-
position close to TgSi7, based on four Tcgisubcells, and closely related to the re-
vised “MnSk”, Mn11Si19, with eleven subcells. Subsequently, Karpinskii and Evseev
[69KAR/EVS identified the similar phase MiSiz, with four subcells, and it is as-
sumed that this is the prototype structure fo;Sie, see Tablé/.42.

V.9.2.21 Tc-Sn

Alekseyevskiy, Balakhovskiy and Kirillov/bALE/BAL] measured the superconduct-

ing transition temperatures of three incompletely characterised Tc-Sn alloys containing
22, 34 and 37% Sn. The samples with 22 and 37% of Sn were shown to contain an
hcp phase, the lattice parameters of which were, in both samples, very close to those
of pure technetium. The authors did not, unfortunately, report the lattice parameters
of the Tc metal they used. It is thus likely that the solubility of tin in technetium is
fairly small (probably< 5 at-%). They did not state whether their per cent compos-
itions were in at-% or mass-%. However, they also gave unit cell parameters for the
Tc-Re and Tc-Os systems, and comparison of those values to those of @aaby
[62DAR/LAM] leaves no doubt that the compositions of Alekseyevskiy, Balakhovskiy
and Kirillov were given in at-%.

V.9.2.22 Tc-Ti

Darbyet al. [62DAR/LAM] found two intermediate phases in this system: a phase with
the a-Mn stucture in as-cast alloys containing 12.5 and 14.3 at-% Ti, and an ordered
bce phase (CsCl type) in alloys containing 33.3 and 50 at-% Ti annealed at 973 K.
Koch [76KOC] studied the structures and superconducting properties of the alloys.
He confirmed the presence of the two phases found by Detrlay [62DAR/LAM],
showing that an alloy with 15 at-% Ti, annealed at 1773 K was “essentially” single
phase cubie-Mn type, and that the ordered bcc phase at 33 at-% and 50 at-% Ti
persists on annealing at 1273 K. However, as-cast alloys did not show any ordering
superlattice lines, suggesting that the ordered phase became disordered below the (un-
known) liquidus temperature. As-cast alloys containing 25, 33, 50, 65, 75 and 85 at-%
Ti showed single phase bcc structures, with strong negative deviations from Végard’s
law. The solubility of Ti in Tc(hcp) is between 3 and 5 at-% 1773 K [7T6KOC].

Murray [82MUR] took these observations to estimate a consistent phase diagram
for the system. The bcc, hcp and liquid phases were taken to be regular solutions, with
interaction parameters aboutl00 kJmol~! (—87 to —109), and the defect CsCI-
type phase was modelled with two sublattices: (Ti, va)(Tc, Ti), where “va” represents
a vacancy. However, the values for the Gibbs energies of transformation (including
fusion) of Ti and Tc used by Murray8BPMUR] were those given by Kaufman and
Bernstein fOKAU/BER], which differ from more recent values, (see Sectibh.1.3
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on elemental Tc and see Dinsda8®DIN]). In particular, Kaufman’s estimate for the
enthalpy of fusion of Tc(hcp), 20.7 kdol~1, is appreciably smaller than that sugges-

ted in the present assessment (33.3nkl~1), which will affect the solidus/liquidus

lines on the Tc-rich side of the diagram in particular. For this reason Murray’s Gibbs
energy values are not quoted in detail, since they are not consistent with the present
assessment. However, Murray’s calculated phase diagram, RitLitecan still be
regarded as a good indication of the probable form of the diagram, certainly as a good
starting point for more detailed experimental investigations.

Figure V.11: Ti-Tc phase diagram, redrawn from Murr@2MUR].
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Darbyet al. [62DAR/LAM] and van Ostenburgt al. [62VAN/LAM] first studied this
system, reporting a CsCl type structure in the middle of the diagram. Koch and Love
[68KOC/LOV] made a more extended study and proposed the diagram shown in Fig-
ureV.12. In assessing this work, SmitBTSMI, 89SMI] pointed out that the V-rich
portion of the diagram is quite uncertain and that the transition between the disordered
bcc and the ordered CsCI structures may well be second-order, rather than first-order,
with a continuous variation in site occupancy. Os-V and Ru-V system$pSMI)).
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The structures of the high-temperatyr@nds-phases, which could not be quenched to
room temperature, are not known. It must also be noted that the starting Tc used in this
study may have contained considerable amounts (up to 20 at-%) oxygen [67KOC/LOV]
although the analysed amounts in the Tc-V alloys were very much lowerl4 at-%).

Figure V.12: The Tc-V phase diagram, redrawn from that assessed by S878M]],
based on the study of Koch and Log8KOC/LOV].
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Technetium-tungsten alloys, which are superconducting at low temperatures, were
studied by Niemecd3NIEZ, Autler, Hulm and Kemperg@5AUT/HUL] and Giorgi
[85GIQ, with very good agreement. The solubility of tungsten is about 50 at-% at
2000 K, decreasing te-33 at-% at 1500 K [63NIE3]. There iseaphase with a range

of homogeneity~60 to~77 at-% Tc, while the maximal solubility of W in hcp Tc is

12 to 15 at-% at~2000 K, decreasing to 7 at-% at1500 K. No CgSi-type-phase,
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(cf. Tc-Mo system), was found in the Tc-W system.

V.9.2.25 Tc-Zn

The technetium-zinc system was studied by Chasanov and Jot6¥0HA/JOH, us-

ing thermal, metallographic, X-ray and effusion techniques. Two intermediate phases
were identified: an fcc phase with a Zn/Tc atomic ratio between 5 and 7, and probably
close to 6, and a more zinc-rich phase with<d@n/Tc <18. Both these phase decom-
posed peritectically; the zinc-rich phase decomposed at£8)K to give TcZry and

liquid containing 0.0047 at-% Tc, and Tcgdecomposed to solid Tc and liquid con-
taining~0.8 at-% Tc at 1223 K. The mutual solubilities in the solid state are negligible,
whilst the solubility of Tc in liquid zinc is given by their equations:

logio(XTe, 74310817 K) = 4431— 7159 T
log1o(XTe, 817101031 K) = 7413—1569Q'T + 4.979x 106/T?

The phase diagram for this system proposed by Chasanov and Johnson is shown in
FigureV.13.

Figure V.13: The zinc-technetium phase diagram, redrawn from Chasanov and John-
son B4CHA/JOH.
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To supplement the above study, Veleckis and John8&WEL/JOH measured the
decomposition pressure of Tcgliar), by Knudsen effusion from 743 to 843 K. As for
pure zinc, monatomic Zn was taken to be the only vapour species present. The pressure
of Zn(g) above TcZpwas represented by them with the equation which on conversion
to bar is
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logio(pzn/bar) = (6978—8242/T)

When combined with the vapour pressure of pure zinc given in the CODATA “Key
values” B9COX/WAGE, which around 800 K can be expressed by the equation

Zzn(h = 2Zn(g) (V.56)

whereA Gy, (V.56) = (119301- 10194T) J- mol~1. This gives
ArGe, (V.57, 74310 843K) = (—38500+ 31.69T)J- mol~!

1 1
;Tc(th) +zZn(h) = ;Tcan(fcc); b<x<7 (V.57)

If this equation is extrapolated upwards in temperature (without/s@f ., correc-
tion), the calculated decomposition temperature of “T¢¢4s 1215 K, in satisfactory
agreement with the value of 1223 K found from thermal measurements.

In view of the uncertainty in composition of the fcc phase, no further processing of
these values to 298.15 K is warranted.

V.9.2.26 Tc-Am, Tc-Cf, Tc-Bk

This review is not aware of any experimental thermodynamic or binary phase equilib-
rium data for technetium metal with americium, californium, or berkelium. However,
Wu and Brewer 96WU/BRH have provided calculations for the solid-liquid equilib-
rium regions of their phase diagrams using modified regular solution theory. Values
of the entropy of fusion and enthalpy of fusion of technetium metal were required for
these calculations, and their selected values are identical or nearly identical, respect-
ively, with those selected by this review. As noted by these authors, the solubility of
a refractory (high melting) metal is expected to be quite small in a liquid low melting
metal such as Am, Cf, or Bk. Wu and Brewer list the parameters used for the modelling
calculations, along with calculated solubilities at several temperatures.

V.9.3 Ternary systems

The little experimental structural information on ternary phases containing technetium
there is, is summarised in TablAs.

V.9.3.1 Tc-C-M (M = 3d, 4d, 5d transition metals)

Eremenko, Velikanova and Bond&9ERE/VEL estimated the likely form of the Tc-

C-M systems with M = Sc; Ti, Zr, Hf; V, Nb, Ta; Cr, Mo, W; and Re, and they gave
sketched isothermal sections of the ternary systems. These estimated sections are based
on semiquantitative correlations of the lattice parameters of the hypostoichiometric
NaCl-type MG_x phases and the Gibbs energy differentg&;, (TcCi—x)—AtGp,
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Table V.45: Structural information for intermediate phases in ternary technetium sys-
tems.

Phase Symmetry Lattice parameters Prototype Reference
space group %10%0/m) structure
PuTcB orthorhombic, a =5.8415+ 0.0016 LURuB [87ROG/POT
Pnma b = 5.3191+ 0.0020
c = 6.4265+ 0.0018
PwTcBg orthorhombic, a = 9.2834+ 0.0016 YoReBg [88ROG/POT
Pbam b = 113685+ 0.0020
c = 3.6264+ 0.0012
PuTcB, orthorhombic, a = 59595+ 0.0010 Y>CrBy [88ROG/POT
Pbam b =115416+ 0.0018
¢ = 3.5869+ 0.0006
PwTcoCg monoclinic a=>5.4011t05.439 HeCr,C3  [76HAI/MAR]
C2/m (Z=2) b = 3.206 to 3.231 $6JEI/BEH
c=111591011.25
B = (1090)°
PwTc3Siy monoclinic, a = 6.843+ 0.002 NpTcsSiy  [94WAS/REH

P2/c(Z=2)  b=8072+0.002
¢ = 5.581+ 0.002
B = (10347 + 0.02)°

PwTc3Sis tetragonal a=10917+ 0.008 SeFe;Sis [96LEI/ROG
P4/mnc (Z=4) c=5.538+0.004
UTcCy orthorhombic, a=>5.4 UMoGC, (?) [64FAR/BOW
Pnma b =322
c=109
orthorhombic  a = 5.550+ 0.022 UMoG (?) [76HAI/IMAR]
b =3.232+0.016 some lines
¢ = 10901+ 0.056 not indexed
UTc3Co55 fcc a=41322 BOHAI/POT]
-UTc3Coes a=4.1483
~UTc3Cpps  tetragonal a =5.030+0.010 unknown 80HAI/POT]
c= 12493+ 0.030
UTc,Sin bce,Im3m a=8.206 UsRe;Sig [89DAL/MAP]
UyTc7Ges cubic a = 8351+ 0.004 UsRerSig [94WAS/RER
Im3m (Z=2)
U, TcsSis tetragonal a =10.848+ 0.004 WMn3Sis  [94WAS/REH
P4/mnc (Z=4) c=5.533+0.004
Uy Tc7Sis cubic a=28194+0.004 UsRerSig [94WAS/RER
Im3m (Z=2)
Np2Tc3Gey monoclinic, a = 6.778+ 0.002 NpTcsSiy  [94WAS/REH

P2y/c (Z=2) b = 8.102+ 0.002
¢ =5.605+ 0.002
B = (10409 + 0.04)°
Np2Tc3Sig monoclinic, a = 6.808+ 0.002 NpTcsSiy  [94WAS/REH
P2/c (Z=2) b =8.081+ 0.002 (prototype)
¢ = 5.567+ 0.004
B = (10361 0.04)°
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(MC1_x). Since many of the relevant NaCl-type carbides have carbon-poor bound-
aries around Mgg, this composition is chosen for the correlation. As noted in Sec-
tion V.9.2.4 their value forA+Gy, (TcCo ) can be inferred to be close to zero. Clearly
there are a great deal of estimated data and assumptions in the derivation of the ternary
sections, but they probably form a reasonable basis from which any future experimental
work can be planned. The solid solubility between TcCand MG _y is predicted

to be complete for M = Ti, V, Nb, Ta, Mo and W, but quite restricted for M = Sc, Zr
and Hf. The elements Cr and Re do not form NaCl-type carbides, leading to even more
uncertainty in the predicted sections.

V.9.3.2 Tc-C-Pu

Haines and coworker§fHAI/MAR, 80HAI/POT] gave a tentative isothermal section
at 1273 K, see Figur¥.14, for this ternary system. It contains the phase which they
described as PuTeCy, which Jeitshko and Behren8qJEI/BEH subsequently sug-
gested had a composition close taPcpCs, with the HeCrCs-type structure. There

is also a phase of unknown structure, with the approximate compositiorpGJ ¢,
close to the “PuC”-PuTgjoin.

Figure V.14: A tentative phase diagram for the Tc-C-Pu system at 1273 K, reproduced
with permission from Haines, Potter and RaB8OHAI/POT].

CePuTcCy-y
+TeC

N\,
NPuCeTelCsat}
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V.9.3.3 Tc-C-U

Haines and coworker§ pHAI/MAR, 80HAI/POT] gave a tentative isothermal section
for temperatures from 1073 to 1273 K, see Figurg5, for this ternary system. It
contains the phase UTeQentatively indexed with an orthorhombic cell, previously
described by Farr and Bowma64FAR/BOW, which melts around 2070 K. It is not
clear whether this phase is isomorphous with the similar PyTg@hase (and thus
monoclinic in structure), whose true formula is probablyRiCs, as noted above.
There are two other ternary phases, §T@ ss 10 as5 With an fcc structure, probably
related to the similar phases URiand URRC, and a phase close to the carbon-rich
end of the UTgCqp g5 phase called Fin FigureV.15. This could be partially indexed
with a tetragonal cell, see Tabie45.

Figure V.15: A phase diagram for the Tc-C-U system at 1073 to 1273 K, reproduced
with permission from Haines, Potter and RaBAAI/POT].

T3+ UTcCas Tec(Csot)

UTeCae Tee-sC

Tc(Csat)+TesC

V.9.3.4 Tc-C-W

Giorgi [85GIC showed that WC and Tc form a continuous series of hcp solid solu-
tions all of which become superconducting below 2.5 to 7.5 K, with tzo#ndc
increasing monotonically across the pseudo-binary section.
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V.9.3.5 Mo-Tc-Pd, Mo-Tc-Rh

Haines, Potter and Ran8QHAI/POT] calculated ternary sections at 1800, 2000 and
2200 K for the ternary systems Mo-Tc-Pd and Mo-Tc-Rh, using the estimated binary
data discussed in SectiM9.2. Although, as noted in that section, the binary data do
not give particularly good representations of the limiting solubilities, the general form
of these ternary systems is probably correct. The sections for 2000 K are thus given in
FiguresV.16 andV.17, respectively. These systems are important for the studies of the
insoluble intermetallic fission product phases (“white inclusions”) found in irradiated
nuclear fuels, see below.

Figure V.16: The calculated isothermal section (2000 K) of the Mo-Tc-Pd phase dia-
gram, redrawn from Haines, Potter and Ra8adHAI/POT].

Mo

Mo-Pd-Tc
2000.00 K

Matsui and Naito 89MAT/NAI] calculated the vaporisation behaviour of Mo-Tc-
Pd alloys in the absence and presence of oxygen, using the model and parameters of
Haines, Potter and Ran8QHAI/POT] for the solid phases. These calculations indicate
that Pd is preferentially lost from the alloys at high temperatures under vacuum, but
under oxidising conditions Tc is preferentially lost, especially at “low” temperatures,
due to formation of volatile oxides.

V.9.3.6 Tc-An-Ge, Tc-An-Si

Dalichaouctet al. [B9DAL/MAP] reported preparation of the first ternary technetium-
actinide silicide UTgSix(cr) along with several quaternary structures of Y&il(cr)
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Figure V.17: The calculated isothermal section (2000 K) of the Mo-Tc-Rh phase dia-
gram, redrawn from Haines, Potter and RaBaHAI/POT].

Mo

Mo-Te-Rh
2000.00 K

doped with technetium with the compositions URuTckSiz(cr) wherex = 0.44 to

1.43. They were prepared by arc-melting of the constituent elements in stoichiometric
amounts under an argon atmosphere, followed by remelting at least six times and then
annealing at 1173 K for at least one week. They were partially characterised by X-ray
crystallography and by electrical resistivity and dc magnetic susceptibility measure-
ments.

Wastin et al. [94WAS/REB prepared the following four ternary technetium-
actinide silicides and two technetium-actinide germanides by the same basic
method of synthesis: N c3Sig(cr), PwTcsSig(cr), UsTcsSis(cr),UsTcrSis(cr),
Np2Tc3Geg(cr), and U Tc;Ges(cr). These compounds were characterised by powder
pattern X-ray crystallography and, in some cases, single-crystal crystallography, by
magnetic susceptibility measurements fofTd;Sig(cr), and (for the compounds
containing®3’Np) by Méssbauer spectroscopy. The compougd@id/Sig(cr) becomes
antiferromagnetically ordered around 25 K and has a broad maximum in the magnetic
susceptibility centered around 150 K. Similarly, Leithe-Jasper, Rogl, and Potter
[96LEI/ROQ prepared the ternary compoundofasSis(cr) from the pure elements
(> 99.9 mass-%). Losses in mass from this melting and remelting w&enass-%.

The structure was determined by powder pattern X-ray crystallography to have a
tetragonal unit cell and to be isostructural withpBesSis(cr), cf. TableV.45.
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Table V.46: Lattice parameters of hexagonal phases in the Mo-Tc-Ru-Rh-Pd system.
All phases are hcp, space grougBmc, Mg type structure.

Composition (at-%) Lattice parameters Reference
Mo Tc Ru Rh Pd a b
(x100%/m)  (x109/m)
a 435 153 321 70 21 2735 4446 [68BRA/SHA]
a,b 447 177 345 31 - 2761 4439
c 43 11 28 & 10 2756 442 [B4KLE/PE)
38 14 33 8 7 61 443
37 21 35 4 3 7746 4415 [B5KLE/PAY
25 8 52 7 8 2752 4411
25 8 44 8 15 2752 4415

@ Renormalized to 100 at-% total composition; compositions not known to the precision given.
® Also contained~5 volume-% of a phase with approximate compositionsRaTc; this was

a synthetic inclusion without Pd.
(© Average composition of several inclusions.

V.9.4 Higher-order systems
V.9.4.1 Tc-Mo-Pd-Rh-Ru

There is some structural information on the “white inclusions” of metallic fission
products, containing the elements Mo, Tc, Ru, Rh and Pd, found in irradiated nuclear
fuels, and simulated synthetic materials of similar composition. These inclusions
were first identified by Brammaet al. [68BRA/SHA], who gave lattice parameters

for two multi-component hexagonal phases. More recent work was summarised by
Kleykamp B5KLE] and Kleykampet al. [B5KLE/PAY who plotted the compositions
found by microprobe analysis of the metallic inclusions found in irradiated fuels as
a Mo-(Ru+Tc)-(Pd+Rh) pseudo-ternary diagram. From this they predicted that such
inclusions could be single-phase hcp, single-phase bcc (for Mo-rich phases), diphasic
mixtures of (hcp + bcc), (hep + fec), (hep &), (bee +o), triphasic (bcc+heps)
according to the conditions of the fuel irradiation, which will affect the overall
composition, particularly the molybdenum content. The lattice parameters of the
reported hcp phases are given in Tallé6. A plot of these lattice parameters was
given by Kleykamp $8KLE] on a pseudo-ternary diagram. These metallic inclusions
of Mo-Tc-Ru-Rh-Pd were formed even when an oxide fuel gUid UxPu—xOo)

was used §8KLE], since insufficient oxygen was left in the fuel after the more
electropositive fission products had formed oxides.

V.9.4.2 Tc-Ru-Si-U

Dalichaouchet al. [89DAL/MAP] studied the structural and physical properties of
URuw_xTckSi> phases. Withk < 1.04 these have the body-centred tetragonal BaAl
type structure, space group I[4/mmm, similar to the LsRa(Ln = lanthanide element)
and ThCpSi; phases, but witlx > 1.43 have the body-centred cubig®e;Sis-type
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structure, space group Bm. The precise boundaries of the bct-bcc diphasic region
are not known, nor is the type of defect associated with the change from 1:2:2 to 4.7:6
stoichiometry. The lattice parameters are given in TAbfY, where bct denotes a
body-centred tetragonal unit cell. The complex magnetic behaviour of these phases

Table V.47: Lattice parameters of URY TcySiz phases.

X Symmetry a c

(x1019%m)  (x10'9m)

0.00 bct 4.142 9.559

0.44 bct 4.155 9.552

0.77 bct 4.155 9.601

1.04 bct 4.107 9.606

1.43 bcc 8.150

2.00 bcc 8.206

is discussed byd9DAL/MAP]; the solid solutions with 0.4 x < 1.4 are, rather un-
expectedly, ferromagnetic. The electrical resistivities of these phases below 12 K were
also reported bydoDAL/MAP].

V.10 Miscellaneous compounds and complexes

V.10.1 Actinide complexes

Koltunov et al. [BOKOL/ZAI] studied the oxidation of Pu(lll) by HN®at| = 4 M

at 312 to 347 K, with 3.3107% to 1.3 x1072 M TcO, present as catalyst. These
solutions also contained 1M NH,SO3H (323 K) or 0.1 M NHSO3H (347 K). This
sulfamic acid was added in order to destroy any HNi@at might have been produced
from the reduction of HN@ Separate experiments showed thatISBsH at these
concentrations did not reduce TgOn 3 M HCIO4 at 328 K during the time frame

of interest to the kinetic experiments. The kinetic experiments were monitored with
spectrophotometn8DKOL/ZAI]. At | =4 M and 323 K they found that

_d[Pu(III )]
dt

wherek = (3.82+ 0.22) x 102 mol=323 . dm*? . min~—1. They concluded that this
reaction involved formation of an activated-state complex

= K[PWliN][TcO, J[H*1?3

PPt +TcO, +2HY = [TcOPUOH);'T*

as an unstable intermediate.

Kinetic studies have been reported for the reduction of T 6§ U* in acidic me-
dia, both for HCl and HCI-HCI@-NaClOy mixtures B4AKOL/GOM4, and for HCIQ:-
NaClOy mixtures POGOM/KOL]. Concentrations of the various chemical forms of
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technetium were monitored by spectrophotometry. For both types of ionic media and
for different temperatures, the rates of reduction of Jdy U* were found to follow
the rate equation

—d[TcO,1/dt = kobdTcO, U IHT]L.

Most of their experiments were done at an ionic strength of 2 M. The most
detailed results for the HCI-HCIDOmixtures were presented at 333 K, for which
kobs = (2.534+ 0.29) s~ [84KOL/GOM4. For HCI-NaClQ; mixtures the emphasis
was at 298 K, wheréops = (0.113+ 0.005) s~1 [90GOM/KOL]. In both studies,
measurements were also done at other temperatures up to IKOL/GOM4 or
314 K [90GOM/KOL]. They found that values dpsfor HCI-NaClO, solutions were
about three times larger than for HCI-HCGJQolutions at any specific temperature.
However, Kkinetic activation energies were nearly identical for these systems,
(98.3+ 2.4) kImol~! [84KOL/GOM4 and(99.3+ 10.6) kJ-mol~1 [90GOM/KOL].

They [84KOL/GOM4 90GOM/KOL] suggested that the reduction of Tgc-
curred by way of the overall reactions

2TcO; +3U* +4HT +10C = 2TcCE + 3UGs" + 2H,0(sln)
in the presence of chloride ions, and by
2TcO, +3U* = 2TcO*" +3U05"

in the absence of chloride. No intermediate chemical species were proposed that in-
volved a Tc-U complex. We note that U(IV) is undoubtably hydrolysed under these
reaction conditions, although this was not considered by the authors. As described in
SectionV.4.2.1.1 the pentachloro Tc(lV) species probable also has a water molecule
in its inner coordination sphere, and thus could be written ass[OE,) .

The catalytic role of technetium in the oxidation of U(IV) by NChas been
studied by a number of authors, with conflicting results. Koltunov and Gomonova
[91KOL/GOM found that using concentrations of:510~4 M Tc¢(VII), 0.5 - 5.0 M
HNO3, 0.01 - 0.06 M U(IV) with 0.06 M hydrazine, the rate of this oxidation followed
the rate equation

—dU(IV)/dt = ka[Tc] + ko[ TCI[HTI2[NO; |

and gave values ofikand k for 313 K and an ionic strength of 5 M (HNG- NaNGs).

The reaction involving U and Tc was assumed to occur via an activated species derived
from hydrolysed U(IV) and Tc(VII)(UOHTcOy)2. By contrast, Zelverte§8ZEL]

using concentrations of 1 M HN) < 0.035 M U(IV), 1 - 2.5 M HNQ@ with 0.05 M
sulphamic acid in the temperature range 295 to 310 K, found that after a short period
attributed to the reduction of Tc(VII) first to Tc(IV) and then to a lower valency (prob-
ably Tc(lll)), the kinetic law was

—dU(IV)/dt = K[Tc[NO; ]

independent of the H concentration between 1 and 2.5 M. However, this report con-
tains few details of the precise experiments actually carried out. Finally Sesklyv
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[86SUS/RAM found that in the range 1.5 - 3.5 M HNQhe reaction order with re-
spect to HNQ is about 1 using Tc(IV) rather TcQ but with HNG; concentrations
above 4 M, U(IV) oxidation is inhibited as the acid concentration increases. Further
work will be required to resolve these discrepancies.

Kulyunov et al. [B6KOL/MAR]reported some related kinetic experiments for the
catalytic effect of TcQ on the oxidation of Pu(lll) by HN@in the presence of hy-
drazine.

Several of liquid-liquid extraction studies cited in SecWd1.2 reported the
formation of pertechnetate or mixed nitrate-pertechnetate complexes éﬁ uo
[75MAC, 87ROZ/ZAK, 89KAN/NEC] or Pu(lV) [87ROZ/ZAK], which were claimed
to be tributylphosphate solvates. No structural information is available to verify the
stochiometry of these proposed complexes

V.10.2 Heteropolyoxytungstate complexes

Abramset al. [91ABR/CO§ have described the synthesis of three technetium sub-
stituted heteropolyoxytungstates, which are presumably of the Keggin structure type.
The heteropolyoxytungstate anions (HPT) investigated werqﬁcég, where X=P

or Si. These HPT anions readily complex with a metal ion or a cationic metal complex
that is of the proper size to fit into the “pocket” in their structures.

Their complexes are formulated as ¢ C4Hg)4N)4PW;1(TcO)O3g, (N — C4Hg)a-
N)5SiW11(TcO)Os9, and @ — C4Hg)4N)4(PW11(TcN)O3g). In rewriting the chem-
ical formulas given by Abramst al. [91ABR/COS, we assumed that the Té® and
TcN3+ moieties retain their chemical identity in these complexes. They based their
empirical chemical formulations upon chemical analyses for C, H, and N; and upon IR
spectrain KBr pellets. In addition, the complex that is formulated as bain@4{Hg) 4-
N)4(PW11(TcO)Oz9 was further investigated by its UV-visible spectrum in acetonitrile,
and by its positive and negative ion fast atom bombardment mass spectra. Unfortu-
nately, they were unable to grow crystals of a quality suitable for an X-ray structural
determination.

The IR spectra of these solid Tc-HPT complexes in KBr were essentially indistin-
guishable from those of the corresponding HPT anions not containing technetium. This
implies that the structures of these HPT anions are not perturbed significantly by the
TcO3* or TcN®t ions and, thus, presumably the technetium is located in the “pocket”
of the ligands. The electronic spectrum of the ﬂ‘(N'cO)Ogg ion in acetonitrile ex-
hibited two weak bands at 18,900 and 280 cn1 1, which were assigned by Abrams
et al. [91ABR/COS to Tc-to-W intervalence charge transfer and d-d electronic trans-
itions.






Chapter VI

Discussion of auxiliary data
selection

VI.1 Group 13 auxiliary species

VI.1.1 Thallium auxiliary species
VI.1.1.1 TIT
Longhiet al. [79LON/MUS have reported emfs for the two cells

Pt(cr) | TIHgq()| TICI(cr) ‘KCI, ag 0.5mol- kg‘l‘ AgCl(cr) |Ag(cr)| Pt(cr)
and
Pt(cr) | TIHgq()| TICI(cr) ‘KCI, aqg 0.002mol- kg‘l‘ AgCl(cr) |Ag(cn)| Pt(cr)

from 283.15 to 328.15 K, where q is the mole ratio of mercury to thallium in the liquid
amalgam. These emf measurements were performed at various values of ¢, which
allowed the authors to correct for the activity coefficient of thallium in mercury.

Longhietal. [79LON/MUS combined their emfs with critically assessed literature
values for the standard potentials of related cells and auxiliary thermodynamic data
to obtain thermodynamic properties for TICI(cr) and™TIOne of these other cells
yielded the difference in standard potential between the Tl(cr) and thallium amalgam
electrodes. Their evaluation yieldedtGg, (TI*, aq, 298.15 K) = (31.56& 0.025)
kJmol~1. However, they also reported{G,(TICI, aq, 298.15 K) = -(162.61%
0.029) kdmol~1, which indicates that their value aftGg,(TI*, aq, 298.15 K) should
be opposite in sign to the reported value.

Their calculations required, among other quantities, a value for the activity coef-
ficient of 0.002 mokg~! aqueous TICI, which they choose from a much earlier emf
study. Itis difficult to judge the reliability of the activity coefficient given in that earlier
study, and hence the uncertainty in derived quantities suetv@g, (TI*, ag, 298.15
K) may be significantly larger than reported. However, a consistency check is possible
because Longhet al. reported assessed values 6ffar the TICl/thallium amalgam
electrode. According to equation (14) of Longttial., the standard potentials of these
two electrodes differ byRT/F) In(10) log; o Ksor whereK¢ , is the solubility project
for TICI(cr). They used the difference between their assessed standard potentials for
these two electrodes to derite , = (1.364+ 0.010) x 10~* moP-kg~2 at 298.15 K.

267
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Khooet al. [94KHO/FER have determined the solubility of TICI(cr) in water and
in a variety of aqueous uni-uni-valent electrolytes: HCI, LiCl, NaCl, KCI, /0
RbCl, and CsCl. They derived seven vaIung() for TICI(cr) from these solubilities,

ranging from 1865x 104 mol2-kg—2 to 1 888x 10~* mol-kg—2, with an average of
Keo = (1.877£0.018) x 10-4mol?-kg—2. We consider this value to be more accurate
than the value obtained indirectly from emf da#®[ON/MUS. Read and Aldridge
[92REA/ALD] obtained a similar value oKg = (1.84+ 0.03) x 10~* mol*-kg~2
from measurements of the solubility of TICI(cr) in NaCl solutions. The difference in
solubility corrections usingg, = (1.364+ 0.010 x 10~* mof-kg~2 and K¢, =

(1.877+ 0.018) x 10~4 mol>-kg—2 gives an 8.2 mV difference in standard potentials
or 0.79 kdmol~1 for the Gibbs energy of reaction. The thermodynamic solubility
product from the study of Khoet al. yields AtGp,(TI™, ag 29815 K) = —(32.35+

0.03) kJ}mol~1, which is nearly identical to the value af; Gy, (TIT, ag 29815 K) =

—32.40 kImol~ (no uncertainty given) in the NBS tableBAWAG/EVA]. We select

the value from the NBS tables but assign the rather conservative uncertainty limits of
+0.30 kImol1:

AfGS,(TIT, ag 29815 K) = (32.40+ 0.30) kJmol 1
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Appendix A

Discussion of selected references

This appendix is comprised of discussions relating to a number of the key publications
which contain experimental information cited in this review. These discussions are

fundamental in explaining the accuracy of the data concerned and the interpretation of
the experiments, but they are too lengthy or are related to too many different sections to
be included in the main text. The notation used in this appendix is consistent with that

used in the present book, and not necessarily with that used in the publication under
discussion.

[45FLA/BLE]

Flagg and Bleidner did one of the earliest electrochemical characterisations of aqueous
technetium, which was known only as “element 43” at that time. They found that the
reduction potential was about 0.1 V relative to the SCE for electrodeposition gf TcO
from a solution of HSOy at pH = 2.36. They calculated a value &° by assuming

that TcQ, was being reduced to the metal by measuring the amount of technetium de-
posited on the electrode and the amount remaining in solution by a radiometric method.
Thatis, for a 7 € reduction involving 8H /TcQj . Itis now known that this reduction
actually gives Tc@ - xH2O(s) . Thus the correct standard potential from that study
should beE° = 0.77 V. However, because the concentration of Jd@ their solu-

tions, 1012 M, was actually known only within a few orders of magnitude, this value

of E° is uncertain by at least 0.03 V. In spite of that large uncertainty, it agrees well
with the more direct determinations.

[52PAR/MAR]

Parker and Martin did not tabulate any experimental data for the solubility of
KTcOg4(cr) in their report, but instead just gave a plot of the molar concentrations
of TcO, against the reciprocal of the molar concentrations of. KThe apparent
solubility products(0.44 moF - dm© at 272C; 0.14 mof - dm=% at 7C) were listed

on that figure. They are equal to the slopes of the lines defined by the data points.
These apparent solubility products can be represented by the equation

—48093
InKs = — +15.210

No uncertainty limits can be given, because this equation was based upon only two
data points. At 298.15 K, this equation yiel#ts = 0.398 mof - dm=, and the
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corresponding solubility of KTcglcr) is +/Ks = 0.63 M, which agrees with two of the
reported valuesg3COB/SM| 57BUS/LAR.

The numbers given on the scales of their solubility plot indicate tHatviis always
in excess over Tcp in their solutions, with a 4-fold to 62-fold mole ratio of these
ions. Thus their solutions must have contained large amounts of an “inert” electrolyte
such as KCI or KNQ@, but this “inert” electrolyte was not identified. This omission,
together with the fact that numerical solubilities were not tabulated, means these results
cannot be reextrapolated to yield thermodynamic solubility products or the solubility of
KTcOq(cr) in water. Consequently, the interpolated “solubility” of 0.63 M at 298.15 K
pertains to some unknown ionic medium rather than pure water.

There are three pieces of evidence that suggest that the derived solubility for
KTcOq(cr) of 0.63 M is too high.

e First, solubilities of alkali metal MClg(cr) are fairly low and are of similar
magnitude for M = K*, Rb", and C4g, and this is also true for MRefxr).
The reported solubility of KTcglcr) is more than an order of magnitude larger
than experimental solubilities of CsTg@r) and RbTcQ(cr) [63KEL/KAN],
which seems unlikely.

e Secondly, the solubility of aqueous KRgr) at 298.15 K is about 0.04 M
[53COB/OLI, which is a factor of 16 lower than reported for KTgr),
whereas we expect them to be much closer.

e Thirdly, the solubilities of KTcQ(cr) at 298.15 K determined by Busey and
Bevan POBUS/BE\] and by Necket al. [98NEC/KON are more precise and
are mutually consistent with each other, but are lower by a factor of six than
those derived from the study of Parker and Martin.

[52SIT/BAL]

The mass spectrometer study of Sites, Baldock and Gilpatrick has generally been de-
scribed as giving the cracking pattern of NFtO4 [59AND, 59BOYZ. However,

Sites, Baldock and Gilpatrick actually evaporated an aqueous ammonical solution of
NH4TcO4 with H2O2(aq), and heated the residue to dryness at about 423 K. They
stated (based on their mass spectrometric results) that this treatment produced both
TcoO7 and “HTcQy”. Samples of this “oxide” residue were heated to 353 to 433 K for

the mass spectrometric measurements. They suggest thaykjja©uld be a viable
vapour species at these temperatures.

[53COB/SMI]

The following detailed calculation of the enthalpy of formation ob®g(cr), derived

from the heat of combustion of Tc(cr), is largely based on the report of Cobble, Smith,
and Boyd. However, we also used some information from the more detailed present-
ation in Cobble’s thesis5RCOH, which allowed us to refine the analysis. Cobble,
Smith and Boyd found it necessary to add some paraffin oil to their calorimeter as an
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“accelerator” to improve combustion of the technetium metal. The results were then
corrected for combustion of this oil and for ignition of the fuse. Even then, only 80 to
90% of the technetium burned in any experiment, so the residue of unburned techne-
tium had to be weighed and corrected for. Hopefully, the “hotter” combustion produced
by the burning oil helped keep the formation of lower oxides to a minimum.

Cobble, Smith and Boyd gave the temperature rises that occurred in their calori-
meter (after correction for fuse ignition, paraffin oil combustion, and for side reaction
formation of HNG) along with the amount of technetium burned and the heat capacity
of their calorimeter. Thus, sufficient information was presented to allow a detailed re-
calculation of their data. The combustion of technetium metal produced concentrated
HTcOy, from solution of the TgO7(cr) in water produced by combustion of the paraffin
oil. To yield aqueous concentrations of HTgthat could more readily be converted to
standard conditions, they added 2%af water to the calorimeter. On the average, the
final concentration of HTc®in the calorimeter was 0.3 M.

Cobble, Smith and Boyd reported the results of 6 combustion experiments, for
which the average temperature rise in the calorimeter @&973+ 0.0449 K per
gram of technetium burned. The experimental heat capacity of their calorimeter was
5.8467 kJK~1. Thus,A(E = —(5.8309+0.2624 kJ- g1, andAEny, = — (11534 +
51.9) kJmol~1 for formation of one mole of TO7(cr). We used a correcteT of
0.0571 K rather than 0.0572 K for their third experiment, based on their repaited
values for combustion of metal plus oil and for oil alone.

For the combustion of technetium to formzl&;(cr):

7
2Tc(cr)+502(g) = Tc207(cn)

there is a change oﬁ% moles of gas. Then, conversion of E to A;H involves
—%RT = —8.68 kJmol~1 of TcO7(cr). This, together with a correction of
—0.68 kJmol~1 [52COH of the results from 30 atm to unit fugacity (1 bar) 05@)
yields AftHm = —(11628 + 51.9) kJmol~1. This experimental enthalpy change
corresponds to the reaction:

2Tc(cr) + ;OZ(Q) + HoO(l) = 2HTcOy

where the solution concentration is at about 0.3 M. Cobble, Smith and Boyd found
that diluting 0.3 M HTcQ to 0.0205 M resulted in the absorption aflZ kJmol~1.
Dilution of 0.0205 M HTcQ to infinite dilution was estimated by us to evolve
—0.21 kJmol~1, from comparable data for HCIO[65PAR. Thus, for infinite
dilution as the final stateAH2 = —(116Q9 4 51.9) kJmol~2.

We have just calculated the enthalpy change for formation of HTaOnfinite
dilution from combustion of technetium metal in the presence of liquid water. However,
we desire to compute the enthalpy of formation of crystallingOi€cr). These two
enthalpies differ only by the negative of enthalpy of solution ofdgcr). Using the
selected value oAsoH,p, from SectionV.3.2.1, then

AfHS, (TcoO7, cr, 29815K) = —(1114452) kImol .
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Our recalculated valuafHg, = —1114 kdmol~1 is in excellent agreement with
the value given by Cobble, Smith and Boye(11134 + 10.9) kJmol~1, with minor
differences due to corrections to current atomic masses, and reanalgsigtof, data.
However our assigned uncertainty of 52-rkdl~! is 4.8 times larger than Cobble,
Smith and Boyd’s assigned uncertainty. Even assuming that they reported one standard
deviation as opposed to us giving 95% confidence limits, the assigned errors still differ
by a factor of 2.5. Nearly all of the uncertainty&fHy, of Tc,O7(cr) in Cobble, Smith
and Boyd'’s study comes from the uncertainty in the temperature rise for their calori-
meter due to combustion of technetium. They based their calculations on a average
temperature rise a0.998+ 0.009) K - g1 of technetium. We calculate a temperature
rise of 09973 K- g~ which agrees fairly well with their reported average temperature
rise. However, from their tabulated valuessT per gram of technetium, we calcu-
late a standard deviation of 0.0229-K~1 (n — 1 weighting) or 0.0209 K g~ (n
weighting), and a mean deviation of 0.0203 §~1. Whatever measure of precision
was reported by Cobble, Smith and Boyd, it was much too low and thus so are their
estimated uncertainties affHg,.

The first systematic investigation of the Tg@rcO, - xH20(s) electrode was re-
ported by Cobble, Smith and Boyd. They prepared the hydrous oxide by two methods:
by reduction with zinc metal of an aqueous solution ofJYEIO, in HCI, or by elec-
trodeposition from an acidic NfTcOy solution onto platinum gauze. The emf meas-
urements were made with both types of electrode preparations at acidic pH values, but
only the electrodes with Tc xH2O(s) electrolytically deposited onto platinum were
used for alkaline solution experiments. The counter electrode was Ag/AgCI for experi-
ments with acidic solutions (HT¢p, and Hg/HgO for experiments with alkaline solu-
tions (equal concentration of NaTg@nd NaOH). All potential measurements were
done at(298 15+ 0.05) K, and both types of cells contained a KCI-KN®alt bridge.

For measurements with air-saturated solutions at low pH values, the two types of
preparations of Tc®@xH20(s) gave very similar potential readings from which Cobble,
Smith and Boyd calculated an averaged value of 0.771 \Efoof Reaction ¥.2). Cell
potentials for the alkaline solution case, when converted by them into the same half cell
reaction, gavee® = 0.792 V. Cobble, Smith and Boyd recommended an aver&tjed
value of (0.782+ 0.011) V, but they neglected the contribution of the liquid-junction
potential on their measurements. Cobble, Smith and Boyd found that whig) N
was bubbled through their solutions at low pH values, the observed potentials slowly
decreased. They assumed this emf drift was due to electrode poisoning or to catalytic
reactions involving MN(g).

Because flushing the solutions with(d) or Ar(g) gave essentially identical redox
potentials 55CAR/SM|, 75LIE/MUN], the suggestion by Cobble, Smith and Boyd that
N2(g) caused electrode poisoning must be incorrect.

[53SMI/COB]

Smith, Cobble and Boyd reported the results of vapour pressure measurements for
solid TeO7 - H2O(s) as a function of temperature up to about 360 K. Their results
were given graphically and as a least-squares representation, but no actual numerical
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data were listed. We note that the derived thermodynamic properties of Smith, Cobble
and Boyd for “HTcQ” differ from those of TeO7 - H2O(s) by a factor of 1/2. Smith,
Cobble and Boyd also presented experimental vapour pressures for saturated solutions
in equilibrium with solid TeO7 - H2O(s).

These vapour pressures were determined with an all-glass differential Bourdon
gauge (“sickle gauge”). An all-glass system was necessary for these experiments be-
cause Tc(VIl) is readily reduced to a lower oxidation state by stopcock grease and
by Hg(l). A zero-point pressure correction for this gauge was obtained by cooling
the system down to 273 K, and then determining the pressure required to return the
gauge reading to zero. They consequently subtracted 0.00267 bar from all of their ex-
perimental pressure readings. Some experimental details were given in the published
paper p3SMI/COH, and additional details can be found in the theSBJOH upon
which that paper was based.

Their TgO7 - H2O(s) had been prepared in situ by distilling,Qg into the lower
part of the Bourdon gauge, and water vapour was then added through the vacuum line.
The oxide became moist immediately, and excess water was removed with a vacuum
pump while warming the apparatus slightly. Samples prepared in this manner were
two-phase and contained somexDg(cr). Because Tg(cr) has very low vapour
pressures in this temperature region, the observed pressures should be due essentially
to H2O(g) from the decomposition of 307 - H,O(s). Samples of saturated solution
in contact with TeO7 - H2O(s) were prepared in a similar manner, except that the
TcpO7(cr) was allowed to absorb enough moisture to form both a solution phase and a
solid phase.

Smith, Cobble and Boyd did not report the actual experimental vapour pressures,
but they were given in Tables VIl and VIII of Cobble’s thest2{COB. Because that
thesis is a rather inaccesible source of information, we give the detailed experimental
temperatures and vapour pressures (after conversion of pressure units from mm of Hg
to bar) in TableA.1. There is a small amount of physicochemical information about
“Tc207 - H2O(s)” that provides some indirect information about its nature. First, the
vapour pressures of solid “3©7 - HoO(s)” and of saturated aqueous HTc&e nearly
equal over a wide temperature range, with vapour pressures of the aqueous solution be-
ing slightly higher. This presumably implies that the chemistries of these two systems
are very similar. They noted that the vapour pressure of water above solid “H9)¢O
was significantly higher than that above solid “HRg€€)”, so solid “HTcQ(s)” de-
composed more readily. We expect that a4 - H>O(s) should decompose (upon
heating) more readily than a corresponding HM€). Inasmuch as “HRefls)” is ac-
tually a hydrated oxide, this suggests that “HTR€€)” may actually be Tg07 - H2O(s).

According to Cobble$2COH and Smith, Cobble and BoydbB8SMI/COH, the
vapour phase above 707 - H>O(s) results from the incongruent vaporisation process
given by Eq. ¥.26), cf. SectionV.3.2.2.2 with H,O(g) being the only significant va-
pour species even though their solid sample was a two-phase mixturg@f FO0(s)
and TeO7(cr). We will now examine that assumption.

Vapour pressure measurements have been reported @ {Icc) from 362.2 to
391.2 K [52COB 53SMI/COH. They gave an equation for lggprc,0,, based upon
these data together with estimated heat capacities. That equation yields values of
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Table A.1: Vapour pressures of water aboveJ¢- HoO(s) and saturated HTo(as
a function of temperature.

T Rv@ fy® In fuy Afy©
(K) (bar) (bar)

TcoO7 - HoO(s) = TepO7(cr) + HoO(9)

291.8 0.0013%) 0.00133 -6.623 —0.007
305.7 0.00326) 0.00320 -5.745 0.012
313.8  0.0050%)  0.00507 -5.285 0.007
322.4  0.0079% 0.00793 —4.837 -0.014
330.6 0.01214) 001213 -4.412 -0.013
337.2  0.01760) 0.01759 —4.0403 0.033
3415 0.02060) 0.02059 —3.883 —0.016
3475 0.0277%)  0.02771 -3586 0.003
353.8  0.03640 0.03637 —3.314 —0.008
363.3 0.05526) 0.05521 —2.8966 0.003

H>O(satd HTcQ) = H>O(g)

312.9 0.00587  0.00587 —5.138 0.074
3245 0.0096%9  0.00964 —4.642 —0.053
329.1 0.0124% 0.01247 -4.3848 —0.031
330.6 0.0142() 0.01419 —4.255 0.024
334.2 0.0157® 0.01572 —4.153 —0.052
337.0 0.0188% 0.01886 —3.9706 —0.005
339.5 0.02146) 0.02145 -3.842 0.004
344.7 0.0267®  0.0267I —3.6226 —0.019
3446 0.02708) 0.02704 -3.6103 —0.002
347.5 0.03100) 0.03098 —3.4744 0.002
351.0 0.0368%") 0.03677 —3.303 0.016
355.8 0.04466) 0.04462 —3.1095 0.000
357.2 0.04818) 0.04809 —3.0347 0.015
361.0 0.05646) 0.05640 —2.8752 0.013
363.6 0.06288) 0.06279 —2.768 0.013

@ Those pressures that were measured while the temperat-
ure was being increased are labelled (i), and those while
the temperature was being decreased are labeled (d).

(0 Fugacity of water vapour as calculated frofgy =~
pwexp {Ba(T)pw/RT}.

(© Experimental value minus value from least-squares rep-
resentation of the data.
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PTe,0; 0f 7.7 x 10710,2.6 x 1078, 5.8 x 107, 8.6 x 1076, and 53 x 107 bar at 290,
310, 330, 350, and 365 K, respectively. Comparison of these pressures to the decom-
position pressures of 307 - H,O(s) in TableA.1 indicates thaprc,o, iS comparable
in magnitude to the non-ideal vapour correction for the experiment at 363.3 K, but it is
insignificant at all lower experimental temperatures. Thus, neglect of the contribution
of Tc,O7(g) to the total vapour pressure is justified.

Sasahiraet al. [94SAS/HO$ studied the liquid-vapour equilibrium of the 707
+ HNOs + Hy0 system at temperatures from 336 to 363 K, with total technetium con-
centrations of 0.0023 to 0.023 M. The concentration of HN@s adjusted to vary
the water activity range between 1 and 0.4. Their equation is obviously not valid for
saturated solutions of B0 in water, but it does allow us to roughly estimate that
the partial vapour pressures of TgO@H)(g) above the solutions studied by Smith,
Cobble and Boyd$3SMI/COH were of the order of x10~* bar. This is insignific-
ant compared to Smith and Cobble’s experimental errors. Liquid-vapour equilibrium
measurements for the chemically similar systernp@et+ H,O [67BOL/PLQJ likewise
indicate that the partial vapour pressures of REM)(g) are extremely small at the
temperatures and concentrations studied by Smith, Cobble and Boyd, and, by implica-
tion, so are those of TcsPOH)(g). Smithet al. [53SMI/COH wrote the vaporisation
reaction for the saturated solution as being

HTcO4(satd ag) = HTcO4(s) + H20(g)
which, as written, is an unbalanced reaction. We will rewrite this reaction as
H>O(satd HTcQ) = H20(g).

For accurate thermodynamic calculations, the Gibbs energy change should be writ-
ten in terms of the fugacity of watef,, and not the vapour pressupg, although
this distinction is frequently ignored due to the very small differences compared to the
usual imprecision of such measurements. However, this correction will be made here.
For the purpose of converting vapour pressures to fugacities, it is convenient to
represent the equation of state of the gas as a virial series in terms of the pressure.
For the temperature and pressure range covered by the data inAab(291.8 to
363.6 Kand 0.00133 to 0.06286 bar), only the second virial coefficient of water vapour
is required for accurate calculations. To this very good approximation,

fw ~  pwexp(Bz(T)pw/RT}

whereB>(T) is the second virial coefficient (which depends on temperature and not
pressure). Values d8,(T) were calculated from the equation of state for water given
by Le Fevre, Nightingale and Ros&5LE /NIG]. Typical values ofBx(T)/RT are
—0.0775,—0.0467,—0.0302,—0.0207, and—0.0148 bar?, respectively, at 273.15,
298.15, 323.15, 348.15, and 373.15 K.

TableA.1 contains values opy, fw, and Infy, for the experimental vapour pres-
sures. At the lower temperaturgs, and f,, are essentially equal, but at the higher
temperatured,y is up to (5 to 7x10~° bar lower thanpy,. This correction is signi-
ficant relative to the three to four significant figures reported by ColH3€QH, but
may or may not be significant relative to the actual accuracy of the data.
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We represent the fugacities obB(g) above TgO7 - H>O(s) by the least-squares
equation

Infy, = (1226864 0.1480 — (5510444 48.65)/T (A.1)

with a correlation coefficient 0£0.99992. Similarly, the vapour pressure of water
above saturated aqueous HTcillows the least-squares equation

Infy = (12.2278+0.3993 — (545705+ 13628)/T (A.2)

with a correlation coefficient 0f0.99895. These correlation coefficients are very
close to—1, which indicates both that linear equations give accurate representations
of these experimental data, and that the heat capacities do not change significantly
with temperature over the experimental interval. Vapour pressures $@;Td120(s)

extend from 291.8 to 363.3 K, so the vapour pressure at 298.15 K can be accurately
obtained by interpolation. Figur&.1 is a plot of the experimental vapour pressures
and of Egs.A.1) and A.2).

One approach to obtainingysGp, of Tc,O7 - H2O(s) would be to calculate it from
AsolG(Tc207 - H20, s, 298.15 K) and\tGp, of TcO, . The latter quantity is known.
However, the derivation oAs Gy, requires knowledge of the water activiy,o, the
molality of HTcOy, and the activity coefficient of HTcall for the saturated solution.

A value of aq,o(sat)= (0.073+ 0.044) was calculated at 298.15 K from our
least-squares representation of the vapour pressure values of Cobble, Smith and Boyd
for saturated solutions, EgA(2) [52COB 53SMI/COH. Isopiestic measurements
are available for aqueous HTg@t 298.15 K from 0.10581 t0.8404 mol- kg1,
and they can be used to derive water activities and activity coefficients for IHihcO
this molality range T8BOY]. This molality range corresponds to water activities of
0.997 > an,0 > 0.710.

Unfortunately, the solubility of Tg07 - H>O(s) is unknown. However, vapour pres-
sure results for the chemically similar systemRe- H,O(s) [52SMI/LIN] imply that
the saturated solutions contain about 45 to 50 mol% ofRend 55 to 50 mol% of
H,O. Itis thus likely that the solubility of T£7 - HoO(s) at 298.15 K is considerable.

It is obvious that insufficient data are available to calculate an experimentally based
value forAseiGp, of TcoO7 - HoO(S).

[55CAR/SMI]

The authors studied the redox potentials of the couple,TE€CO; - xH20(s) with
the acidic solution cell and dilute solutions of KTg@nd HSOy, by using the satur-
ated calomel electrode (SCE) as counter electrode. Theip TegB20(s) electrodes
were prepared by electrolytic deposition from aqueous KFERRSO4 solutions us-
ing platinum foil, wire, or gauze, or a gold wire coil, as the substrait. All potential
measurements were done at 297 K.

Experiments were performed for dilute mixtures of aqueous Kia@d HSOy,
and the SCE compartment had the same concentration®®jHas contained in the
KTcOg4 solution compartment. Their emf values were reported for solutions that were
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Figure A.1: Experimental value$2COB 53SMI/COH of the natural logarithm of

the fugacity of HO(g) above TgO7 - H2O(S) () and saturated aqueous solution in
equilibrium with TeO7 - HoO(S) (o). The curves represent the least-squares equations
(bottom curve) Irfy, = (12.2686+ 0.1480 — (551044 + 48.65)/T and (top curve)
Infy = (12.2278+ 0.3993 — (5457.05+ 136.28)/T.

20 T ] I
H,0O(satd sin) =*H,0(g)

Infw

35 3.0 2.5
(10°m), K1
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deaerated by flushing them withp{g) that had been deoxygenated by chemical meth-
ods. Cartledge and Smith found that the potentials of freshly-prepared electrodes of
TcOy - xH2O(s) that were placed into solutions “...without prolonged exposure to solu-
tions containing air became rapidly more noble for a time, and then slowly approached
a steady (emf) value.” They also found that switching from an atmospherg(gf to

one of air caused the potential to increase (ennoble), but the rate of this potential shift
depended on the metal substrait: after 20 minutes the coated gold electrode ennobled
by 0.024 V, the platinum coil by 0.021 V, the platinum foil by 0.019 V, and the platinum
gauze by 0.009 V. However, in each case the J&@O; - xH20(s) potentials were still
changing with time.

They attributed the gradual approach of the potentials to constant values (after
deaerating their solutions withJ{)) as being due to removal of the “more active
oxygen.” They did not explain what they meant by more “active oxygen”. The redox
potentials were unchanged when thg(dy was replaced by Ar(g). Presumably, their
measurements in the absence of air are more reliable.

The experiments of Cartledge and Smith were done with solutions containing
(1.037 to 1815 x 10°3 M KTcOy4 and (0.5 to 20) x 10~3 M H,SOy (pH = 2.49
to 3.10). They also reported a potential values for measurements with KdloBe
(pH = 6.65). For the latter experiment, the potential never did reach a constant value
but slowly increased with time, in contrast to lower pH values for which constant
values of potential were obtained after an initial period of drift. They also found that
for TcO, concentrations below about 1M, the rate of approach to equilibrium was
too slow to give reliable measurements. Spectrophotometry was used to determine the
concentrations of Tcp at equilibrium. They reported th&°® = (0.738+ 0.003) V
from their measurements, but their measure of precision was not reported.

[59AND]

According to Anders, Fried and HabQFRI/HAL] reported that a volatile dark-purple
oxide with oxygen-to-technetium mole ratios of 3.07 and 3.02 was obtained by reaction
of technetium with @(g) at 673 to 1273 K. They also reported that treating this oxide
with aqueous ammonia did not yield NHcOy, but it was produced wheni®z(aq)
was added to the reaction mixture. The need for use;@fAhq) to get TcQ indicates
that the valence of technetium in the dark-purple oxide wag This study provides
the strongest evidence available for T¢§). Unfortunately, the actual description of
the experiments is limited because it appeared only in an absb@ER]/HAL], and
no mention was made of the dark-purple &¢Q

The formation of yellow TgO7(cr) by combustion of technetium metal has been
reported by Herrell, Busey and Gayef7HER/BUS. They noted that the reaction
mixture usually contains some red and black compounds as side products and suggested
that the black coloured oxide was Tg®) (and not red or purple coloured as assumed
by other workers). They also suggested that the red oxide weBs{%). Given that
TcOy(cr) has been reported to be black colourBdNEL/BQY], the black oxide in
Herrell, Busey and Gayer's study may well have been JXcf).

Various experiments at the Atomic Energy of Canada, Ltd., using thermal decom-
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position of NHyTcOy (s) at 1023 K in ultrapure p(g), yielded~ 40 % of a volatile
material that deposited on the cooler walls of the reaction ve88eHM]. This ma-
terial was sometimes red coloured, and reacted rapidly witfgPand/or water.

Anders B9AND] reported that he had prepared a “pink substance” by oxidation
of electrodeposited “Tc® by NaClO4. Unfortunately, no experimental details were
provided, so the valence in this compound is unknown. We note that electrodeposited
TcO, is actually a hydrate Tc® xH20(s).

Anders B9AND] noted that there were early reports that NidO4(cr) had a pink
or reddish colour, although pure MHcO4(cr) is colourless. However, the colour of
some technetium compounds and salts darkens with time due to radiolytic effects. For
example, Vinogradoet al. [78VIN/KON3] noted that NHTcOy(cr) stored for two to
three months gradually became dark blue and then black, and Busey, Bevan and Gilbert
[72BUS/BEV reported that it “darkened upon standing.” SimilarH3)4NTcOy,
which was colourless when first prepared, gradually became yellowish-gray and finally
dark gray B7GER/GR]. These colour changes were due either to radiation damage to
the crystals or most likely to radiolytic decomposition of the Jcion. Vinogradov
et al. [78VIN/KONS3] noted that treatment of the dark-coloured NHOa(cr) with
H>02(aq) and NH(aq) caused it to change to the colourless state; any reduced tech-
netium would have been reoxidised back to pertechnetate. Inasmuch ag(€fdjcO
does not undergo a colour change with tina8VIN/KON3], the presence of N}I or
(CH3)4N™ cations may be necessary to yield the dark-coloured species.

The purpose of this digression is to point out that a small amount op{Beydis-
persed in a pertechnetate salt matrix could conceivably appear pink or blueish under
certain conditions, and thus by itself provides no evidence for another oxide such as
TcOs(s). Correspondingly, a small amount of T£€r) dispersed in yellow Tg7(cr)
could possibly make it look pink. In this regard, Spitstral. [B8SPI/BUK reported
that the product of oxidation of technetium by(@) was reddish coloured after sub-
limation, but when it was dissolved in water it exhibited the spectrum of,Tcthus
the major component of their “reddish oxide” must have beerO¥(cr).

[59BUY

In 1959, Busey reported that KTgQvas reduced by aqueous HCI to form a singly
oxygenated Tc(V) chloro species. The reduction was slow below about 6 M HCI,
but was quite rapid in about 9 to 10 M HCI. For example, shortly after the KTcO
addition, there was 100% Tc(V) present in 11.86 M HCI, 61% in 8.90 M HCI, and
0.4% in 6.82 M HCI. Addition of HPQO, to the HCI also produced Tc(V). In 12 M
HCI, this Tc(V) species was slowly reduced to T§CI Photolysis of TcC@f by solar
radiation in 12 M HCI produced a different Tc(V) species.

In contrast, at 373 K, J®wska-Trzebiatowska and Baluk&5JEZ/BAL] found
that TcQ, was directly reduced to Tc(IV) by 12 M HCI, but they did observe Tc(V)
for reactions at room temperature.

Ossicini, Saracino and Lederd84OSS/SARdid a chromatographic separation
of the products of reaction of T¢gOwith aqueous HCl and HBr (see also Ref.
[640SS/SARIn this Appendix). In each system, an intermediate product of reduction
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was found and was assumed to be a Tc(V) species, but no direct evidence was obtained
for the valence of technetium. It was reported that Jchd TCCE‘ reacted together
slowly in 1.2 M HCI to form Tc(V)-oxychloridesg4OSS/SAR After 43 hours, 9%

Tc(V) had formed, and this increased to 12% after 67 hours. Ossicini, Saracino and
Lederer found that Tcp was rapidly reduced by concentrated HCI at 373 K, but
some Tc(V) was still present even after 4 hours. This conclusion conflicted with that
of Jezowska-Trzebiatowska and BalukebJEZ/BAL ].

At room temperature, Ossicini, Saracino and LedeBdJSS/SARreported that
TcO, was reduced by concentrated HBr to Tc(IV) with a Tc(V) intermediate stage.
No Tc(V) could be detected after one day reaction with “concentrated” HBr, nor with
80% HBr. With 60% HBr, no formation of Tc(V) was observed until after about one
day, and with 40% HBr no reaction with TgOwas observed at all in this time frame.

[60BUY

Busey reported that zinc metal reduced J,d@ aqueous HCI to produce Tc(lll) chloro
complexes. Presumably (@) was not completely excluded from his system since in
its absence this reaction is known to producg(]léﬁ The technetium in the present
study was confirmed to be Tc(lIl) by using spectrophotometric titration wittsOg)».

From changes in the ultraviolet spectrum of the solutions as a function of HCI concen-
tration, Busey concluded that one technetium species predominated for 3 to 6 M HCI,
and a different one predominated for 0.5 to 2 M HCI. Busey postulated that this spec-
troscopic change was due to the reaction

TcCl, +H20() = TcCl(OH)™ + HY +CI™

By measuring the absorbancy at 265 nm for 0.5 to 6 M HCI, he obtaled=

11 moP-dm® for this equilibrium reaction. Thik value must be regarded with some
scepticism. First, a more likely formula for the hydrolysed species is s{EGE)3 .
Secondly, the ionic strength was not held constant in these measurements, &g 'this “
value must have assimilated large changes in the activity coefficients that cannot be
corrected for since the detailed experimental results were not tabulated. Consequently,
we do not analyse thik. value further.

[60COL/DAL ]

The authors used polarography to study the reduction of, e c(IV) in 0.1 M KOH
solution. They observed that the reduction occurred in two stages, corresponding to a
two-electron reduction with a well-defined wavekt, = —0.85V, and a one-electron

step withE1» = —1.15 V. We assume that the experiments were carried out at room
temperature. The first value, which is notincompatible with later results obtained under
similar conditions, seems to refer to the reduction potential of,T¢Qe™ — Tcof(.

We use this value in our evaluation procedure.
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[60MIL/KEL ]

The long lived*Tc isolated from uranium fission product wastes was used. Polaro-
grams were recorded of &M pertechnetate in different supporting electrolytes: 2 M
and 10 M BSQOy, 4 M HCIO4, 0.1 M NaOH, 0.1 M NHCI, 0.1 M KCl, a borate buffer

of pH = 10, and a phosphate buffer of pH = 7. The measurements were done at room
temperature which was reported to (299.7 & 1) K. In pH 7 buffer a linear relation-

ship ofig vs [TcO,] has been shown over a concentration range of 0.1 to 1.1 ppm
pertechnetate.

The observed potentials in 0.1 M NaOH, 0.1 M N8 (pH = 8.5), and 0.1 M KClI
(pH 7-9) were all similar and lay arouneD.8 V vs SCE. The value in phosphate buffer
(pH = 7) was more positive<{0.68 V), but in borate buffer (pH = 10) a well defined
wave was found aEy» = —0.79 V. We assume that the ionic strength of the borate
buffer was close to 0.1 M, as was reported for the phosphate buffer. We use the value of
0.8 V reported for NaOH, NECI and KCI solutions as one entry in the data evaluation
procedure (see TabM8), and the well defined value obtained from the borate buffer
experiment also as one entry.

Miller, Kelley and Thomason also reported that the polarographic half wave po-
tentials for reduction of Tc® in an aqueous mixture of #KIPQ4, KH2POy, and
K4P>0O7 at pH = 7 occurred at-0.68 and—1.35 V vs. SCE. The first wave was
also present when 2,07 was absent, but the second wave was there only in the
presence of KP,O7. Russell and CastYBRUS/CAS reported that polarographic re-
duction of TcQ at pH = 8.0 in a pyrophosphate solution at= 0.1 M gave 3 €
per technetium at0.45V and 4 € at —0.74 V. Anodic reoxidation after the first re-
duction wave gave 3 eper technetium at0.16 V, and reoxidation after the second
wave gave 1 e at —0.26 V and 4 € at +0.24 V. Similar potentials were obtained
by cyclic voltammetry. Since the potentials from reduction and oxidation experiments
are different, the electrochemical process is irreversible and yields no thermodynamic
data. However, all these results together with other polarographic, cyclic voltammetric,
coulometric, amperometric, and chemical experiments in 0.1 to 0.2 M pyrophosphate
[63SAL/RUL, 78STE/ME| 79RUS/CASZ, indicate that Tc(lll) and Tc(IV) complexes
were produced.

Additional polarographic experiments by Russell and CaZSRUS/CAS for the
reduction of Tcq in 0.1 M pyrophosphate solutions at pH7 confirm that the initial
reduction was to a Tc(IV) complex followed by formation of Tc(lll). Both the oxidation
and reduction wave potentials were dependent on pH. Above about fiB, a 2 €
reduction of TcQ occurred to Tc(V) and 3eto Tc(IV). However, the same type of
2 e and 3 € reductions occurred in non complexing media, so these waves in alkaline
pyrophosphate solutions did not provide evidence for formation of a pyrophosphate
complex.

[61HER/SCH]

In 1961, Herr and Schwochau reported preparation o§T&(OH)3(CN)4” which
should contain Tc(IV). More details were given the following ye@2$CH/HER.
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This salt was prepared by dissolution of TcOxH2O(s) in aqueous alkaline cyan-

ide solutions. Addition of Tt salts yielded yellow-brown “BTc(OH)3(CN)4” or
“TI3TcO(OH)(CN)4”, as deduced from elemental analysis. They reported that this
formulation was supported by electrical conductivity in water, and IR, visible, and UV
spectra $2SCH/HER. A study of the formation of the corresponding agueous com-
plex as a function of pH indicated that no cyanide complex formed below pH 5 to 6,
and hydroxy cyanide complex formation was complete by pH = 9. Measurement of the
light absorption (extinction coefficient) as a function of concentration gave information
about the equilibrium

TC(CN)3(OH)2™ +CN™ = Tc(CN)4(OH)3™ (A.3)

for which they determined (A.3) = (1.3 + 1.2) x 10® M~ (presumably at 303 K)
for ionic strengths around 18 M.

Trop, Jones and DavisoB)TRO/JON also reacted Tc®- xH2O(s) with aqueous
KCN, and showed the pale greenish-yellow product was actuallycR(CN)s - 4H,O
and not a T(JCN)4(OH)§* salt, using elemental analysis and IR and Raman
spectroscopy. Reaction 0NH4)2Tclg with KCN in refluxing aqueous methanol in
a No(g) atmosphere gave yellow-oranggaTc(CN)7 - 2H>O. Its aqueous solutions
were air-sensitive and decomposed to pale greenish-yellgWc®(CN)s - 4H,0.
This cyanide salt could be further hydrolysed in water in the absence of excess CN
to form lemon-yellow potassiurrans-dioxotetracyanotechnetate(V)gKcO2(CN)4.
The TcQ(CN);~ complex has since been studied BTc-NMR [82FRA/LOQ.
These results suggest that Schwochau and co-work&tsHR/SCH 62SCH/HER
actually had studied the Tc(V) complex TcO(CéN)rather than the Tc(lIV) complex
“Tc(OH)3(CN),~".  Similarly, a claim by Colton for preparation of Tc(CE\D
salts by reaction of Tér with CN~ in methanol (cited in the Gmelin Handbook
[83ALL/BURY]) is apparently incorrect, since only4Kc(CN)7 - 2H,O has been
isolated under these conditior@[TRO/JON.

[62KUZ/ZHD]

The reduction processes of TgQvere investigated in 1 M NaClOsolution. The
authors mention that they found analogous behaviour in 1 ¥S@a solution. Ac-
cording to the authors, this would mean that the same reduction processes occur in
these aqueous media: in acidic solutions Jc® reduced to the tetravalent state, in
acidic solutions a three-electron reduction of undissociated molecules of pertechnetic
acid takes place, and in alkaline solutions the reduction proceeds to the pentavalent
state and at more negative potentials to the hexavalent state.

It is not quite clear from this paper whether the authors used an SCE (as they men-
tioned on the potential axis in every figure) or a “normal calomel electrode” (as they
stated in the text). The standard potential of the SCE and the “normal calomel elec-
trode” differ by 0.039 V p1HIL/IVE]. They reported a half-wave potential of 0.87 V
for the two-electron reduction of T¢Oin 1 M NaClQy, but this obviously should read
—0.87 V. If an SCE was used, then the potentiaINHE is —0.63 V, and if a “normal
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calomel electrode” was used, the potential NHE is —0.59 V. However, this value
seems to be an outlier anyway, since potentials reported in the later literature for 1 M
solutions are in the range ef0.52 and—0.56 V. We do not consider this value in our
data selection procedure.

[62SCH/AST]

Schwochau and Astheimer reported electrical conductances of aqueoug Kdlc©
tions at(29815 + 0.10) K for eight concentrations from.83 x 10°° to 9.716 x
103 M. They extrapolated the equivalent conductande® infinite dilution to ob-
tain A°(KTcOg4, aq 29815 K) = (1290 + 0.5) S- cn? - equiv L, from which they
calculatedA®(TcOy , aq 29815 K) = (55.5+ 0.5) S- cn? - equiv L. They then used
this limiting ionic conductance to calculate the tracer diffusion coefficient of aqueous
TcO, at infinite dilution. Their conductances were apparently reported in units of
international ohms rather than absolute ohms. They evaluated the limiting ionic con-
ductance graphically.

We reextrapolated these electrical conductances to infinite dilution by using the
Debye-Hickel-Onsager limiting law as given by Equation 7.31 of Robinson and Stokes
[59ROB/STQ. For an aqueous 1-1 electrolyte at 298.15 K, that Equation becomes

1
A = A° — (0.23004° +60.64) 12 for ionic strengths on the molar concentration
1

scale. A plot of A againstlZ for aqueous KTc@ indicates the individualA are
uncertain by about 0.5 Scn? - equivl. A least-squares analysis of the conduct-
1

ance data givesl = (12896 + 0.53) — (64.63 + 9.83)12 for conductances in int-

S cn? - equiv-L, with o (fit) = 0.40. The correlation coefficient for this fit is0.982.

Taking the interceptA®(TcOy , aq 29815 K) = (128924 0.53) S- cn? - equiv 't

for conductances converted to absolute ohms. Using the ionic conductance of aqueous
K+ from Robinson and Stoke§9ROB/STQ then givesA®(TcOy, ag 29815 K) =
(55.44+0.53) S-c?-equiv-L. The calculated tracer diffusion coefficient then becomes
D°(TcOy,, aq 29815 K) = (1.48+ 0.01) x 10 2 cm? - s 1.

[62SCH/HER]
See comments undeBIHER/SCH.

[63EAK/HUM |

The authors reported the preparation of a crystalline complex which they formulated
as “TANH20H)2(NH3)3(H20)Cl2". This empirical formula was based on chemical
analysis and by determining the number of equivalents of ceric sulphate required to
oxidise it to form TcQ, and the presence of one molecule of water was assumed
to give the technetium atom 6-coordination. This complex was prepared by reacting
aqueousNH4)2TcClg with 2 M hydroxylamine-hydrochloride Ny#OH - HCI followed

by evaporationto dryness. The solid was then extracted several times with diethylether,
and subsequently dissolved in a minimal amount eOH) to which ammonia was
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added until pH= 7. The result was a mixture, from which the above complex was
isolated and purified by several dissolutions in water followed by precipitations with
absolute ethanol. See comments undéARM/TAU].

[63LEF]

The aim of this investigation was to study the effeciefadiation from a radiocobalt
source of 600 Ci on the T¢TcOy(s) couple in dilute solution. The ionising radi-
ation was able to oxidise Te(s) to TcQ,. The TcQ(s) solutions in sulphuric acid
were prepared by dissolving electrodeposited A(sPwith concentrated sulphuric acid
followed by dilution to the needed3$0O, concentrationi,e., 0.5 or 0.05 M. Both solu-
tions, after centrifugation of the solid Te(3), showed a technetium concentration of
approximately 5x 107> M - 5 x 10~% M. This is orders of magnitude higher than
the solubilities measured by Meyert al. [91MEY/ARNZ], from which one would, in
addition, expect a large difference between 0.05 and 0.5BId4. The explanation is
that TcQy(s) was oxidised to Tcp upon dissolution. Lefortd§3LER showed by spec-
trophotometry that the equilibrated solutions contained ,T&3 the only technetium
species. The equilibration process of the solutions was not experimentally followed.
We note that electrodeposition of technetium from acidic solutions of, TaQually
yields the hydrated dioxide T¢O xH20(s).

[63SAL/RUL]

Salaria, Rulfs and Elving studied the coulometric reduction of solutions of, TicO
the presence of a mixture of 0.2 M pNaO3, 0.1 M NaHCQ, and 0.5 M KCI using
a mercury pool cathode. The solutions were deoxygenerated before starting the re-
duction. The pH of the solution was 9.80 and a-3per technetium reduction was
observed at-0.51 V; alkaline solutions of Tc® containing KCIl and KOH or KSO4
and KOH atl = 0.5 M underwent 3 & reductions at a similar emf 6£0.61 V, where
these potentials are relative to the NHE. Coulometric reduction of; Tiearbonate
solutions provided no direct evidence for complex formation between carbonate and
Tc(IV) under these conditions.

They reported that Tcp could be reduced electrolytically using coulometry, to
give a precipitate of Tc@- xH20(s). However, if the initial reduction of TcDwas
done in aqueous #3504 or HCI-KCI mixtures at more negative potentiadsg, —0.3 V
for HCI-KCl at pH = 1.3, then a 4 ereduction occurred to form a solution of Tc(lll).
The two waves for reduction of T¢Oto Tc(lll) or Tc(lV) were observed from pH
= —0.3to about 4, whereupon the reduction wave denoted by them as “II” disappeared
abruptly, and their wave “I-A’ decreased rapidly in intensity and was absent by pH = 5.
This indicates that major changes occur around pH = 4 in the mechanisms for reduction
of TcO, . Salaria, Rulfs and Elving were able to generate a suspension of solid Tc(lll)
for pH < 4 by reduction of Tcg), and they formulated that solid as “F@3(s)”.
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[63SHV/KOT]

Shvedov and Kotegov performed electromigration experiments for aqueous haTcO
and KTcQ, solutions at 291 K. They reported values of the ionic mobilities and elec-
trical conductances at 0.0005, 0.005, 0.01, and 0.02 M for NaTa@ at 0.0005

and 0.02 M for KTcQ. From these results they derived an ionic conductance of
A°(TcOy, ag 291 K) = 51.1 S-cn?- equivL, but the method of extrapolation of data

to infinite dilution was not described. We did not reextrapolate these results to infinite
dilution because of the limited number of experimental points and because we are un-
certain as to the reliability of the method, and neither they nor we assign an uncertainty
to this value. However, it is given for completeness. They did similar measurements
for aqueous KRe@ and reported that their results agreed with literature data.

Shvedov and Kotegov also studied the concentration dependence of the mobilities
of aqueous NaTcgpand KTcQ, solutions from 0.0005 to 0.02 M at 291 K. These mo-
bilities were determined by use of electrophoresis. They found that aqueous NaTcO
was completely dissociated in this molarity range, but that Kq'e@s slightly associ-
ated. They reported that the dissociation constant:

K = [K"][TcO;1/[KTcOs(ag)]

was(0.122+ 0.010) mol- dm~23 in KNO3 solutions, but it is not possible to assess the
accuracy of this value for reasons given below. They cited agreement with a theoret-
ically calculated value of @29 mol- dm~2 for K of KTcO4(aq) as given by Cobble,
Smith and Boyd $3COB/SM]. However, Cobble, Smith and Boyd actually reported

a solubility product rather than a dissociation constant, so the agreement of numerical
values is accidental. Similarly, they obtainkd~ 0.23 mol- dm—2 for CsTcQ; in
aqueous CsClI solutions.

The method of calculation used by Shvedov and Kotegov requires values of the mo-
bility of the total electrolyte (an experimental quantity), the mobility of the anion, and
activity coefficients for the ions. However, they took their activity coefficients “...from
tables for a uni-univalent electrolyte at°I®’, but the electrolyte used as a surrogate
for KTcO4 was not mentioned. In addition, they assumed that the mobility of, TcO
in water could be equated to that of Tg@n 0.02 M aqueous NaN£ Their calcu-
lations contained additional approximations in that the change in mobility of aqueous
KTcO4 with concentration was attributed solely to ionic association, and electrostatic
contributions to the variation in mobility were neglected. In view of all of the above
considerations, it is likely that the value Kfreported by Shvedov and Kotegov is quite
uncertain. In addition, sinck was reported only at 291 K, it is not known how much
it will change by 298.15 K.

Values of K have been reported for aqueous KgJQRbCIQy, and CsCIQ at
298.15 K [fOBUR/JU$, based upon high-precision measurements of electrical con-
ductances from 0.002 to 0.003 up to 0.03 to 0.08 ntbh—3. Their derived values
of K are 1.1, 0.7, and 0.6 motim3 for KClO4, RbCIQ4, and CsCIQ, respectively.
However, the lighter alkali metal perchlorates LiGlénd NaClQ appear to be essen-
tially completely dissociated at these low molarities. This trend for the perchlorates
is in rough agreement with that claimed for NaTicahd KTcQ, [63SHV/KOT], and
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suggests that the value &f reported for KTcQ is meaningful even if highly uncer-
tain. Because of this uncertainty, we will formally treat KTc@&s being completely
dissociated for thermodynamic calculations. This is in agreement with the conven-
tional thermodynamic treatments of alkali metal perchlorates and most other slightly
associated electrolytes.

[63TER/ZIT]

The coulometric reduction of T¢pin sodium tripolyphosphate (NB3O10) solutions

was investigated. At pH= 4.7 in an acetate-buffered solution, the colourless JcO

ion was reduced to pink Tc(IV) followed by an orange mixture of Tc(IV) and Tc(lll),
and then it was finally reduced to a yellow Tc(lll) solution. However, in apH.0
phosphate-buffered tripolyphosphate solution, the colour change was from colourless
TcQ, to pink Tc(IV) followed by a grey mixture of Tc(IV) and Tc(lll), and finally
green Tc(lll) was produced. Some further reduction of Tc(lll) was also observed, but
it was incomplete because this reduced species reacted with water or an ion. If the
Tc(lll) solution was allowed to sit in the presence of air, it became oxidised back to the
pink Tc(lV) species.

Polarographic measurements were also reported. The half-wave potentials for the
reduction of Tc(IV) to Tc(lll) and the reoxidation of Tc(lll) to Tc(IV) in pH= 4.7
acetate-buffered tripolyphosphate solution both occurreeda24 V so this redox pro-
cess was reversible.

[640SS/SAR

The authors studied the hydrolysis of TECland TcBE ™ in agueous HCI and HBr,
respectively, using ion exchange chromatography on ion exchange paper. Studies were
done of the hydrolysis of Tc§T in 1.2 M HCl and TcB§~ in 0.9 M HBr at room tem-
perature. They found that very little of the T(gBrwas still present after 24 hours, but

that TCCE* was still the predominant species after 139 hours. Based on the number
of chromatographically separated technetium containing species and their rates of mi-
gration, they suggested that TgBITcBry(aq), TcCE and TcCh(aq) species were the
predominant neutral and anionic hydrolysed forms, and that other neutral and cationic
species may have also been present in the bromide system. Their results indicated that
TcCIS* was more stable than Tc@r towards hydrolysis; (see also Reb9BUY in

this Appendix).

[65JBR/SCH

Jargensen and Schwochau studied the absorption spectra of agueous solutions of
TeX3™, (X = F, Cl, Br, and 1), from about 200 to 1200 nm. Although FcFeould

be studied in water, solutions of relatively concentrated HX were required for the
other three cases. They concluded that the tendency for hydrolysis to occur increased
from chloride to bromide to iodide. In fact, hydrolysis of fclwas rapid even in
aqueous 57 mass-% iodine-free HI. Based on absorption spectra measurements for
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TcCIéf in aqueous HCI and for TC%T in aqueous HBr as a function of temperature,
Kawashima, Koyama and FujinagegKAW/KQOY] concluded that aquation of Tc?r
proceeded more rapidly and at lower temperatures than foréTcCI

[65SPI/KUZ]

The paper deals with the problem of obtaining pure compounds of technetium from
neutron-irradiated molybdenum metal and from the waste of plutonium production. It
includes a study of the chemical and electrochemical properties of technetium.

Spitsynet al. studied the electrodeposition of Te©xH,O(s) onto a platinum
electrode. Solutions that were studied contained initially 20> M TcO} in dilute
aqueous KHSQO, at pH = 2.3, and TcQ in aqueousgNH4)2SO4 at pH = 5.6. By
determining the fraction of Tcpthat had been plated out a a function of the applied
cathodic potential, they were able to estimate tat~ 0.71 V for the TcQ /TcO; -
xH20(s) redox couple as given by EY.2).

[66LAV/STE]

Thermal decomposition @NH4)>TcFg(cr) in argon was studied by thermogravimetric
analysis. A weight loss of 46.5% was observed. Reduction of this residue w(igf té
technetium metal at 773 K then gave an additional weight loss of 25.5%. These weight
loss values are consistent with the initial residue being “TcNF(cr)”. Powder pattern
data indicated a hexagonal unit cell with= 5.98x 10-19m andc = 3.80x 10~ %m.
This is in contrast (surprisingly) with ReNF(cr), which has a tetragonal unit cell.
Cowie, Lock and Ozog f0COW/LOQ argued that the X-ray evidence for
“TcNF(cr)” was ambiguous. They stated that its lattice spacings were virtually
identical to those 0fNH4)2ReFRs(cr). They thus suggested that LaValle, Steele and
Smith [66LAV/STE] actually had(NH4)2TcFs(cr) and not TcNF(cr). However, their
argument is somewhat weakened since the actual unit cell parameters (they gave
¢ = 4.79 x 10719 m for TcNF(cr), rather than the reported value @®x 1019 m
from LaValle, Steele and Smith) do not agree well. It must be acknowledged that more
direct evidence for TcNF(cr) is desirable.

[67RUL/PACZ]

Rulfs, Pacer and Hirsch reported that when a 0.05 M solution of HWe&s concen-
trated to 0.3 M, it became red coloured. They observed that this solution, if left in con-
tact with the atmosphere, gradually formed a precipitate of black 5{®O(presum-

ably, hydrated), and a red solution remained. Addition of Ce(IV) caused the solution
to become deeper red, as the “T£€) ” was oxidised, and then colourless. If the ox-
idisable red species was assumed to contain Tc(VI), then up to 32% of the technetium
was calculated to be present in this form, based on the amount of Ce(lIV) consumed.
They suggested that some Tc(VI) or Tc(V) formed in concentrated solutions of HTcO
possibly by reduction of HTc@by dust or by traces of organic vapours in the air. The
other possibility that they suggested was that concentrated solutions of Hha®
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spontaneously decompose with evolution of@). In any case, it appears that the red
colour of “TO7 - H2O(s)” may be due to the presence of lower valence technetium
species, and pure “BO7 - H>O(s)” may possibly be colourless or yellow.

[68MUN2]

In this careful study, various reduction processes were identified by using several dif-
ferenttechniques. The reduction of Tg@as investigated in solutions of 0.1 M NaOH
containing 0.5 M of another inert salt (NaCGJGsodium citrate, KSCN, and NacCl, re-
spectively). Three reduction steps were identified and half-wave potewtid&CE
reported: T¢VIl) + 2= — Tc(V): Eyp = =810 mV; TaV) + e — Tc(IV):

E12 = =900 mV, and T¢elV) + e — Tc(lll), Eyj2 = —1100 mV, for the non-
complexing media.

[68SCH/PIE]

Schwochau and Pieper reported preparation of a “Tc(V)” complex by reaction
of TcO, - xH20(s) or reduction of Tc® in acidic thiocyanate solutions. They
reported the preparation of salts witlcH3)4N™ and TIF. One of these salts,
“(CH3)4NTc(NCS)6(cr)”, was characterised by IR spectra and found to contain Tc-N
bonds but not Tc-O bonds. A powder pattern X-ray study of this g8HAU/SCH
indicated a rhombohedral unit cell with= 8.84 x 10~19m anda = 82.9°.

Schwochau, Astheimer and Sche@8ECH/AST further investigated the purpor-
ted Tc(V)-SCN complex and its reduction product. Their elemental analyses indicated
the two salts were yellow({CHsz)4N)2Tc(NCS)g” and violet “(CH3)4NTc(NCS)g”.
Absorption, UV, and IR spectra were reported, as were molar electrical conductances
for their solutions in acetonitrile. These conductance values indicatedGhiay 4N+
salts behaved like 2:1 and 1:1 electrolytes, respectively, in that solvent. Their effective
magnetic moments of the solid complexes at 293 K were 2.65 and 2.34 B.M., respect-
ively.

Reinvestigation of technetium isothiocyanato solutions and salts by drah
[80TRO/DAV] indicated that Schwochau and coworke88 $CH/PIE 73SCH/AST
were probably in error in assigning technetium valences of V and IV to the violet
and yellow salts, respectively. Trogt al [SOTRO/DAV] prepared purple salts
with the stoichiometriegNH4)>Tc(NCS)g and (AsPhy)>Tc(NCS)g which contain
Tc(lV), and yellow to yellow-orange air-sensitiven{C4Hg)4N)3Tc(NCS)g(cr) and
(AsPhy)3Tc(NCS)g which contain Tc(lll). Both(NH4)2TcBrg and NH;TcO4 were
reacted with NHSCN in methanol to prepare them, but$0, was also added when
NH4TcO4 was used, and air-free conditions were required to get Tc(lll) salts. A
detailed single-crystal X-ray structure determination forQyHg)4N)3Tc(NCS)g(cr)
showed it was cubic, witta = (24.444+ 0.012 x 101®m, Z = 8, and space
group R3. HxO2(aq) oxidised Tc(NC$ solutions to TcQ and SCN'. Addition
of NO(g) to Tc(NCSﬁf solutions in dichloromethane yielded Tc(N(%S)solutions.
The Tc(NCS%VTc(NCSﬁf redox couple in acetonitrile was 1 eand reversible at
—0.42 V. Since the purple species was obtained upon oxidation of the yellow species,
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this confirmed that the violet-to-purple coloured solutions and solid complexes
contained Tc(IV). Addition of Ce(lV) or thiocyanogen, (NGS)to non-aqueous
solutions of T¢(NCSJ™ produced Tc(NCS)™ rapidly.

[69GOR/KOC]

The authors used electrophoretic mobility measurements to investigate the behaviour
of Tc(lV) in aqueous solution at varying pH, 48 andl = 0.1 M (KNOg3). They
obtained a curve “mobilitys pH” [69GOR/KOGC Figure 2] between pH 1 and 2.5.
Their interpretation of this curve was that Tc(IV) was present as an ion with charge
+2 at pH = 1, and as an ion with charge +1 at pH = 2. They proposed the following
reactions:

TcO?t + HO() = TcOOH)™ +H (A.4)
TcOOH)™ + Ho,O() = TcO(OH)(ag) + H™ (A.5)

with the constant (A.4) = (4.3+0.4) x 10?and*K (A.5) = (3.7+0.4) x 102, The

pH scale in their Figure 2 shows that more than 90% of each of the Reacfial)s (
and (A.5) take place within a very narrow range of only 0.3 pH units. However, as
investigations of similar equilibria with other diprotic acids show, the Equilibhia)

and @A.5) require, for monomeric species, a change of more than 1 pH unit for the same
extent of deprotonation. Furthermore, the valug f8gA.5) = —(2.434 0.05) would

mean that at pH= 2.43 equal concentrations of TcO(OHRnd TcO(OH)(aq) are
present, but according to Figure 2 84GOR/KOQ the mobility is about zero at pH

> 2.2, which means that no appreciable amount of ionic Tc species could be presentin
solution. This curve could only be explained if all involved species showed a nuclearity
of 3 or larger and if the deprotonation reactions occurred in two distinct steps.

Other weak points of the paper under discussion are: (1) the use of an unknown
technetium concentration; (2) the lack of precautions and control in order to avoid
changes in the oxidation state of Tc; (3) the ionic strength of the solutions below pH 2
was larger than 0.1. Benes$ and GIGO9BEN/GLQJ showed that the method used by
Gorski and Koch9GOR/KOQ can give erroneous results if the mobilities measured
are disturbed by a significant adsorption of the trace element on the walls of the appar-
atus or on the supporting porous medium. Consequently, adsorptions during electro-
phoresis should be kept as low as possible. It is known that hydrolysis is accompanied
and often preceded by strong adsorption of trace elements on any available surface.
The adsorption causes a decrease in the apparent mobility of the trace element in solu-
tion. For all these reasons it seems not appropriate to consider further the results of this
paper.

[69KAN]

Kanchiku reported measurements of the absorption spectraTad®g(cr) dissolved

in agueous 0.1, 1.0, 3.0, 6.0, 8.0, and 12.0 M HCl at 293 K. He found thaéTcE(dm
K2TcClg(cr) that had been dissolved in aqueous HCI was unaffected by UV light for
HCI concentrations- 12 M, but at lower HCI concentrations photochemical aquation
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of TcCIéf occurred that took about 2 weeks to reach equilibrium at 293 K under con-
stant irradiation. The amounts of the individual hydrolysis products varied with HCI
concentration. However, solutions opKcClg(cr) in 0.1 to 12 M HCI that were stored

in the dark showed no spectroscopic changes with time and thus still containt%d?l’cCl

Solutions of Tc(j* in various concentrations of HCI were subjected to photo-
chemical aquation for two weeks at 293 K, and the resulting chemical species were
separated on ion exchange columns. The various eluted species were kept in the dark
to prevent further photochemical reaction. These eluted fractions were analysed for
technetium, generally by radioactive counting but sometimes by spectrophotometry,
and for chloride. The charges on the complexes were obtained by ion exchange or
electrophoresis. Kanchiku observed a chemical species with a charge of-ah@ut
and a chloride-to-technetium mole ratio of 5.98 to 6.05, and Koyama, Kanchiku and
Fujinaga p8KOY/KAN] observed a charge of abouil.8 and a chloride-to-technetium
mole ratio of 6.046 to 6.077. This chemical species was obviouslygl‘cCAnother
fraction that was eluted gave a charge of abe0if73 and chloride-to-technetium mole
ratio of 5.23 to 5.27§9KAN], and a charge of about0.9 and chloride-to-technetium
mole ratio of 5.024 to 5.04BBKOY/KAN]. The formula TcCf can thus be assigned.
Koyama, Kanchiku and Fujinaga3KOY/KAN] in their studies of the photochemical
aquation of cha‘, noted that solutions of yellow-coloured TgCbecame brownish
if the pH was decreased below 1. They suggested that the reaction

TcCl +HoO() = TcCls(OH)2™ + HY

gave rise to this colour change. This is the same type of hydroxychloride as was formed
by the reduction of TcQ) in HCI by using HI. Actually, an increase in pH seems more
likely to produce acidic dissociation of this type rather than the claimed decreasing
pH. Kanchiku B9KAN] also separated complexes with charges of 0 and +0.81, to
which they tentatively assigned the formulas Tg£@¢) and ch. They could not be
separated from the solution without being decomposed, which precluded the possibility
of chemical analysis.

Similar experiments were performed for TéBrin 0.5 M HpSOs at 323 K
[76KAW/KQY], but aquation occurred rapidly enough that they quenched the
reaction by cooling the solution in an ice bath. lon exchange was used to separate
the resulting chemical species; the first elution band contained both cationic and
uncharged species. Chemical analysis of the isolated complex from the second band
gave bromide-to-technetium mole ratios of 4.71 to 5.10, and from the third peak gave
bromide-to-technetium ratios of 5.93 to 6.04. These two chemical species were thus
TcBrg and TcBéf [76KAW/KQOY]. The photochemical aquation ofKcBrg(cr)
in aqueous 1 or 2 M HBr, HCIQ and HSO; showed variations in the amount of
individual products with the type of acid use®BICOL/IAN]. A more detailed review
of the photolysis of aqueous technetium solutions was published by Frie@h@RI.

[69KIS/FEL]

The authors studied the reduction behaviour of Jd@alkaline solutions of =1 M,
using chronoamperometric methods. Without gelatin, reduction fronj TieQrc(V)
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occured directly:
TcO, +26° — Tc(V) (A.6)

When 0.005% gelatin or more was added, the mechanism shifted toradection
according to

TcO, +e — TcOi (A7)

Rard B3RAR] estimated, from the “apparent vs potential curves, the aqueous
reduction potential ag&(A.7, | =1 M) = —(0.62+ 0.05) V, converted to refer to the
NHE. From the curve “apparent vs potential in the case of no addition of gelatin,
Rard B3RAR] estimatede(A.6, | =1 M) =—-0.55V.

[69MAJ/PAC]

Majumdar, Pacer and Rulfs determined the solubility of BaD4)2(s) at (29324 0.1)

and (3082 4+ 0.1) K, by using a small-scale saturator column along with radiometric
determination of the concentration %iTc in the saturated solutions. They did sim-
ilar solubility test experiments for aqueous NaCl, AgCl, angCKO,, and reported
agreement te0.8% to+3.1% with literature values for those solubilities. Based upon
that information, we conservatively estimate that their solubilities f@TB@,)2(s) are
uncertain by+3%.

The solubility of BATcO4)2(s) was studied at two temperatures. We represented
this temperature dependence with the equatioccE) = A+BT lwhereA = 44.249
andB = —141506 K . This concentration productis equivalent to a solubility product
on the molarity scale but without activity coefficient corrections. We intend that this
equation be used only for smoothing and interpolation of the experimental solubilities.
We do not consider it to be reliable for calculation of enthalpies of solution, because
of the fairly large uncertainty in the reported solubilities, and because of the neglect of
activity coefficients.

In addition, the solubility of BarcOg)2(s) is high enough that an estimated value of
its activity coefficient would be fairly uncertain. Also, because only two temperatures
were studied, it is difficult to estimate the reliability of the valuecgfat 298.15 K
obtained by interpolation. Thus we do not reanalyse th@ 8a4)2(s) solubilities.

[70COW/LOC]
See comments undeBGLAV/STE].

[71CARZ]

Cartledge used electrodes of technetium metal, or of gold or platinum onto which
a layer of technetium was added. Those technetium covered electrodes in some
cases were prepared by direct plating with technetium metal, whereas others were
prepared by coating the electrodes with electrolytically generatedOfg4(s)”,
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followed by drying the electrode and then reducing the surface wiitg)Ho form
technetium metal. The results of some related experiments were reported in a second
paper f1CAR. In some experiments the electrode was coated with a layer of
“Tc(OH)4(s)”, which was then partially reduced to lower-valence hydrous oxides by
cathodic polarisation.

Table A.2 contains the “corrosion potentials” reported by Cartledge for various
redox couples involving technetium metal and various surface films of hydrous oxides.
Although these measurements were performed in a laboratory whose temperature was
controlled at 297 K, and not in a thermostatted temperature bath at 298.15 K, the tem-
perature dependence of the emfs should be small enough that these values should be
equal to those at 298.15 K within the precisions of the measurements. Cartledge used
a saturated calomel electrode (SCE) as a reference electrode and adjusted the emfs by
adding 0.245 V to convert them to potentials relative to the standard hydrogen elec-
trode. According to Table VI of Hills and Ive$1HIL/IVE], a potential difference of
(0.24454 0.000) V is appropriate for buffer solutions in contact with an SCE and
(0.2450+ 0.0001) V is appropriate for an acidic solution in contact with an SCE, in
both cases when a salt bridge is present to reduce the contribution of the liquid junction
potential, but a potential difference @.24124 0.0002) V should be used when a salt
bridge is absent. Cartledge described his measurements as having been performedin a
large H-cell; presumably this cell contained a salt bridge.

Six of the corrosion potentials were only observed at a single pH value, whereas
seven others were observed at two different pH values. However, two of the proposed
“corrosion” reactions were observed at five different pH values, and another at seven.
In addition, those potentials that were observed at more than one pH had the correct
Nernstian slope of 059 V- pH~1, which indicates that these “corrosion” potentials
represent reversible (or at least quasi-reversible) redox reactions. Thus they could be
used to derive valid thermodynamic results for the hydrous oxides involved in these
redox couple if the oxidised and reduced forms of technetium can be identified.

Given that oxygen was excluded from the cell it is unlikely that significant amounts
of higher oxides or dissolved pertechnetate ions were formed. Cartledge thus postu-
lated the formation of a number of hydrous surface oxides on his polarised electrodes
which he formulated as Tc(OH)(s), Tc(OH3), Tc(OHX(s), and Tc(OH)(s), along
with two mixed-valence hydrous oxides 3(@4(s) and TgO7(s). He then attributed
the 16 E° values in TableA.2 to various redox reactions involving these hydrous ox-
ides. However, the potentials labeled (c), (d), (e), (f), (9), (1), and (p) in Taldevere
detected at only a single pH. Thus there is no way of knowing if they really represent
reversible or quasi-reversible redox reactions, or even if the corresponding extrapola-
tions of these emfs to pH = 0 by Cartledge give meanin@fulresults. Thus those
potentials are rejected.

These redox couples involve solid state redox reactions for essentially insoluble
hydrous oxides, and the only aqueous species that is involved inGdnsequently,
only the pH dependence of the redox couples could be studied. Unfortunately, for
this type of system, a reduction involving1and 1H" can not be distinguished from
another one involving 2Zeand 2H", 3e~ and 3H", or 4 and 4H". Thus there is no
direct evidence for the redox reactions that correspond to each of the redox couples.



Table A.2: Listing of the experimental “corrosion potentials” of CartledfeJJARZ and the pHs at which they were observed, along
with his claimed reactions

E°/v@ E°/V pHs Reactions

(experimental) (normalised)
a) 0.034+0.010 0.031 0.35, 2.05 TcQ) + HT + e~ = Te(9) + HoO(l)
b) 0.073+0.004 0.072 0.35, 3.65 TOH)2(9) + 2HT + 26~ = Tc(s) + 2H,0(l)
¢)n.o® 0.112 TgO4(s) + 8HT + 86~ = 3T(s) + 4Hy0(1)
d) 0.114+? 0.113 3.65 TEH)(s) + HT + e~ = TcOH(s) + Ho0(l)
e) 0.167+? 0.161 0.35 T§04(s) + 5HT + 56~ = 3TcOH(s) + HoO(l)
f) 0.190+0.012 0.185 0.35 TOH)3(s) + 3HT + 36 = Tc(s) + 3HLO(l)
g) 0.234:£0.008 0.234 0.35 T§04(S) + 2HT + 2~ + 2H,0(s) = 3Tc(OH)2(S)
h) 0.264+0.010 0.262 0.35-5.40 (E’P) Tc(OH)3(s) + 2HT + 26~ = TcOH(s) + 2H,0(1)
) 0.296+0.012 0.294 0.35-6.75 ()  Tc(OH)4(s) + 2HT + 46 = Te(s) + 4H0()
i) 0.338£0.006 0.338 0.35, 2.05 THO7() + 10HT 4 106 = 4TcOH(s) + 3H,0()
k) 0.382+0.004 0.382 0.35, 3.65 TOH)4() + 3HT + 36 = TcOH(s) + 3H,O(l)
[)0.411+? 0.414 0.35 TOH)3(s) + HT + & = Tc(OH)2(s) + HoO(l)
m) 0.516+0.014 0.518 0.35-5.40 (8)  Tc(OH)4(s) + 2HT + 2e~ = Tc(OH)2(s) 4 2H,0(1)
n) 0.619+0.010 0.620 0.35, 3.65 TOH)4(9) + HT + & = Tc(OH)3(s) + HoO(l)
0) 0.661+0.008 0.657 0.35, 3.65 3TOH)4(9) + 4HT + 4e= = Tcg0y(9) + 8HL0O(1)
p) 0.765+? 0.768 3.65 3TEOH)3(S) + HT + & = Tcz0a(s) 4 5Ho0()

@ The experimental emfs were corrected to pH = 0 and referenced to the standard hydrogen electrode by Cartledge.
The authors of this review assume that the uncertainties reported by Cartledge were estimated standard deviations,
and therefore they were increased by a factor of 1.96 to convert them to 95% uncertainty limits.

(b According to Cartledge, this expected potential was not observed. Actually, it falls so close to the potential for the
reaction givenmmmedately below that it is impossible to be certain which of these emfs was actually observed.

(© The numbers given in parentheses are the number of different pHs in this range where that potential was observed.
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Cartledge noted that the Gibbs energy of formation per equivalent of metal, of
a series of solid binary oxides of the same metal, frequently has a linear or nearly
linear dependence on the average valence of the metal. By assuming that a similar
linear relationship holds for the hydrous oxides of technetium, and usj@&j, of
TcpO7(cr) and hydrated Tcgs) as “tie points” for the curve, he was able to estimate
A¢G;p, for various oxides of technetium with valences below seven. Once this was
done, Cartledge was able to “explain” the observed “corrosion” potentials as being
due to redox reactions involving TcOH(s), Tc(QkE), Tc(OHX(s), “Tc(OHu(s)”,
Tcz04(s), and TgO7(s).

We note that even if the resulting average valences for the various hydrous ox-
ides of technetium that were claimed by CartledgeGARZ were correct, the chem-
ical formulae are still uncertain. For example, the hydrous oxide of Tc(lll) could be
Tc(OH)(s), TAOH)3-xH20(s), TcO(OH)(s), TC@OH) - xH20(s), or TeO3-xH20(s).

There is no unambiguous criterion for distinguishing a hydroxide from a hydrated ox-
ide in the absence of structural data.

There are several difficulties with the method of assigning valence states that was
used by Cartledge. The first of these difficulties involves the assumption of a linear
Gibbs energy relationship for technetium “oxides”. Although it does hold for some
systems, for others like FeQhere is marked curvature. There is no information as
whether or not it is applicable to hydrous oxides of technetium. In addition, the “tie
points” used by Cartledge were J@7(cr) and TcQ-xH>O(s). The use of a slope based
upon one hydrated and one anhydrous oxide yields uncertainties in predigtdjg
for other hydrous oxides. Forcing thg Gy, for the other hydrous oxides to fit on a
linear or nearly linear curve effectively amounts to treating the valences of technetium
in the oxides as least-squares variables.

Secondly, some of the “normalised” potentials derived by Cartledd€AR2
71CAR] are so close together that ambiguity exists as to which redox reaction they ac-
tually refer to. For example, his calculated “normalised” values for th&®1(s)/Tc(cr)
and Tc(OH3(s)/TcOH(s) potentials only differ by 0.001 V, but the experimental emfs
are uncertain by 0.004 to 0.014 V. Cartledge noted that the potential assigned by him
to the TqO7(s)/TcOH(s) electrode could equally well be explained by assuming the
lower valence hydrous oxide was Tc(Q¥H). This has also been discussed by Meyer,
Arnold and Case§6MEY/ARN].

Thirdly, we note that Cartledg& 1 CAR) reported that he observed “halts” in the
curves of potential against time when kh the H-saturated solutions was displaced
with He. These “halts” occurred at 0.01 to 0.02 V, which is too low to be accounted for
in terms of redox reactions involving his postulated hydrous oxides.

One further consideration needs to be made. The experimental “corrosion” poten-
tials were determined using polarised electrodes, and thus the experimental potentials
may be shifted from the true equilibrium values. Consequently the observed potentials
may differ from the correct values by several mV. This has serious ramifications on
the accuracy of the derivetNiGy, for the various hydrous oxides. Meyer, Arnold and
Case B6MEY/ARN] suggested that this polarisation was due to reduction of residual
dissolved Q(g) or radiolytically generated oxygen.

The purpose of this detailed discussion of Cartledge’s corrosion potentials
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[71CARZ2 71CAR] is to note that not all of his postulated hydrous oxides may be real,
and that more detailed chemical information may cause some of them to be rejected in
the future.

Six of the E° values of Cartledge were based on measurements at two pHs, one
at five pHs, one at six pHs, and one at eight. Since the latter three potentials were
observed at a variety of pHSs, this suggests they probably represent valid redox poten-
tials involving one or more of the more “stable” of the surface oxides. As indicated
by the discussion in Section3, hydrous oxides of Tc(lV) are the most widely known
and easily prepared of the bulk phase hydrous oxides, and thus a hydrous surface ox-
ide of Tc(lV) is likely to be involved in at least some of these three redox reactions.
However, as also discussed in that section, a hydrous oxide of Tc(lll) is also known
but which undergoes spontaneous disproportionation when the pH of the solution is in-
creased above 3 or 4. Cartledge attributedihe= 0.26440.010 V to a redox couple
involving Tc(OH)(s) and Tc(OH)(s). The potential “halts” giving rise to this redox
couple were observed at pH = 0 35, 3.10, 4.03, 5.00, and 5.40. Given the instability of
Tc(l11) at these higher pH values, this assigned reaction seems doubtful to us.

Cartledge suggested that the redox potentidtdf= (0.296+ 0.012) V, entry (i)
of TableA.2, corresponds to the reduction of “Tc(OB)” to Tc(cr):

Tc(OH)4(9) + 4HT +4e= = Tc(cr) 4+ 4H0(1)

This assignment was based on his observation that the valaeGff(TcO, - xH20,

s, 298.15 K) calculated from this potential was close to that calculated from the then
available potential for the TcpTcO; - xH20(s) redox couple. We repeated this calcu-
lation using our evaluated;Gp,(TcO; - 1.6H,0, s, 298.15 K) using the reaction:

TcO, - 1.6H0(9) + 4HT + 46~ = Te(er) + 3.6H20(1)

For this reaction, A/G;, = —(9520 £ 8.4) kJmol-1.  This value yields

E° = (0.2467 £ 0.0218) V, which falls close to Cartledge’s observed

E° = (0.234+ 0.008) V, andE°® = (0.264 £ 0.010) V, entries (g) and (h) of
Table A.2, and is in less than good agreement with B = (0.296+ 0.012) V.
Clearly, the uncertainties in the calculated standard potentials are so large than no
unique assignment of reactions can be made to the vafSugalues reported by
Cartledge.

Because of these uncertainties we do not further analyse Cartleditje’s
values. Furthermore, we consider some of the evidence for Cartledge’s proposed
lower-valence and mixed-valence hydrous oxides to be equivocal, especially for
Tcz04(s) and TgO7(s). There are several published thermodynamic data bases for
technetium T4AMAG/CAR, 80PAQ/RE| 83RAR, 85ISH 85MAG/BLU, 86BR(J and
several potential/pH diagram8QPAQ/RE| 85ISH, 86BID/AVO, 86BRJ which
include A¢G;, values calculated from thE° values of Cartledge. These potential/pH
diagrams predict that EO4(s) can be a solubility limiting phase for the Te-®I,0
system under certain reducing conditions. However, in view of all of the available
evidence, we consider 304(s) to be a questionable compound. It is more likely that
TcO; - xH20(s), TcQ(cr), and Tc(cr) are the actual solubility limiting phases under
various reducing conditions.
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[71SEL/FRI]

Vibrational peaks were observed forsl(g) at 185 and 957.3 cnt (strong or very
strong); 60 cm* (medium-to-strong intensity); 178, 340, 357, and 955 &ifmedium
intensity); and 466 cm® (very weak). Vibrational peaks at 60, 466, and 957.3tm
were polarised. In addition, Selig and Fried showed thai(rRé&) had a very sim-
ilar Raman spectrum, with the same number of peaks and at similar frequencies and
intensities, with the corresponding three peaks also being polarised.
All of the observed frequencies in the Raman spectrum feOy¢g) were attrib-
uted by the authors to vibrational fundamentals and not overtones or combinational
bands. Both liquid and gas phaseoDe have fewer vibrational peaks than solid
TcpO7(cr); this implies that the symmetry of 307 in the fluid phases is greater than
in the crystals. Selig and Fried assigned the vibrational fundament&(3 ¢eO-Tc)
for 60 cn1; 178 and 185 cm! to the rocking mode;(-TcOs); 340 and 357 cmt to
8(-TcOg); 466 cn1! to the symmetrical stretchy(Tc-O-Tc); and 955 and 957.3 cth
to v(TcOg). No asymmetric stretching vibration of the Tc-O-Tc bridge was observed;
it should appear in the IR spectrum which, unfortunately, has not been reported.
Baran [f4BAR] reanalysed these published vibrational frequencies g®¥(@) us-
ing a simplified molecular model with 307 being formally treated as ag0cO mo-
lecule (the prime denotes the bridging oxygen) wity goint symmetry. Within the
framework of this formalism the observed vibration at 60¢ris no longer a funda-
mental, and the unobserved fundamen(@it-O') was estimated to occur at 633 th

[71SPI/GLI]

Spitsyn, Glinkina and Kuzina studied the progressive hydrolysis dicdOCls(cr) in
1.85, 3.7, and 5.5 M HCl at room temperature for up to 53 days, and changes in the ab-
sorption spectra were still occurring even after that time. Hydrolysis,dtOCh(cr)
in 3 M HCI was investigated both at room temperature and for heated samples. The
resulting precipitate had a Tc:Cl ratio varying from 1:3.8 to 1:4.5. Oxidation wiftt Ce
showed the technetium valence was Tc(V) in all cases. The varying Tc:Cl ratio, and
the continuously changing spectra, suggested that a continuous series of hydroxyoxy-
chlorides of Tc(V) was being formed. Crystals of the isolated solid had the approxim-
ate empirical composition KicOCL(OH)(s). This crystalline substance was partially
characterised by UV/VIS and IR spectroscopy.

An attempt was made to prepare this material by Baldas and co-wo88Ba[],
and a substance was obtained which had an IR spectrum similar to that reported by
Spitsynet al. However, the IR features were identified as due to the presence of a
pertechnetate salt, rather than a Tc(V) complex.

[73GUE/GUI]

An aqueous solution o"]g”*rcoz was reduced with 0.26 M NaBtat pH = 9.5. Ali-
quots of this solution, after adding various amounts of HCA@d equilibrating for 15
minutes, were extracted with toluene to remove TcO(£0&t)). The amount of extract-
able Tc(1V) decreased very rapidly in acidic solutions, and after 1 hour the distribution
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coefficients decreased remarkably due to the oxidation of Tc(IV) to,TcThe au-

thors mentioned the presence of radiocolloids at carrier-free concentration of Tc(IV).
Guénnec and Guillaumont presented a rough estimate for the deprotonation reaction,
TcO(OH)" + H20(l) = TcO(OH)(aq) + H', of log; oK ~ —1.

[74BAR]
See comments under{SEL/FR].

[74MAZIMAG |

Convincing direct evidence for a Tc(lll) hydrous oxide comes from the voltammetric
reduction of TcQ in Ox(g)-free (Nx(9)-purged) solutionsAMAZ/MAG]. Experi-
ments were done on a platinum microelectrode, and the pH was variedftobnto

14. The resulting electrode deposits were allowed to react with a 280Isolution
containing Ce(lV), and dissolution occurred very slowly. The amount of excess Ce(IV)
that remained after oxidation of the deposit to T,c®as determined by back-titration
with Fet. Their experiments indicated that the brown-black electrode deposits con-
tained only Tc(lV) for electrolysis done at pH 3, but a mixture of Tc(IV) with a
lower-valence hydrous oxide (presumably, of Tc(lIl)) was obtained at@- Similar
oxidation state results were obtained if the electrode deposit was first dissolved in 3 to
10 M HCI and then oxidised with Ce(IV). These results indicate that a hydrous oxide
of Tc(lll) formed at low pH, but that it is probably unstable with regard to formation
of Tc(IV) for pH > 3.

[74VIN/ZAI ]

Vinogradov et al reported the solubilities of(NH4)2TcClg(cr), KoTcClg(cr),

R TcClg(cr), and CsTcClg(cr) in 3.0, 5.0, and 10 M aqueous HCI, and of
(NHg4)2TcBrg(cr), KoTcBrg(cr), RpTcBrg(cr), and CsTcBrg(cr) in 3.5, 7.0, and
9.52 M aqueous HBr at 298 K. Solubility equilibrium was reached in one day for
the chloride solids, and in one and a half days for the corresponding bromides.
Photochemical aquation of the T§X ions was probably not significant during
the time frame of their experiments. The 'I'@(concentrations were determined

spectrophotometrically, and that of &I—by Kjeldahl's method. None of the Tc?r

solids showed a variation in the solubility with HBr concentration, nor did those of
K2TcClg(cr) or RipTcClg(cr) with HCI concentration for solubilities expressed on the
molar concentration scale. Very slight trends were observe@\Hy),TcClg(cr) and
CsTcClg(cr), but they were in opposite directions as a function of HCI concentration.
However, since only three points were measured for each solid, and the trends are
small, these trends may not be significant relative to the accuracy of the measurements.
Plots were given of the variation of solubility ¢fH4)2TcClg(cr) at 298.15 K in 10 M

HCI with concentration of added N{€1 and for(NH4)2TcBrg(cr) at 293.15Kin 7 M

HBr with added NHBr. Addition of NHzX caused a roughly 10-fold decrease in the
solubility of (NH4)2TcXg(cr).
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The solid phases were not characterised. However, it is known that addition of stoi-
chiometric amounts of MX salts to T<26X solutions gave a precipitate of unhydrated
M>TcXg(cr) (see Sectio.4.2.2.3, so it is safe to conclude that the solid phases in
this solubility study were of this type. The nature of the solution phase is less cer-
tain. The absence of a variation of the molar solubilities on the concentration of X
from HX indicates that fully-coordinated hexachlorotechnetium(lV) ions and hexabro-
motechnetium(lV) ions are the only or at least the predominant species in these HX
solutions. However, the lack of variation of solubilities with” loncentration could
indicate that either undissociated FtXg(aq), Tc)%‘, or undissociated McXg(aq)
was the predominant dissolved species. It will obviously make a large difference in the
extrapolation to infinite dilution, sincg; zi2 = 0 in the first and third cases but equals
6 in the second case.

If undissociated HTcXg(aq) was produced upon dissolution of, MeXg(cr) in
aqueous HX, then the dissolution reaction would be

MoTcXg(cr) +2HT = HaTcXg(ag + 2M™ (A.8)

with a solubility constant oK s(A.8) = [HaoTcXe(ag)][M*12/[H1]2. This strong de-
pendence oKs on H™ was not observed, so this dissolution reaction is not considered
to be tenable. The possiblity that undissociategll¥Xg(aq) was present in solution
is also considered to be unlikely since alkali metal and ammonium salts are generally
dissociated in aqueous solutions.

The remaining possibility for the solubility reaction is

M2oTcXs(cn) = 2MT +TeX3™ (A.9)

with a solubility constant oK s o(A.9) = [M+]2[TCX§*]. The solubilities can be ex-
trapolated to infinite dilution with the specific ion interaction approatAppendixC,
which requires that the solubility and ionic strength are reported on the molal concen-
tration scale. Vinogradogt al. however, gave their concentrations on the molar scale.
Their solvents were 3.0to 10 M HCl or 3.5t0 9.52 M HBr, and the molality-to-molarity
ratio of dissolved MTcXeg(cr) will be the same as this ratio for the HX in that solution.
These concentration scale conversions are done graphically by usindrttadarity)
andm (molality) values tabulated by Morss for 0.10 to 6.83 mkg 1 HCI [76MOR]
and the densities tabulated in Landolt-Bornst&r)’A/SUR]. The Landolt-Bornstein
densities are also used for aqueous HBr solutions. Densities in Landolt-Bérnstein were
given in tabular form at 273.15, 293.15, and 313.15 K, but not at 298.15 K. Since
densities to only three significant figures are adequate for our concentration scale con-
versions, a simple linear interpolation to 298.15 K is used. The resulting saturation
molalitiesms and solubility products are summarised in Tahl8.

Densities of aqueous HBr in Landolt-Bérnstein extend only to 10.11-kgot
(7.99 M). The molality of 9.52 M HBr is then estimated graphically from a plot of
m/c against extrapolated to higher. Values based on this extrapolation are enclosed
in parentheses.
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Table A.3: Solubilities and solubility products for NMcXg(cr) at 298.15 K in HX
solutions from Vinogradoet al. [74VIN/ZAI].®

lonic strength ms logipKs  —6D  logjoKs — 6D = logoK¢
(mol-kg=1)  (mol-kg™1)

(NHg)2TcClg(cr) = 2NH; + TeC™

3.20 HCI 439x 1073 —6.47 —1.48 —7.95
5.56 HCI 456 x 1073 —6.42 —159 —-8.01
12.65 HCI 507 x 1073 —6.28 -171 —7.99

—7.98 (Average)

KaTcClg(cr) = 2K+ + TeCE™

3.20 HCI 124 x 1073 —-8.12 —1.48 —9.60
5.56 HCI 131x 10738 —8.05 —159 —9.64
12.65 HCI 148 x 1073 —7.89 -171 —9.60

—-9.61 (Average)

Rb,TcClg(cr) = 2Rbt + TeCl2~

3.20 HCI 390 x 104 —9.62 —-148 -1110
5.56 HCI 411 x 1074 —9.56 -159 -1115
12.65 HCI 466 x 1074 —9.39 -171 -1110

—-1112 (Average)

CsTcClg(cr) = 2Cst + TcCIg_

3.20 HCI 306 x 104 —-994 148 1142
5.56 HCI 323x 1074 —9.87 —-159 1146
12.65 HCI 368 x 1074 —-9.70 -171 -1141

—1143 (Average)
(NHg)2TeBrg(cr) = 2NH + TcBr2

3.86 HBr 119 x 102 -517 —-152  —6.69
8.56 HBr 131 x 102 -505 -—166 —6.71
(12.7) HBr (144 x 1072)  (-4.92 -172 (—6.64
—6.68 (Average)

KTeBrg(cn = 2KT + TcBra-

3.86 HBr 099x 102  -541 -152 —693
8.56 HBr 109x 102  -529 166 —6.95
(Continued on next page)
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Table A.3: (continued)

lonic strength ms logipKs  —6D  logjoKs — 6D = logoK¢
(mol-kg~1)  (mol-kg™1)
(12.7) HBr (119x 1072) (=517 -172 (—6.89)

—6.92 (Average)

RbpTcBrg(cn = 2Rb" + TcBra

3.86 HBr 143x 1073 —-793 -152 —9.45
8.56 HBr 149 x 103 —7.88 —1.66 —9.54
(12.7) HBr (L.72 x 10*3) (=769 —-1.72 (=9.41
-9.47 (Average)

CspTeBrg(cr) = 2Cs + TeBr2

3.86 HBr 365x 104 -971 -152 -1123
8.56 HBr 376 x 1074 —-9.67 —1.66 —1133
(12.7) HBr (453x 1074 (=943 -172 (-1115
—1124 (Average)

@The ionic strength (1Z mol- kg~1) andms (equilibrium concentration of dissolved solid)
values at the highest HBr concentration were converted from molar concentrations by graph-
ical extrapolation of then/c ratio against for aqueous HBr.

TableA.3 contains the derived lagK¢ ,(A.9) values for My TcXg(cr). They show
no significant variation with,, and the average values are recommended. The lack of
a significant concentration dependence for theseokog,(A.9) supports our chosen
solubility reaction. However, we consider theselb}gS O(A 9) values to be uncertain
by at leastt1 since:

e the ionic strengths are quite high which makes the activity corrections less cer-
tain;

e inevery case logK ,(A.9) at the intermediatén, is very slightly more negative
than at the higher and lowey,, which indicates that Iog,K"o(A 9) vs Iy may
have slight curvature.

It should be recalled that if the HX concentration is lowered sufficiently, hydrolytic
precipitation of the technetium will generally occur.
[75BRA/BRA]

Polarographic measurements were made to study the reduct?@iﬁcc!b; in various
media. Reduction to Tc(V) was observed in 0.1 M KOH, 0.1 M NaOH, 0.1 M KCl and
1 M NaClQy with a potential ofEy, = —0.8 V vs SCE. This process was followed by
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catalytic evolution of hydrogen gas at more negative potentials. In 20% HCI solution
(i.e., about 6 M HCI) a three-electron reduction was observed, as was in 0.1 M KCN
and 1 M sodium citrate witle; >, = —0.88 V vs.the SCE, but the pH of this unbuffered
solution was not reported. For Tc(V) and Tc(IV) the formation of hydrolysis products
was proposed, which is in agreement with the results in acetonitrile at low amounts
of water. In such concentrated HCI solutions, reduction of Ja@curs with partial
formation of chg‘ and other aqueous species. For a complete formation ongcCI
concentrated HCI is needed, and several days are required at room temperature, see
SectionV.4.2.1.1 The conditions chosen are not appropriate for the measurements in
acidic solution. The authors of this paper did not consider the large amount of literature
existing on the behaviour of in aqueous HCI solutiocs8BUS 64RYA/POZ 66SHU
69KAN, 71SHU 71SHUZ. Also, no mention was made concerning the calibration
and standardisation of the pH and polarographic measurements.

[75COT/PED]

Cotton and Pedersen found that the half cell reaction
TcoCl2™ (aqueous ethanpl- e~ = Tc,Cl3~ (aqueous ethanpl

occurred quasireversibly at 0.38 V in a mixture of 10 vol-% 12 M HCI and 90 vol-%
ethanol. Since the lifetime of 'ECIgf was found to be>>300 s, it was clear that it
could be possible to prepare other solid binuclear halides containing this anion.
Schwochatet al. [77SCH/HED reported preparation of such a compouid-
C4Hg)aN)2Tc2Clg(s), using reduction of Tcpby HzPG; in aqueous @(g)-free HCI.
However, Cottoret al. [B1LCOT/DAN reported that attempts to prepare that compound
with reduction by HPQ, gave solids containing TcOglions instead.
Preetz and Peter8)PRE/PETRreduced chg‘ by using zinc in concentrated
HCI, evaporated the solution and then extracted Zm@th diethylether, and obtained
a residue. This residue was dissolved in dilute HCI viitiC4Hg)4NCl added, and the
resulting mixture of((n-C4Hg)4N)2Tc2Clg and ((n-C4Hg)4N)3TcoClg was extracted
with CH>Cl,. These two compounds were separated by taking advantage of the greater
solubility of ((n-C4Hg)4N)2TcoClg in acetone, relative t(n-C4Hg)4N)3TcoClg. This
method of preparing TgCIé‘ was confirmed by Cottoet al. [BLCOT/DAN, who
characterised the structure of this compounds. Since both Getttdn[81COT/DAN
and Schwochaet al. [77SCH/HED reported the same structure type and very similar
unit cell dimensions, their products must be identical. However, the details of prepara-
tion of ((N-C4Hg)4N)2TcoClg(s) by reduction of chél‘ with H3PO, need to be more
clearly defined.

[75LIE/MUN |

The emf measurements of Liebscher and Minze were dof@9atl5+ 0.2) K using

a cell arrangement quite similar to that of Cartledge and SrBBICAR/SMI, except

that Liebscher and Miinze separated their cell compartments with a KCI salt bridge.
Their electrode was prepared by electrodeposition of2FgB,0(s) onto platinum, by
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electrolytic reduction of Tc® from a dilute solution of NETcO4 and HSOy. They
found that flushing the solutions withokg) or Ar(g) to remove air during the emf
measurements caused the observed cell potentials to decrease; these potentials slowly
approached a steady value only after about 5 hours. This confirms earlier observations
of the effect of deoxygenation on the cell potentBCAR/SMI.

Liebscher and Miinze varied the concentration ofsMeD, from 1.14 x 1072 to
1.43x 1072 M, and the pH from 1.05 to 4.5. They did not report the concentrations of
H,SOy used in their individual solutions, but did state that they ranged fronl5—4
to 0.05 M. However, because they reported the pH values, it was possible to estimate
the concentrations of #8604 in their solutions. The three experiments for the pH range
of 1.05 to 2.90 yielded deriveB° values for the TcQ/TcO, - xH,O(s) redox couple
of 0.766 to 0.769 V. However, at pH= 3.85 this “standard” potential decreased to
0.745 V, and at pH= 4.5 it decreased further to 0.728 V. This decreasdthat
higher pH values was unexplained. They reported that their potentials had a Nernstian
response with pH change for pH 1.05 to 2.90.

[75SMUN/GRO]

Minze and Groldmann studied the kinetics of the hydrolysis of é‘cﬁh aqueous
0.001 to 3.0 M HBr. They reported that hydrolysis occurred by way of the reaction

TcBrZ™ +2H0() = TcOg(s hydrated + 4H™ + 6Br~

The kinetics of this hydrolytic reaction were monitored by absorption spectra measure-
ments, and the following rate equation was obtained:

—d[TcBrZ 1/dt = K[TcBra 1/[HT1?[Br 1°

No values ok were given, but for 85x 10~° mols of Ky TcBrg in 5 cn of 0.01 M
HBr, for example, after 90 minutes the hydrolysed species contained 3.58p@H
technetium (final pH= 1.13).

[76ARM/TAU]

A detailed study by Armstrong and Taube leaves no doubt that the complex
prepared by Eakins, Humphreys and Melli8EAK/HUM] was actuallytrans
[Tc(NH3)4(NO)(OH2)]Cl> rather than [Tc(NH2OH)2(NH3)3(H20)]Cl2(s) as
originally proposed. In most nitrosyl complexes the nitrosyl group is assigned a
+1 charge, so they assumed their complex contained Tc(l). Armstrong and Taube
followed Eakins, Humphreys and Mellish'€3EAK/HUM] method of preparation,
except that they purified the complex by cation exchange using 1 M HCI as the eluting
agent. The complex could be converted to a methanesulphonate solution by elution
with methanesulphonic acid. Addition of solid NaBr or concentrated H&¥Hutions
then gave precipitates of the corresponding Bnd BF; salts. The trifloroacetate salt
was prepared by ion exchange with the chloride salt.

Armstrong and Taube’s results from potentiometric pH titration indicate that the
H»0 in trans[Tc(NH3)4(NO)(OHy) 12T behaved as an acid with pk= 7.3 at| =
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0.01 M and 298 K. At pH values above the end-point, solutions of the complex slowly
decomposed in air. Solutions of the complex in 2 M Hg® CRSOsH, or in dilute

HCI or HBr, appeared to be stable, but in 2 M HCI or HBr this complex underwent
slow transformation to form a solid which had different colour than the Tc(l) aqueous
complex. The solubility of the chloride complex in water wa8.03 M.

Oxidation of the Tc(l) complex by electrochemical or chemical methods in acidic
solutions yielded the a complex of Tc(lkyans[Tc(NH3)4(NO)(OH2)]Cl3. Results
from cyclic voltammetry in 3.0 M trifluoromethanesulphonate indicated that water in
this aqueous complex Tc(NHs(NO)H,O3t behaved as an acid with ~ 2.0.

The [Tc(NH3)4(NO)(OH2)13+/[Tc(NH3)4(NO)(OHp) 12t  redox couple in
aqueous 3 M trifluoromethanesulphonate solution was reversible at 0.80 V ferhH
but it was irreversible above pH 2 [7T6ARM/TAU].

There is only a single approximate value for the acidic dissociation constapOof H
complexed tdrans[Tc(NH3)4(NO)(OH>)]Cls and it is at the fairly high ionic strength
of 3 M. Thus there are insufficient data to calculate a reliable value€jofHowever,
for the dissociation reaction

trans[Tc(NH3)4(NO)(OH») 1>t = (A.10)
trans[Tc(NH3)4(NO)OH] T + HT

they reported that logK (A.10) = —7.3 at an ionic strength of 0.01 M. At this low
ionic strength, molarity and molality are essentially equal, bpds low enough that
activity corrections can be made accurately. Thus;dé§ + 2D = —7.21. Since no
uncertainty was reported for lggik, and since only one ionic strength was studied,
this review conservatively estimated tH&e is uncertain by+3 x 108 (50%). The
obtained value is thus lagK °(A.10) = —(7.21+ 0.18)

This value is not recommended by this review since only a single ionic strength
was studied.

[76AST/SCH

Polarographic and controlled-potential coulometric studies on permanganate, pertech-
netate and perrhenate in water, acetonitrile, dimethyl sulfoxide and dimethylacetamide
were performed. The potential measured in water for the reduction step TegVIl)
Tc(V) was reported a1/, = —0.84 V vs SCE at 298.15 Ki.e., —0.60 V vs NHE.

In aprotic solvents the oxidation state +VI is stabilised in all cases.

[76GAY/HER]

Gayer, Herrell and Busey purified their technetium metal by oxidation t@7(cr)

with dry Ox(g), followed by purification of this Tg€07 by sublimation, and, finally,
reduction of it with H(g) to reform the metal. This metal was then ground to a fine
powder for their solution experiments. Gayer, Herrell and Busey dissolved their tech-
netium metal in aqueous solutions containing 0.15 M Ce(lV) perchlorate and 3.25 M
HCIO4, with two enthalpy determinations. The metal was thereby oxidised tg TcO
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They also performed similar solution experiments with mercury metal (gold as a
catalyst), HgO (cr, yellow form), and $©(cr), each in this same solvent mixture.
These results were combined in a thermodynamic cycle to yield results for the reaction:

2Tc(cr) + 7HgO(cr, yellow) = 7Hg() + TcO7(cr) (A.11)

for whichArHp, (A.11) = —(4944+£155) kJ-mol~1, for one mole of TgO7(cr). We
converted their reported standard deviation to 95% confidence limits. They used this
result to derive the enthalpy of formation of Jl&;(cr). Redoing this calculation gives:
AfHg, (TcpO7, cr, 29815 K) = —(1127.6+£15.5) kJmol~—1. We note that there is some
uncertainty as to the correct numerical valueHy,(HgO, cr, yellow, 29815 K),

which is needed for the recalculation afHp,(Tc2O7, cr, 29815 K) from the en-
thalpy of solution study of Gayer, Herrell and Bus&6GAY/HER. We accepted

their choice ofAtHp, = —90.46 kImol~1 for yellow HgO(cr) B2WAG/EVA]; the
CODATA [89COX/WA( (note 101) and NBS value82WAG/EVA| of AtGp, (HgO,

cr, yellow, 298.15 K) are virtually identical.

Inasmuch as Gayer, Herrell and Busey obtained their HgO(cr) from the NBS, the
NBS evaluation 32WAG/EVA] of AtH5, (HgO, cr, yellow, 298.15 K) was accepted
for reanalysis of results for 5©7(cr). However, if the experiment value of Vanderzee,
Rodenburg and Berg7dVAN/ROD] proves to be correct, then the derived value of
AfHS, (Tcp0y, cr, 298.15 K) should be more negative hg ZImol~2.

[770WU/MAR]

A cation exchange distribution technique was used to determine the net charge of the
technetium species produced by reductio?lgﬁﬂ'cog with SnCb in HCIO,4 solutions.

In the pH range 1.2 to 2.0 and in 1Hto 1072 M Sn(CIQy)» solutions in nitrogen at-
mosphere, they foun®™Tc concentrations between 19and 107 M. The Tc(IV)
species showed a charge of +2 per technetium, which could correspond %6 T@O
Tczo‘z”) or Tc(OH)%*. To demonstrate the validity of the method used, distribution ex-
periments with the same resin system were carried out with ##teand®>Zr species

of known charge. Errors in the pH measurements seem excluded by direct determin-
ation of the H ion concentrations via titration with standard sodium hydroxide. The
results agree only partially with those of Meyadral [91MEY/ARNZ], which implies

that a Tc(IV) species of charge +2 can only exist (if at all) only atpH.5.

[77SPI/KUZ]

Spitsynet al. noted that hydrothermal reduction @fipy)>TcClgs(s) by molecular hy-
drogen in an autoclave produced different coloured solutions during reduction, depend-
ing on the HCI concentration used, but the final reduction product was always dark-
brown (Hpy)3TcoClg - 2H20O(s). The solution colours were blue in 7 M HCI, green in
5to 6 M HCI, and brown in 4 to 4.5 M HCI. They accounted for these colour differ-
ences in terms of the formation of an intermediate speciesﬂ@@l)g‘ at lower HCI

concentrations. The reverse process, decomposition ;g.&tlj‘c with changing HCI
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concentrations, was studied in more detail both in the absence and presengg)of O
[80SPI/KUZ 81KRY, 83KRY/KUZ].
Aqueous solutions of Tgf:lg‘ reacted with @-free HF(aq) and HI to form Td=5~

and Tcglg‘, respectively 81KRY]. Aqueous solutions of Tgt:lg‘ in concentrated

HCI were gradually oxidised further to yellow Tc@CI by Ox(g) in air [fOBRA/COT].
However, even in the absence 0$(@), solutions of TQCIS* slowly decomposed to
TcCIéf over a several day period TSPI/KUZ3.

Spitsyn, Kuzina and Kryuchko8pDSPI/KUZ studied aquation of TZ(CI? in Oy-
free HCI at different HCI concentrations. The solution colour at 293 K varied from
azure blue in 5.0 to 9.0 M HCI, to turquoise green for 3.0 to 5.0 M HCI, to emerald
green for 2.0 to 3.0 M HCI, to yellowish-green for 1.0 to 2.0 M HCI, to greenish-brown
for 0.5to 1.0 M HCI, and to dark brown in the absence of HCI at9pH0. Electro-
phoresis measurements indicated that the effective charge on the cluster varied from
—(3.0£0.8)in5.0t0 9.0 M HCI to+(3.4+ 1.4) at pH= 10, which indicates stepwise
aquation with loss of chloride was occurring with increasing pH. The optical absorb-
ance of these solutions was monitored as a function of pH and time. They saw evidence
for little oxidation of the dimer in the absence 0$@), and proposed that the black
solid that precipitated was 305 - xH20(s). Magnetic susceptibilities gave an effective
magnetic moment of 2.5 B.M., which indicates the presence of this hydrous oxide of a
single unpaired electron. We note, however, if HCI can oxidise the hydrolysed species,
then the average valence of technetium in this hydrous oxide could have been higher.
Their proposed stepwise aquation ofzugf involved TgClg_x(OH2)X~3 intermedi-
ates B1KRY].

In the presence of £§g), decomposition of TgCIﬁf involved a more complex
mechanism §1KRY, 83KRY/KUZ]. They suggested that competing processes oc-
curred: acid induced aquation, disproportionation of the dimer with rupture of the
Tc-Tc bond, and also oxidative addition 0%(@) to the dimer with subsequent rup-
ture of the Tc-Tc bond. It was also claimed that Tc(ll) species andgl‘ctbrmed by
disproportionation of Tgmgf for HCI concentrations-3 M in the absence of £3g)
[83KRY/KUZ], and that TCC%* and TcOC}(OH)2~ formed in the presence ofA)
with T0202CI§‘ as a proposed intermediate spec®BqRY]. If the concentration of

HCI is reduced, the Tc(gfr can undergo hydrolysis, and, at high enough pH values,
TcOy - xH20(s) should precipitate.

[77VOL/KON]

Volk, Konarev and Barabash reported values of the solubility of N4 (cr) in water

and in aqueous NNO3, and of NH;NOs(cr) in water and in aqueous NHFcOg,

over the whole composition range at 298.2 K. They did not report how precisely they
controlled their temperature.

The concentrations of NHin the saturated solutions used by Volk, Konarev and
Barabash were determined by them using the Kjeldahl method, and the concentrations
of dissolved TcQ by spectrophotometry or radiometry, but they did not identify which
solutions were analysed for technetium by the individual methods. Concentrations of
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NOj in these solutions were obtained by differernce, charge balance between total
NHI and the amount present as Tg@alt. They did not estimate their experimental
uncertainty. See also the discussion@fRAR/MIL].

Their solubilities of NHTcOy(cr) and NH;NOs(cr) were reported by them both
in unit of per cent by mass and as moles of electrolyte per 100 g of solution. We
calculated the molalities of NATcO4 and NH;NO3 from the per cent by mass values,
by assuming that their technetium isotope W2Ec.

The thermodynamic solubility product for NFicOy4(cr) on the molal concentra-
tion scale is given by:

o _ —
s0 = M - Mhreo, * YNHY © YTeo; = Km - YNH} * YTco;,

where, in generar,nNHI > Mo, because of the presence of NWD3 in the solu-
tions. Corrections of the values of IpgK ¢, to infinite dilution are made using the
SIT. If the contributions of the solubility of NkTcOy to the total ionic strength of
the solutions were negligible compared to the contribution ofyN83, then the SIT
equation for this system would have the following form:

Ioglo KS,O -2D = |0g10 K;O — As¢ Im

In this case, the relatively large solubility of NAcOy in water (0.594 mokg 1)
causes variations in the ionic strendth. However, we found this equation to be
useful for a preliminary assessment of the precision of the solubility measurements.

TableA.4 contains a listing of the experimental solubility measurements, values of
Kso, and logy Kso — 2D at different total ionic strengths| FigureA.2 is a plot of
these logy Kso—2D values againdin.  An examination of Figurd.2 indicates that
values of logg Kso — 2D for experiments with, > 6 mol- kg~ are fairly smooth,
with a scatter of only-0.01 or= 0.02 logarithmic units. Unfortunately, the values of
that quantity withl;, < 6 mol- kg~! are much more scatteret0.05 to +0.15 log
units, and this is the region most critical for the extrapolation to ob{@ig

It is quite possible that this increased “scatter” is simply due to lower precision
solubilities or is possibly due to systematic differences due to a change over in the
method used for determining the concentration of Jdé@the saturated solutions, but
this cannot be concluded with any certainty because Volk, Konarev and Barabash did
not indicate which method of analysis was used for any specific experiment.

If the solubility experiment witH,, = 1.880 mol- kg~! is assumed to be an outlier
(as appears to be the case), then the values gf go — 2D show a steady increase
from infinite dilution to the highest molalities. We note that this quantity increases
with ionic strength for the solubility TITcgXcr) in various electrolytes (see Figuke3
in this Appendix under Ref.gLMIK/MIS]), and hence the presumed behaviour of
NH4TcO4(cr) in NH4NOs3 solutions is reasonable. We therefore reject the solubility
with Iy, = 1.880 mol- kg~L.

Unfortunately there is still some uncertainty in the extrapolation of solubilities for
NH4TcOg4(cr), because the values k = 0.594 to 3374 mol- kg~ are somewhat
scattered. We therefore did two least-squares fits to different combinations of the
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Table A.4: Solubilities of aqueous mixtures of WO, and NH;NO3 at 298.15 K
[77VOL/KON]

NH4TcO,@ NH4NO3 Im Solid Kso® log1g Kso — 2D
(mol-kg™1)  (mol-kg=1)  (mol kg1 phase (md - kg=2)

0.594 0594 NH TcOy 0.352 —0.817
0.514 0088 0602 NH TcOy 0.309 —0.875
0.438 0271 Q709 NH TcOy 0.311 —0.887
0.430 1450 1880 NHyTcOy 0.809 —0.5499
0.294 1720 2014 NH TcOy 0.593 —0.689
0.251 3123 3374 NH TcOy 0.845 —0571
0.232 5958 6190 NH TcOy 1.434 —0.379
0.224 8207 8431 NH TcOy 1.890 —0.275
0.228 1215 1238 NH,TcO4 2.825 —0.120
0.238 1440 1464 NH,TcO4 3.482 —0.036
0.250 1811 1836 NHyTcO4 4,580 Q074
0.255 1985 2010 NH4TcO4 5.124 Q119
0.256 2314 2340 NH,TcO4 6.00 0181
0.276 2592 2620 NHyTcO4 7.24 0259
0.216 2542 2564 NH;NOg
0.142 2487 2501 NH;NOg
0.077 2503 2511 NHsNO3
0.041 2487 2491 NH;NOg
0.018 2477 2479 NH;NOg

24.69 2469 NHsNO3

@ These molalities were calculated from the reported values of compositions in % by mass, by using
180942 g- mol~1 for the molar mass of NgircO4 and 800434 g- mol~ for NHzNO3
® Ko = [NHS1[TcO} 1, where concentrations are in maig~t

(© This point was given zero weight in the least-squares calculation.
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Figure A.2: Plot of solubility data for NiTcOy(cr) in aqueous solutions of NfMO3

at 298.2 K [f7VOL/KON]. Least-squares curve is shown for Jg&kso — 2D

091 Keo— Aelm = —0.90134+ 0.0496+ (0.088244-0.01638 I, , from fit to results
at I = 0.594, 0.602, 0.709, 2.014, 3.374, and 6190 mol- kg~L.
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solubilities with I, < 6.190 or 3374 mol- kg~1, which is the linear region in Fig-
ure A.2. First, including all these points yields Igg(s‘:o = —(0.9013+ 0.0496),

Ae = —(0.088244 0.01638 mol~1 . kg, and correlation coefficient 0.98253. Second,
a fit with the values aly, = 0.594 to 3374 mol- kg1 gives logg Keo = —(0.9239+

0.0538, Ae = —(0.10704+ 0.02946 mol~1 . kg, and correlation coefficient 0.97168.
There is some variation between the |g¥ ¢ , values and between thes values from
these two fits, but they agree within their uncertainty limits.

Attempts were made to extract a value §0NH; , TcOj, ) by using the full form of
the SIT, but the calculations show that the solubilities from this study are too scattered
at the lower ionic strengths to allow a meaningful extraction of amglues.

We accept the simple weighted average from the two fits without the poiipt-at
1.880 mol- kg1, log; o K s0 = —0.9117. The statistical uncertainty of 0.03645 for this
value was doubled to 0.0729, because of the lack of experimental detail in the solubility
study. This givek 2, = (0.1230.021) mol?- kg~2 for the thermodynamic solubility
product of NI—thO4(cr) All of the least-squares fits attempted, whether using the full
form of SIT or with the selected |, term agree within these uncertainty limits.

[78BOY2, 78BOY]

Boyd [78BQOY2 78BQOY] reported isopiestic equilibrium molalities for aqueous
NaTcQ, from 0.10784 to 34640 molkg~! and for aqueous HTcOfrom 0.10581 to
5.4404 molkg~1, both at 298.15 K, by using aqueous NaCl as the isopiestic reference
standard. The stock solution of HTg@as obtained from KTc@solutions by ion ex-
change. NaTc@solutions were produced from HTg®y neutralisation with NaOH
solution and evaporation. The concentration of the stock solution of NaTw3
analysed to an accuracy @f 0.1 % by precipitation of PAAsTcOy, and the reported
accuracy for the isopiestic equilibration molalities wa€.1 %. Boyd reported the
solubility as being 1299 mol- kg~?, but also gave 1800 mol- kg~ in his Figure 1.
This minor difference is insignificant, but we assume the value given in the text was
correct. Based upon that information, along with the familiarity of one of the present
authors (Joseph A. Rard) with this method, we estimate that this solubility is uncertain
by +0.3%, and the recommended valueris = (11.2994+ 0.034) mol - kg~?1

Boyd [78BOY] reported that a 5.44 melkg~! solution of HTcQ was pink col-
oured, but that at lower molalities the solutions were colourless. He attributed the pink
colour to “condensation equilibria” or to formation of undissociated H7.cO

[780SB/SCH

Osborneet al. calculated the entropy of Tgfg) from the entropy of the liquid at 320 K,
together with the entropy of vaporisation of the liquid from their earlier vapour pressure
study [B2SEL/MAL].

The starting point for their calculations of the entropy of vaporisation from the
equation of state was the Clapeyron equation for the variation of vapour pressure with
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temperature,

dp AS

aT ~ AV
whereAS = (§—9) andAV = (Vy—V)), ASandAV are molar quantities, subscript
g denotes the gas, and subscript | the liquid. Thus,
dp din p
AS = AV—— = pAV—. A.12
S dT PAY T (A-12)
Their measured vapour densitites for unsaturated vapour at 298.15 K were used by

them to calculate the second virial coeffici@{{T ) of the virial equation of state

pV = RT+B(M)p

with B(29815 K) = —895 cn¥ - mol~L. They then assumed thB{(T) had an inverse
square dependence on temperature as with the leading term in the Berthelot equation
of state. This assumption is somewhat risky siB¥d ) was measured at a single
temperature. They evaluate@d/dT from the vapour pressure equation of Selig and
Malm [62SEL/MAL], and obtained (g — V|) from their approximate equations of
state FBOSB/SCHL This ASvalue from Eq. A.12) was then added on &, of the
liquid, the resultingSy was converted to 1 atm pressure of the vapour from the actual
experimental vapour pressure, and a correction made for the non-ideal behaviour of the
vapour. This review now repeats their type of calculation, but at 298.15 K rather than at
320 K where Osbornet al. did their calculations using Tefcr, cubic) as the reference
condensed phase. This should reduce the uncertainty, since the virial equation of state
for the vapour now need only be valid right around 298.15 K.

Differentiation of the vapour pressure equati6@FEL/MAL] for TcFg(cr, cubic)
(Eq. (V.31) in SectionV.4.1.2.] gives

dinp 50150 2.295

— 1
i = 72 T = 0.04872K"

at 298.15 K. Osbhornet al. gave an approximate equation for the molar dengiof
TcFg(cr, cubic) (from X-ray structure values) as

pm = 0.01703—10°°T

in mol-cm—3. Thus,
Vs = — = 712cn?-mol™t
£Pm

at 298.15 K. Their assumed virial equation of state for the vapour can be rewritten
as

Vg = R—pT+B(T) (A.13)
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whereB(T) = —895 cn? - mol~1 at 298.15 K. The smoothed vapour pressure of
TcFs(cr, cubic) at 298.15 K is 0.29876 bar. An ideal gas occupies 22414 1ropi—1

at 273.15 K and 1 atm pressure. For the real gas at 298.15 K and 0.29876 bar pressure,
Vg = 820803 cm®- mol~ and thusAsuVm = 820091 cn®- mol~2. Then, Eq. A.12)

yields for the sublimation

AsupSn = 11937 JK L.mol™?
This then givesSn(TcFe, g, 298.15 K)= 37289 JK~1.mol~1 for the real gas from
sublimation of Tck(cr, cubic). The entropy of Tefat 0.29876 bar needs to be cor-

rected for non-ideal behaviour and then extrapolated to unit fugacity at 1 bar pressure.
The second correction is the entropy of isothermal compression for an ideal gas:

! Y ! R
L) )
S [0.29876<3T)p P 029876 \ P P

= RIn0.29876 = —10.04J- K. mol™L.

The entropy of the real gas is now corrected for the slightly non-ideal behaviour of

TcFs vapour:
0.29876[ / 9/ R
ASE = / (_) _Rlg
rSh 0 |: ot ), p:| p

For their virial equation of state,

B\ _ R 9B(T)
(ﬁ)p = 5*(—3T )p’

. 0.29876 P B(T)
ArS; = /(; <8—T) pdp.

Virial coefficients are defined to be functions of temperature but not of pressure. Thus,

SO

aB(T)

ArS;* = <T> . (0.29876

Osborneet al. assumed(T) could be written as-(79.6 x 10°)/ T2, so

3B(T
9B(M) — 6.01cm?-molt. K1
oT ),

at 298.15 K and

ASY = 0179 JK 1mol™t
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Although their temperature dependenceBiiT) was just an estimatel S5 is
small enough that very little uncertainty is introduced. There is also a very small cor-
rection for the change in the entropy of T¢€r, cubic) from changing the pressure
from 0.29876 to 1 bar, but since this change:i¢02J- K~1. mol-1itis neglected.

The total ideal gas standard state entropy ofg(gFis thenS;, (TcFs, ideal gas,
298.15 K)= Sn(TcFs, real gasi+AS;, + ArS: = 36303 JK~1-mol~t which is
within about 0.1% of Osbornet al's. derived “experimental” value, after adjustment
for the temperature differences. This review assumes the entropy of vaporisation is
uncertain by 2%AS;* by 50%, andS;, of the condensed phase by 0.2%. Thus the
uncertainty fors3, (TcFs, g, 298.15K ) isy/(2.39)2 + (0.09)2 + (0.51)2=2.44 JK 1.
mol~1. The value resulting is thus

TcFs, ideal gas, 298.15K) = (3630+2.4)J K~1. mol L.
S ( g

Osborneet al. also calculated the statistical thermodynamic entropy ofglgHF
using the vibration frequencies of Claassstnal. [70CLA/GOQJ. Their calculated
statistical entropy at 320 K was about 1% below their “experimental” entropy (which
is consistent with the experimental value derived in this review). Somewhat surpris-
ing, a statistical entropy from Nagarajan and Brinkl@L NAG/BRI] using the same
vibrational frequencies was about 10 K~1 - mol~1 lower than the statistical ther-
modynamic results of Osborret al. and 14 X~1.mol~! below the experimentally
based value derived in this review at 298.15 K. Clearly, one of these statistical cal-
culations was done incorrectly. It appears likely that Nagarajan and Brinkley used an
incorrect degeneracy for the ground state of g{gl. The previous statistical thermo-
dynamic entropies of NagarajaBINAG are 25 JK~1.mol~1 lower than their later
results at 298.15 K, but they were calculated with preliminary values of the vibrational
frequencies§2CLA/SEL rather than the later recommended valué8GLA/GOQ
and probably were not calculated correctly.

Osborneet al. assumed the 1% discrepancy between their “experimental” and stat-
istical thermodynamic entropies was due to inaccuracy in the estimated vaige of
and adjusted it to give better agreement.

This review recalculates the ideal gas thermodynamic properties g{d)okhich
are tabulated in TabM 17 (see Sectiov.4.1.3.]).

Fundamental constants were taken from Tabfe(see Sectiofl). The vibrational
frequencies of Claassat al. [70CLA/GOQ are used as reported by them. However,
the Tc-F bond distance 0f84 x 10~1°m recommended by7BOSB/SCHiis increased
slightly to 185 x 1071% m. A value of 18512x 10~1° m was reported for Tc-F by
Nagarajan§3NAG] based on use of an empirical correlation between stretching force
constants and bond lengths. This value does agree with the average of the experimental
Mo-F bond length(1.82+ 0.02) x 10~1% m [BOBRE/LAM] and the Ru-F bond length
of 1.8775x 10-12m (based on the same empirical correlation between force constants
and bond lengthg4NAG]). On chemical grounds we expect the Tc-F bond length to
be close to the Mo-F and Ru-F values.

A rigorous estimation of the uncertainties in the statistical thermodynamic values
for TcFs(g) is not possible, since, vs, andvg are “estimated best values” or tentative
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assignments, and not experimentCLA/GOQ. If this review makes the very con-
servative estimate that experimental vibrational frequencies are uncertain by's cm
and estimated values by 20 ch then it is calculated thed;, is uncertain by about
5.5J-K~1.mol ! at 298 K and 6.3 at 1000 K. However, the calculated experimental
value and derived statistical thermodynamic value of Tatdl& (see SectioV.4.1.3.])
agree to 36 JK~1.mol~1 at 298.15 K, so the estimated uncertainty limits may be
slightly too large. We consider the experimentally-based entropy fog(gtFo be
slightly more accurate than the statistical thermodynamic value.

The calculation of the experimentally-based valueSp{TcFs, g, 29815 K) =
(3630 + 2.4) JK~1.mol~1 previously described, was performed by the same basic
method used by Osborret al. [78OSB/SCH and which, in essence, is a second-
law evaluation. However, since experimental heat capacities are available &{ci cF
cubic), TableV.15 (see Sectiov.4.1.2.], and statistical thermodynamic calculations
are available for Tcg{g), TableV.17 (see Sectiov.4.1.3.), a third-law evaluation of
the standard enthalpy of sublimation for &¢€t, cubic) can be done. Third-law-based
evaluations are generally more accurate than second-law-based evaluations of enthalpy
changes.

Puigdomenecht al. [97PUI/RAR have derived the third-law-based expression for
the standard enthalpy of sublimation. For the case ok{@Hoeing treated as a non-
ideal gas, their equation becomes:

AsubHmy(TcFs, cr, cubic 29815 K) = T([Gp,(TcFs, cr, cubic T)
—Hp,(TcFe, cr, cubic 29815 K)]/T — [G,(TcFs, 9, T)
—H(TcFs, g, 29815 K)]/T) — RTInf (A.14)

wheref is the fugacity of Tck(g). For convenience, we shall use the following short-
hand notation

Z =[G (TcFs, cr, cubic T) — HE,(TcFs, cr, cubic 29815 K)]
—[Gg(TcFs, g, T) — Hy(TcFs, g, 29815 K)]

and, thus, Eq.A.14) becomes
AsugHS,(TCFe, cr, cubic 29815K) = T [(Z /T) - Rlnf] (A.15)

Values of[Gp,(TcFe, cr, cubic T) — H5,(TcFe , cr, cubic, 298.15 K)[I' were taken
from Table V.15 (see SectiorV.4.1.2.) and for [G,(TcFs, g, T) — Ha(TcFs, g,
298.15 K)JIT were calculated using the vibrational frequencies and the interatomic
distance given in footnote (a) of Tablél7 (see SectiorV.4.1.3.3, and they were
adjusted for the differences betwelf, (29815 K) andHy,(0 K). The resulting val-

ues of(}>_/T) are 0.10544, 0.10555, 0.10563, 0.1056%, and 0.10558 kJ- K~ .
mol~1, at the temperatureb = 268.335, 280.00, 298.15, 300.00 and 311.136 K, re-
spectively. A graphical examination of these valueg»f/T) indicated that were
precise to about 0.00006 kX~ - mol~1 which is equivalent to an uncertainty for
AsupHf, (T, cr, cubic 29815 K) of about 002 kJmol~1. Values of(}_/T) were
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obtained by interpolation at each of the temperatures used for the sublimation vapour-
pressure measurements for F(d¥, cubic), by using a plot of} _ /T) againstT.

Osborneet al. expressed the deviations of the vapour pressures of(@rfrom
ideal gas behaviour by use of the second virial coefficE(Tt), our Eq. A.13). This
equation is equivalent to a virial expansion p¥(R7) as a function of pressure, with
the expansion being truncated after the second virial term. To this approximation,

Inf =Inp+ B(T)p/RT (A.16)

Osborneet al. gave the expressidB(T) = —(79.6 x 10°cm® - mol~1 . K?)/T2. Equa-
tion (A.16) then becomes

In f = In(p/bar) — (9.574x 10°K2 - bar1)(p/T3)
Thus, Eq. A.15) can be written as
AsutHS, (TCF, cr, cubic 29815 K) = T [(Z /T) — RIn(p/bar) + 9.574 x 10° (Rp/T3)} (A.17)

The detailed third-law evaluation @fsysHp, (TcFs, cr, cubic 29815 K) for all of the
vapour pressures reported by Selig and MaGBJEL/MAL] for TcFe(cr, cubic) is
given in TableB.12 (AppendixB).

The third-law-based values oRAgsyHy,(TCFs, cr, cubic 29815 K) show a
very slight systematic trend with temperature of about50 kJmol~1 for the
41.71 K experimental temperature range, with the calculated values decreasing
slightly as the temperature increases. However, this dispersion is quite small and
indicates that the thermodynamic data for §@j and Tck(cr, cubic) are fairly
consistent internally. The recommended average of the third-law-based values
is AsutHm(TcFs, cr, cubic 29815 K) = (34.536 + 0.094) kJmol~1, which is
somewhat smaller than the value of.@6kJmol~! obtained from differentiation
of Selig and Malm’s $§2SEL/MAL] vapour pressure equation, (EqV.31) in
SectionV.4.1.2.), at 298.15 K. The value obtained from the temperature derivative
of the vapour-pressure equation is more uncertain because it relies heavily on
the vapour pressure measurements around 298.15 K and on the quality of the
least-squares fit in that temperature region. In contrast, the third-law-based value of
AsubHf,(TCFs, cr, cubic 29815 K) = (34.536 + 0.094 kJmol~1 relies equally
on all of the sublimation vapour pressure measurements fog(€GFcubic) and
is a statistically better average. Thus the authors of this review recommend this
third-law-based value. If the difference between fugacity and vapour pressure were
neglected, then the third-law-based standard enthalpy of sublimation would be equal to
AsutHf,(TcFs, cr, cubic 29815 K) = (34.514+ 0.116) kJmol~1, which is only very
slightly smaller than the value obtained by using Eg1{). However, neglecting the
difference between fugacity and vapour pressure does increase slightly the systematic
trend in the calculated values af,Hy, (TcFe, cr, cubic 29815 K) with temperature
from 0.15 to 019 kJmol~1 and the uncertainty of the mean values (95% confidence
limits) from 0.094 to 0116 kJmol~1.
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[78RUS/CAS

Russell and Cash studied the polarographic reduction of; TieQrarious ionic media
from pH = 1.0 to 13.0 with use of a dropping mercury electrode. In a $H9.8
carbonate solution, a 3 eper technetium reduction occurred-a9.51 V followed by
an ill defined second wave at0.86 V; half-peak potentials from cyclic voltammetry at
the same pH gave the first reduction wave-8t52 V. Reoxidation of the reduced tech-
netium solutions with anodic sweep pulse polarography ocurre@® &2 and+0.09 V
from the first reduction wave and a0.35 and—0.05 V from the second, and with cyc-
lic voltammetry occurred at0.31,—0.01, and+0.10 V. Inasmuch as the reduction and
the oxidation potentials were numerically different in this study, the redox processes
were irreversible. Since similar potentials were observed in carbonate solutions and
in KOH and KCI, no evidence for complex formation with chloride or carbonate was
obtained. They fixed the T¢Dconcentration at.b x 10~* M and the ionic strength
at0.1 M.

See also the comments undé®MIL/KEL].

[78STE/BAC]

Steffen and Bachmann used irradiation of uranium foil with thermal neutrons to pro-
duce various fission products, and studied their volatility in flowinggpat high tem-
peratures. Two volatile oxides of technetium were observed, the lower temperature
one was assumed to be Tg@nd the higher temperature one “T£0 They reported

that TcQ was volatilised from the graphite crucible at 1773 K, but that it seemed to
partially decompose at the lower chromatographic column temperatures. For example,
separation of the volatile oxides by chromatography gave a 60% yield of3"TaO

773 K, but only 7% “TcQ” was obtained at 553 K. If the £0g) carrier gas was re-
placed by a @(g)-H20(g) mixture, then vapour phase transport occurred by formation
of volatile HTcQy. Based on the discussion in Sectidi3.2.4.1 it is quite unlikely

that TcQ was volatile under their experimental conditions.

[78STE/MEI]

Coulometric reduction of aqueous TgGat about—0.7 V in the presence of 0.2 M
NayP,O; at pH = 7.0 was investigated by Steigman, Meinken and Richards or at
—0.61Vin 0.1 M K4P>07 with 0.1 M each of KkHPOy and KH,POy at pH = 7.4 by
Salaria, Rulfs, and ElvinggBSAL/RUL]. These investigations indicated a 24 eeduc-

tion per Tc to Tc(lll), although a 3 ereduction to Tc(IV) was obtained at0.47 V
[63SAL/RUL].

The reduced technetium pyrophosphate solution initially turned pink but then
changed to light blue when the reduction was complé&S[TE/ME]. When air was
bubbled through the solutions they turned pink and required 1.pex technetium
for rereduction to Tc(lll). Thus the light blue solution contained mostly Tc(lll) and
the pink solution Tc(lV). The light blue solution gradually turned darker blue upon
standing, and when stored overnight unde(d) showed a pink surface layer with a
build up of gas pressure. If this additional gas wegdd)i, it would indicate the blue
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complex can reduce #D(l). This reaction of Tc(lll) to form spontaneously some
Tc(lIV) was generally observed, but one time their solution did remain blue for more
than three days. Reduction of TgQvith St also gave this blue Tc(lll) complex,
and reduction of Tc@ with Ki3 gave the Tc(IV) complex.

Steigman, Meinken and Richards also reported coulometric reductions gf incO
1 M K4P,07 at pH= 7 and obtained yellowish solutions. Two coulometric reductions
of TcO, gave 4.8 € and 4.4 e per technetium, respectively, which suggests partial
formation of Tc(Ill) and Tc(ll) occurred. Bubbling £0g) through the yellowish solu-
tion gave no colour change, but rereduction of the product from the first coulombic
reduction required 1.6 eper technetium. No change in absorption spectrum was ob-
served with time for 20 days for coulometrically reduced technetium in 1 M pyrophos-
phate, but dilution of a 1 M §P>,O7 solution of reduced technetium to 0.2 M showed
extremely small and slow absorbance changes. These facts suggest that the complexes
produced by reduction of T¢Pin 0.2 and 1 M KP,Oy7 either contained technetium in
different oxidation states, that they were very slow to change to the blue species upon
dilution, or both. Russell and CasiigRUS/CAS2 performed amperometric titration
of TcO, in 0.1 M NayP,O7 at pH= 3.0, 7.0, and 12.0 with Sif. These experiments
gave 3 € reductions in each casédJRUS/CAS?

Steigman, Meinken and Richards observed that light blue Tc(lll) solutions that
were produced by reduction of TgOn 0.2 M pyrophosphate gradually became darker
blue with time, and they followed those changes with spectrophotometry usfitg Sn
reduced technetium. They noted that these colour changes could have been due either
to a structural rearrangement, a slow disproportionation reaction such as 2%c(V)
Tc(lll) + TcO,, or a slow dimerisation of Tc(lll). The last possibility seemed most
likely to them and they found the calculated dimerisation kinetics to be approximately
second order in the concentration of Tc(lll).

[79BRA/HAR]

Borosilicate glass is usually prepared from about 60 mass-%, 3i®to 20% BOs,
and 5 to 20% NgO, along with lesser amounts of one or more of the following: CaO,
Al20O3, Li20, ZnO, or TIGQ [T9BRA/HAR, 85ANT/MER, 89FRE/LUT].

Powdered samples of this glass are generally mixed with dried samples of reactor
waste or simulated waste (technetium as Nagjo©Tc(,), and then the mixture is
vitrified at 1300 to 1500 K. Significant losses of technetium can occur in the pres-
ence of Q(g); Antonini, Merlini and Thornley $5ANT/MER] found that over 80%
of technetium was lost in some cases when Jalts were used, but smaller losses
occurred when Tc®was used instead. This loss presumably occurred by volatilisation
of TcoOy, or sublimation of alkali metal pertechnetates. Closed systems should be used
to reduce loss of technetium to the environment.

Bradley, Harvey and Turcott@ P BRA/HAR] dissolved reactor waste in 6 M HNO
with added HF(aq), and then wetted powdered borosilicate glass with this solution; the
sample was vacuum dried and heated to 773 K to decompose the nitrate; and finally it
was vitrified at around 1320 K. They found that technetium was concentrated on the
internal surfaces of pores in the glass matrix, and that this technetium was apparently in
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a water soluble form. Although Bradley, Harvey and Turcotte did not speculate about
the chemical nature of this “soluble” technetium, others concluded that it was in the
form of gaseous T7 [84KHA/WHI, 89FRE/LUT]. It seems to us, however, that it
could have been present as a pertechnetate salt instead.

Antonini, Merlini and Thornley85ANT/MER] prepared borosilicate glass by dop-
ing the powdered glass samples with NgO4 or TcO, - xH20(s). Samples were
vitrified either under oxidising conditions or under reducing conditions. They used
EXAFS to determine the chemical state of technetium in the glasses. Those glasses
prepared under oxidising conditions contained (@D as a separate phase, whereas
those samples prepared under reducing conditions contained botcfcanhd metal-
lic Tc(cr) as separate phases.

Freudeet al. [BOFRE/LUT] prepared technetium-doped borosilicate glass under
oxidising and reducing conditions by a procedure similar to that used by Antonini,
Merlini and Thornley 85ANT/MER]. Redox potentials were measured for the boro-
silicate glass melts8OFRE/LUT] from 973 to 1373 K by using square-wave voltam-
metry with yttrium stabilised zirconia and platinum electrodes. Redox potentials were
given graphically and corresponded to the Tc(VII)/Tc(IV) and Tc(IV)/Tc(0) couples.
They found that borosilicate glass prepared under oxidising conditions was clear and
colorless and apparently contained technetium as Tc(VIl), whereas glass prepared un-
der reducing conditions contained black particles that were apparently(dOT his
precipitation of TcQ(cr) indicated that Tcg(cr) has a low solubility in the borosilic-
ate glass matrix. Thus, there is disagreement whether technetium occurred as Tc(VII)
[79BRA/HAR, 89FRE/LUT] or Tc(IV) [85ANT/MER] in borosilicate glass prepared
under oxidising conditions, but there is agreement that;{@®and metallic techne-
tium precipitated from such glass prepared under reducing conditions.

[79KAD/LOR]

Kadenet al. prepared a complex that they formulated as Jlch which contained
molecular dinitrogen, where L = BRCH,CH,PPh. It was prepared by reaction of
L with TcCls(PPh)2 and sodium amalgam in benzene undefd). This complex
formed yellow crystals with a strong IR absorption band at 2046%cdue to N (the
14NI5N complex absorbed at 2014 c. It was “stable” in air for several hours. It
was soluble in benzene and toluene but sparingly soluble in ethanol and hexane.

This complex was studied in more detail by Struchkosl. [B2STR/BAZ, who es-
tablished that it is actually the hydride complex hydridobis(1,2-bis(diphenylphosphino-
ethane))dinitrogentechnetium(l), HI¢) L 2(cr). Crystals were grown from-hexane,
and X-ray diffraction established that it crystallised in the monoclinic space group
P2:/n with a = (11.090+ 0.006) x 10 1°m, b = (24.550+ 0.010) x 10 19 m,
¢ = (16.3794 0.008) x 1071°m, g = (96.02+ 0.04)°, andZ = 4. The technetium
atom was octahedrally coordinated with the hydridic hydrogen beargsto the N
group; the presence of a hydridic hydrogen was supportétHalyMR measurements.
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[79RUS/CAS
See comments undeBJMIL/KEL].

[79SUN

The author found that electrophoretic mobility measuremeni&Taf(1V) in solutions
of similar pH values to those used by Gorski and Ko6BGOR/KOG gave no re-
producible results. However, he was able to measure the UV absorption spectra of
Tc(lV) solution at pH< 4. Unfortunately, the experimental temperature was not re-
ported. An increase of the temperature in the cuvettes by action of light could change
the speciation of the solution. The experiments were performed in an atmosphere of
highly purified nitrogen gas which was bubbled through all solutions used. Contrary
to [91MEY/ARNZ], no controlled atmosphere box was used. Therefore, the amount of
Tc(VII) should be similar or larger with respect to the solutions obtained in that paper.
The use of common cuvettes for spectroscopic measurements is practically impossible
without contamination of the solution with oxygen. Since the concentration of TcO
is not known, no reliable equilibrium constant can be expected from this work.
Preliminary measurements in solutions of 1 M HGIQTc];) = 1.2 x 1074 M),
0.05 M HCIQy + 0.15 M NaCIQ ([Tc];) = 2.33 x 107> M), and 0.025 M HCIQ +
0.175M NaClQ ([Tc]y) = 2.75x 10~ M) in the wavelength range from 190 to 300 nm
resulted in an isosbestic point near 250 MA$UN Figurel]. Sundrehagen attributed
these total technetium concentration to equilibrium mixtures of various hydrolysed
forms of Tc(lV). From the results of Meyaat al. [91MEY/ARNZ] the Tc(IV) solu-
bilities at the acid concentrations used MBUN should be 5< 107> M, 2 x 1076 M,
and 8x 108 M, respectively. This indicates that the solutions prepared by Sundreha-
gen [79SUN could be oversaturated. This could also signify that some Tc(1V) could
have been present as solid or colloid without taking part in the equilibria. Another pos-
sibility is that the solution in fact was clear and that a large fraction of Tc was present as
Tc(VIl). This assumption agrees with the values of the optical densBESR[. The
advantage of using NaCl(as inert salt is that complexes with the perchlorate ion are
either non-existent or very weak. On the other hand, perchlorate favours the oxidation
to Tc(VIl) in acidic solutions 88COL/IAN]. Data processing gave equilibrium con-
stants for the protonation, as well as for the dimerisation, of TcOgidg), but some
results are odd, such as the standard deviation of the molar absorptivity of TcO(OH)
which is larger than the actual value= (497+559 M—1 cm~1. As said above, since
the amount of Tc(VII) was not measured, the result of this work cannot be considered
for quantitative calculations.

[80BEH/RIN]

The authors studied the vaporisation of Tc, contained in a TaC effusion cell,
from 2051 to 2348 K with a quadrupole mass-spectrometer, using Ag and Au as
standards. This requires an estimate of the relative cross-sections of Ag, Au and
Tc, which BOBEH/RIN estimated introduces an uncertainty of 50% in the vapour
pressures. This alone contributes an uncertainty of about ¥fiokJ to the value



A. Discussion of selected references 445

of AfHp(Tc, g,29815 K). Six separate runs, comprising in total 162 data points,
were carried out. Tt(g) was the only important peak in the mass-spectrum, although
minor peaks due to Tcfg) speciesr{ = 1, 2, 3) (and some impurity atoms) were
observed in the early stages of heating the samples. The results of the normal second
and third law analyses, using the selected thermal functions for Tc are shown in
TableV.4. Again, the very large differences in the second and third law enthalpies of
reaction and the related fact that the experimental entropy of vaporisation is as small as
(97.0+ 2.9) JK~L.mol~1, compared to that calculated at the mid-range temperature
AsubS(2200 K) = S3,(Tc, g, 2200 K) — S5,(Tc, cr, 2200 K) = 1437 JK~1.mol!
(TablesB.1 andB.2), immediately throw doubt as to whether the measured pressures
correspond to a simple sublimation process.

Behrens and Rinehart discussed and dismissed various possible reasons for the dis-
crepancies and suggest that their pressures may be “somewhat too low” due to reaction
of Tc(g) with the effusion cell, despite the fact that interaction of Tc with the cell was
earlier ruled out, on the grounds that one run was carried out specifically under condi-
tions to minimise such interaction, but gave Tc pressures similar to other runs. How-
ever, they earlier indicated that a Tc sample heated in a new TaC crucible at 1940 K for
2 hours and then heated to 2264 K showed nd(§¥ signal from the orifice, indicat-
ing severe reaction with the TaC. These findings confirm the conclusion from the very
low entropy of reaction, that the reaction being studied by Behrens and Rinehart was
probably not simple sublimation of Tc(cr).

[80PAC]

Pacer reported three values for the solubility of R&iTcOy(cr) at 297.2 to 298.2 K, by
using radiometric determination of the concentration®@t in TcQ, . Equilibration
times ranged from seven to twelve days. The resulting solubilities ranged f&8x2
105 to 302 x 10~> M and exhibited no obvious variation with temperature or time.
The average solubility from those experimentssis= (2.94+ 0.14) x 10°° M.

The solubility of PhAsTcOy(cr) is low enough that for solutions in water the
molality can be related to molarity by the density of pure water. Thus the measure-
ments of Pacer yieltns = (2.949+ 0.14) x 10°° mol - kg~1. This molality is
low enough that the activity coefficient can be estimated from the specific ion inter-
action equationy+ = 0.9937. The resulting thermodynamic solubility product is
Kg = (8.594 0.82) x 10719mol - kg—2.

We note that Parker and Martins2PAR/MAR measured solubilities for
PhyAsTcOy(cr) in solutions of PRASCI at a mole ratio of 1 to 17. Results were just
given graphically, and the temperature range was about 285 to about 325 K. Under
these conditions the solubility of RAsTcOu(cr) was constant at about 5 mgm=—3
from about 285 to 325 K, which corresponds to a molar concentratiorkof@ 6 M.

For the results of Parker and MartibJPAR/MAR], [TcO,] = 9 x 1076 ™,
[PhyAst] = 18[TcO,] = 1.62x 10°* M, and I¢ = 1.62 x 10~* M. The same
type of calculation as above yield:;rco‘T =9x 10 %mol-kg1, Mppast = 1.625%

10~4 mol- kg~'= I, andy+ = 0.9854. Consequently s, = 14- 10719 mol - kg—2
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from that study.

The value ofKy, derived from the study of Parker and MartiB2PAR/MAR] is
about 65% larger than the value derived from the study of P&&AQJ. We consider
this agreement to be satisfactory, because only a rough value of the solubility could be
estimated from the graph of Parker and Martin aqg from that study is uncertain
by about 50%. We recommend the valuekyf, from the study of Pacer, because
numerical solubilities were given and the experimental conditions were well defined.

[80PAQ/RE]]

Paquette, Reid and Rosinger listed valueShf and A¢Gy,, both for TcQ(cr) and
Tc(OH)a(cr). Inasmuch as both of theggG;,, are based on emf studies for the same
hydrous oxide, the inclusion of both solid phases in thermodynamic calculations would
give erroneous results.

[80SPI/KUZ]

These authors and later Kryuchk@®4KRY] studied the hydrolysis of the ECIg‘ ion

in aqueous HCI. They reported that for concentrations of HBIM, in the presence

of air, this ion underwent oxidation and disproportionation. However, if the HCI con-
centration was< 3 M, then this ion underwent stepwise hydrolysis with, ultimately,
precipitation of “T@Os - XH20(s)”. They gave this formula based upon chemical ana-
lysis, but did not provide any details. We don’t know if they analysed their precipitate
for the presence or absence of chloride to make sure they did not actually have an
oxychloride of technetium, as this was not stated. They determined that the effect-
ive magnetic moment of this “Ti©s - xH>0(s)”, by use of the Faraday method, was
(2.5040.08) B.M., which is comparable te-2 B.M. reported for various solid salts of
Tczclg‘ and which falls in the observed range for a dinuclear technetium compound
with a Tc-Tc multiple bond containing one unpaired electron. The Tg,3uinding
energy of 255.9 eV for this hydrous oxide falls in the range for Tc(2.5), Tc(lll), and
Tc(IV) compounds$§2GER/KRY].

[B0TRO/JON]
See comments undeBIHER/SCH.

[81DAV/JONZ]

Davisonet al. have prepared a Tc(V) complex with isothiocyanate, but it is an oxopen-
takis(isothiocyanato)technetate(V) complex. They prepared it by using ligand sub-
stitution of (-C4Hg)4NTcOCl with NH4SCN in methanol. Subsequent addition of
PhyAsCI-H>0 yielded fine bright red crystals ¢AsPh,)2TcONCS)s. Elemental ana-
lysis, optical spectroscopy in acetonitrile, and IR spectra of the complex in solid KBr
were used to partially characterise this salt. Addition of excess KSCN to solutions of
TcO(NCS§™ in acetonitrile gave complete reduction to a Tc(NESand Te(NCS§
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mixture within 24 hours. Small amounts of self-ionisation of TcO(I\ECSs)Iso yiel-
ded enough free SCNto produce slow autoreduction of this complex even in the
absence of excess SCN Addition of AgNG;s to TcO(NCSE‘ solutions produced a

Ag2TcO(NCSs5-AgSCN mixture, with partial reduction to Tc(NC§) also occurring.

[81IAN/KOS]

lanovici et al. compared the absorption maxima for TéChnd TcCf. The TCCE‘
has a maximum at 338 to 340 nrfB5JPR/SCH 68KOY/KAN, 81IAN/KOS], and
TcClg has absorption maxima at 320 ©830 nm p8KOY/KAN, 81IAN/KOS] and
235 nm p9KAN, 81IAN/KOS]. There is another absortion maximum for T§CIat
234 to 240 nm §5JOR/SCHBE9KAN]. Although these absorption maxima occur at
similar frequencies for chgr and TcCf , there are enough subtle differences in their
spectra, and large enough differences in their extinction coefficients, that these two spe-
cies can be spectroscopically distinguished. The absorption spectra ofdq)Chnd
TcCIg exhibit much greater differences from each other and from é‘c@hd TcCE
[69KAN], and those for Tcng and TcBg also show major differences from each
other [f6KAW/KQOY, 88COL/IAN].

[81IMIK/MIS ]

Mikulaj, MiSianikova and MacéSek reported solubilities of TIT£€) in water at
298.15 K, along with those of TITc4fcr) in solutions of HNQ@, LiNO3, NaNG;,
NH4NO3, and Ca&NOz3)2 up to quite high ionic strengths. Their experimental solu-
bilities are tabulated in Tabl&.5. They stated that their solubilities were determined
radiometrically for®*TcO,, with an overall error of 2% or less. However, they only
allowed fifty minutes for their solutions to reach equilibrium, which does not seem to
us to be long enough to reach complete saturation. In fact, their reported solubility
of TITcOgy(cr) in water, 0.002116 M, is about 13% below the solubility reported by
Keller and KanellakopulossBKEL/KAN]. In all cases, addition of HN®or nitrate
salts caused a significant “salting in” of TITg@r) which suggests that much of the
TI™ is being complexed as TIN§{aq).

Table A.5: SqubiIitigs of TITc@(cr) in aqueous solutions of different electrolytes at
298.15 K BLMIK/MIS].

Major I Cs Ke logig Ke — 2Dc@
electrolyte  (mol-dm™3)  (mol-dm™3)  (mol - dm~5)
TITcOy4 0.002116 0002116 M77x 106 —5.393
HNO3 0.10 0002665 7102 x 1076 —5.367
0.30 0003147 2004 x 1076 —-5.311
0.50 0003494 1221 x 1075 —-5.263
1.0 0.004215 1777 x 1075 —5.158
2.0 0.005178 2681 x 107 —5.034

(Continued on next page)
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Table A.5: (continued)

Major I Cs Ke log1g Ke — 2Dc@
electrolyte  (mol-dm™3)  (mol-dm™3)  (mol - dm~5)
3.0 0.006044 653 x 10°° —4.928
4.0 0.006494 217x 10°° —4.885
5.0 0.006994 4822 1075 —4.840
6.0 0.007310 5344 x 10°° —4.807
7.0 0.007820 6115 x 1075 —4.757
8.0 0.007753 6011x 10~ —4.771
LiNO3 1.0 0.003881 1506 x 10~° —5.230
2.0 0.004464 1993x 1075 —5.163
3.0 0.005294 2803x 10°° —5.043
4.0 0.006436 4142 x 1075 —4.893
6.0 0.007551 5702 x 10~° —4.778
NaNO; 0.10 0002404 5779x 1076 —5.457
0.50 0003193 1020 x 105 —5.342
1.00 0.004292 1842 x 10°° —5.143
2.0 0.005954 3545x 10°° —4.912
2.50 0.006482 4202x 1075 —4.855
3.0 0.007153 5117 x 1075 —4.782
35 0.007666 5877 x 107 —4.732
4.0 0.008612 417 x 1075 —4.640
5.0 0.008445 7132x 1075 —4.670
NH4NO3 0.1 0.002664 7097 x 106 —5.368
05 0.003567 1272x 1075 —5.245
1.0 0.004218 1779 x 1075 —5.158
2.0 0.005495 3020x 1075 —4.982
25 0.007218 5210x 10°° —4.761
30 0.008057 6492 x 10°° —4.679
35 0.009313 8673x 107 —4.563
4.0 0.01097 1203 x 1074 —4.429
5.0 001221 1491 x 1074 —4.350
CaNOz); 03 0.002911 8474 x 1076 —5.379
0.9 0.003475 1208 x 107> -5317
15 0.003948 1559 x 10~ —5.247
3.0 0.004902 2403x 10°° —5.110
6.0 0.005733 R87x 10°° —5.018
9.0 0.008219 6755x 10~ —4.727
120 0.01007 1014 x 1074 —4.564

@The Debye-Hiickel constant in molar units is givenAy= A./p°, wherep® is the density
of the solvent. For water at 298.15 K. = A/+/0.997045= 0.50985 mot1/2 . dm®/2 at
298.15K

(continued on next page)
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(footnotes continued)

®For each electrolyte added to the TITg6blutions, the published data were presented in the
order of increasing concentration. However, for Naj\édlutions, the reported concentra-
tions of 1.0, 2.0, and.8 mol- dm—3 NaNO;3; were out of sequence whereas those of TIJcO
in those solutions were in sequence. By examination of their derived activity coefficient in
their Figure V7, we concluded that their Nah@olarities were transposed in their Table
A.1 but that their TITcQ molalities were reported correctly.

The ionic strengths due to those added electrolytes in the solutions used by Miku-
laj, MiSianikova and Macasek range from 0.1 to 12.0 M, which is 47 to 5600 times
as large as the concentration of TIT¢{D these solutions. Thus TITegOnakes only
a minor contribution to the total ionic strengths, which are mainly determined by the
concentration of the other electrolyte added to the solution. Consequently, it is pos-
sible to convert the reported molar solubilities of TIT4€r) to molality units, simply
by multiplying cs by the (n/c) ratio of the added electrolyte. However, the molar con-
centrations of the added electrolyte were only reported to one or two significant figures,
whereas those of TITcOwere given to four significant figures, and such a conversion
would result in a decrease in precision of derived quantities. It should be more accur-
ate to extrapolate the molar solubility prodid to infinite dilution to obtairK ¢ , and
then convert this value oo by use of the density of water.

The concentration product for the formation of saturated solutions is giv&i by
[T|+][TCOZ] = c§ wherecs is the molar concentration of TITcQOn the saturated
solution. The specific ion interaction equation (SIT) as applied to this system is given

by
Ioglo KC — 2DC = |0g10 Kg — Agclc (A18)

where D¢ is the Debye-Huckel term with ionic strengths expressed on the molarity
concentration scale.

FigureA.3 is a plot of logy K¢ — 2D againstl¢ for solubilities of TITcQy(cr) in
various nitrate solutions, as recalculated by us from the experimental values of Mikulaj,
MiSianikova and Macasek. Examination of this plot indicates thaijég — 2D for
TITcOg4(cr) is a linear function of; over the whole concentration range for solutions in
Ca(NO3)2, but there is a definite curvature for this type of plot for solutions in HNO
with I > 1 M, and there is probably also some curvature for solutions in NaaM@

Ic > 3 M. However, for saturated solutions of TITg@ LINO3 or NHsNOg, this type

of plot is linear except for the single highest ionic strength. In those two cases it is
not clear whether those singular points are due to scatter or represent the beginning of
curvature in these plots.

The plot of log y K¢ — 2D for the solubility of TICQy(cr) as a function of the stoi-
chiometric ionic strength is linear for concentrations of aqueous §INDOM, but it be-
comes non-linear at higher concentrations. This is not surprinsing given that nitric acid
is incompletely dissociated except at low concentrations, and thus at higher concentra-
tions the actual ionic concentrations of kind NO; are no longer identical to their
stoichiometric concentrations. Examinations of Figures 2 and 3 of Young, Maranville
and Smith $9YOU/MAR] indicates that at most 1 or 2% of the HNY@ an aqueous
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Figure A.3: Plot of solubility data for TITcgfcr) in water and aqueous nitrate
solutions at 298.15 Kg1MIK/MIS]. Parameters for the least-squares equations
0919 Kc — 2D¢ = log g Kg — Ael¢ can be found in Tablé.6, based upon fits for
the linear region of the curves. Least-square curves for TyTIaIH4NO3 or HNOs
coincide. Uncertainty limits are not plotted for solubilities in solutions with NgK©
HNOg3, because of overlap with uncertainty limits for lRO3 solutions.
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solution is associated for concentrations M and this is small enough that it does not
preclude the solubility of TITcglcr) from being represented accurately by the specific
ion interaction model. However, at higher concentrations, BNCGappreciably asso-
ciated, ca. 18% at 5 M and 50% at 10 M, and consequently the plot gf Kg— 2D
for the solubility of TITcQ(cr) as a function of the stoichiometric ionic strength is
appreciably curved at higher concentrations of HINO

Our major interest in these solubilities is to derive the limiting valu&efat in-
finite dilution. We therefore determingesc of Eq. (A.18) separately for each added
electrolyte, with use of theilgfLMIK/MIS] solubility of pure TITcQy(cr) in each case.
These fits were restricted to the rangd @for which log, o K¢ — 2D is a linear func-
tion of I¢. The resulting correlation coefficients for these fits are 0.9862 to 0.9977, and
they are given in Tablé.6 along with the least-squares parameters.

Table A.6: Parameters for ionic strength dependence of solubility of T4lapat
298.15 K in solutions of various electrolyteslMIK/MIS].

Major Range ofl¢ logyo K& Agc Correlation
electrolyte  (mol- dm3) (mol - dmd) coefficient
HNO3 0.002—-1.0 —5.388+ 0.009 —0.2351+0.0181 0.9977
LiINO3 0.002—-4.0 —5.3824+0.040 —0.11875+-0.0163 0.9927
NaNO3 0.002—- 3.0 —5.4234+0.058 —0.22844+-0.0336 0.9862
NH4NO3 0.002—-4.0 —5.3924+ 0.033 —0.2379+0.0141 0.9968

CaNOz), 0.002—-120 —-5375+0.038 —0.06859:0.00648 0.9931

The selected value for IggK¢ , is the statistically weighed average of the inter-

cepts for these five Ieast-squareé fitsglo§c = —(5.388+0.008). This value is read-
ily converted to the molal concentration scale by,lpl§¢ , = 109,90 K¢ — 2log;d° =

—(5.3854+ 0.008), whered® is the density of pure water in kg/dm
The corresponding value &g is (4.12+ 0.08) x 10-° mol - kg~2,

[81RAJ/MAC]

In TableA.7, the rate constant values reported by Rajec and Mac&3¢kAJ/MAC
and by Kawashima, Koyama and Fujina@&KAW/KOY] for the aquation (forward
reactionskag) and anation (reverse reactiotkgp) of TcCIéf and TcBéf are given.
Both studies were done &t= 4.0 M solutions of Ct or Br~. Kawashima, Koyama
and Fujinaga T6KAW/KOY] reported results for Tc(g'r from 348.2 to 363.2 K and

from 313.2 to 327.7 K for Tc%‘ (see comments under Re65JPR/SCHiin this

Appendix), and Rajec and Macasek studied 'Ec‘:czlt 298 K B1RAJ/MAQ. In both
cases concentrations of technetium species were determined by spectrophotometry.

Rajec and MacaSek did their measurements in 4.0 M HCI only, whereas
Kawashima, Koyama and FujinagdgKAW/KOY] kept | = 4.0 M but replaced
variable amounts of HX with LiX, NaX, or KX where Xdenotes Cf or Br~ . In all
cases, the observed rate constapt depended on the HX concentration, but only for
LiX solutions of HX was the variation linear in the™H



Table A.7: Experimental kinetic parameters and equilibrium constants for the aquation éT'Ba:(ﬂl TcBé‘ at various temperatures.

T lonic kaq Or Kiq Kan K®, Reference
(K) medium (motl.dmd.s~H@  (mol~1.dm3.s71) (M)

2— . — —
TcClg™ = TcClg +Cl

348.2 40M (1.184+0.14) x 104 (9.16+£0.97) x 107> 1.29(1.25) T6KAW/KOY]
353.7 HCI+LiCl (2484029 x 1004 (1.93+0.21) x 1074 1.28(1.29)
357.7 or (380+0.42) x 1004 (2.87+0.28 x 1074 1.32(1.33)
363.2 HCHHCIQ  (9.074+0.91) x 1074  (6.52+£0.65 x 1074  1.39(1.39)
298  40MHCI (405+022) x 1073 (3.224+0.18) x 107> 1.26(1.25) B1RAJMAC]

TcBr2~ = TcBrg +Br-

3132 40M (2774019 x 104 (3.65+0.18 x 104  0.759(0.756) T6KAW/KOY]
318.2  HBr+LiBr (5.624+0.38) x 1073 (6.23+£0.37) x 103 0.902(0.901)
323.2 or (1194 0.08 x 1073 (1.2040.06) x 1073 0.992(1.02)

327.7 HBrH+HCIQ (2174013 x 103 (1.88+£0.09 x 10°3  1.15(1.14)

@ These units are for the study of Kawashima, Koyama and FujinzgAW/KOY]; the correct units fokaq
from Rajec and MacaselBLRAJ/MAC are s 1. The difference arises because REfLRAI/MAC reported
measurements in pure HCI, whereas Ré6HAW/KOY] gave measurements in HCI+LiCl or HBr+LiBr, and
they observed a catalytic effect oftH Values ofkaq from the earlier study76KAW/KOY] should be multipled
by 4.0 M for a direct comparison with values from the later sti®RIHAJ/MAC].

® The first value ofK¢ is computed from the ratio dfag/kan. Values in parentheses were reported by these
authors from spectroscopic determination of equilibrium concentrations in HCI or HBr solutions.

[As174
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molarity. Similar measurements at 4.0 M kbith variable amounts of X (HCIO4
was used to control ionic strength) also gave a linear variatiokef@r Thus,

Kobs = kaq[H+] +kanl X" 1= k,;q‘i‘ Kan[X™]

wherek‘;1q is the type of rate constant reported in R8LRAJ/MAC.

Kawashima, Koyama and FujinagegKAW/KQOY] prepared their solutions by dis-
solution of Ko TcXg(cr) in aqueous HCI, and stored their solutions in the dark except
for brief illumination for the spectrophotometric measurements. Thus photochemical
aquation should have been minimised, (s€8KAN]) and their kinetic parameters
should approximate to those for the thermal reactions. In contrast, Rajec and MacaSek
[81RAJ/MAQ prepared their Tc(él’ by electrolytic reduction of TCO@T, appar-
ently without excluding light from their solutions. Thus, as noted by those authors
[81RAJ/MAC, their kinetic parameters contained catalytic and photochemical contri-
butions. Huber, Heineman and Deuts8fHUB/HEI found that reduction of Tcéf
(in a mixture of 2.0 M HCI and 2.0 M NacCl) to Tc(lll) followed by reoxidation to
Tc(lIV) during a four minute cyclic voltammetric cycle was sufficient to produce an
equilibrated mixture of Tc('él‘ with the pentachloro complex of Tc(IV). Inasmuch
as partial reduction of Tc(IV) may have occurred in the experiments of Rajec and
Macasek, their kinetic parameters may largely represent catalytic effects of Tc(lll).
This is supported by their observation that their kinetic parameters are several orders
of magnitude larger than obtained by extrapolation of Kawashima, Koyama and Fujin-
aga’s values to 298.15 K.

Kawashima, Koyama and FujinagggKAW/KQY] did their equilibrium constant
measurements with spectrophotometry, and additional results are obtained by this re-
view from equating their rates of aquation and anation reactions, FaBjeand they
are in good agreement. They performed equilibrium constant measuremeénts in
4.0 M CI~ or Br~ solutions, with [H] ranging from 1 to 4 M, and either I, Na*,
or KT were present to maintain the proper ionic strength. ReplacihgMith Li*
had no effect on the value of the measured equilibrium constants, whereas replacing
H* with Na*t or K caused the apparent equilibrium constant to increase. This pre-
sumably occurred because of changes in activity coefficients and water activities with
composition. The equilibrium constant values reported by Kawashima, Koyama and
Fujinaga were based only on their measurements in 4.0 M HCI or HBr and not in the
mixed electrolyte solutions. It is not clear from the experimental description given in
this paper whether the solutions were prepared to take into account the variation of the
ionic strength with changes in temperature, or whether the ionic strengths of 4.0 M
refer to the room temperature values only.

Rajec and MacasSelBLRAJ/MA(Q also studied the kinetics of electrolytic reduc-
tion of TcOCE‘ in 4.0 M HCI at 298 K by using simultaneous coulometry and UV-
visible spectrophotometry. The observed reaction sequence was

TcOCE™ +2H" +e= = TcClg + Hp0()
followed by
_ - 2
TcCly +CI7 = TcClg
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It is also possible that some of the Tc@CWas directly reduced in a single step of the
type

TCcOCE™ +2H" +CI- +e = TcCE + H0()

[82PAQILIS]

Paquette, Lister and Lawrence reported that spectroscopic evidence was obtained by
them for complex formation between carbonate ions and both Tc(l1l) and Tc(1V). They
noted in the absence of carbonate, a solution f B0~4 M Tc(lll) disproportionated
to yield Tc(IV) if pH > 4, and Tc(IV) hydrous oxide precipitated around pH4; in
contrast, when carbonate was present, both the precipitation of Tc(IV) and the dispro-
portionation of Tc(lll) could be suppressed up to higher pH. This provides significant
evidence for complex formation between technetium and carbonate, but no experi-
mental details were provided nor were any experimental values given. Some of the
details were provided in a later sStuBBHPAQ/LAW].

A detailed study was done of the redox behaviour of technetium in H&lutions
at pH= 8 [85PAQ/LAW]. The ionic strength was maintainedlat 1 M using sodium
trifluoromethanesulfonate, and the HC@oncentration was maintained at 0.5t0 1.0 M
by use of NaHC@ and pressurisation with CQg). The technetium concentration was
generally 12 x 10* M, so the total carbonate-to-technetium ratios in their solutions
were 4167 to 8333. Coulometric reduction indicated that a #.Jper technetium
reduction of TcQ occurred between-0.76 to —0.82 V vs SCE. The Tc® solution
was colourless, but upon reduction it rapidly turned pink and then pale blue. The pale
blue Tc(Ill) solution was easily oxidised by>(®) in air to reform the pink species,
and coulometric rereduction required 0.9 per technetium. Thus the pink species
contained Tc(1V).

They did a very careful study of the redox behaviour of the Tc(IV)/Tc(lll) couple
in carbonate solutions using spectroelectrochemistry with an optically transparent vit-
reous carbon electrod83PAQ/LAW]. The redox potential was reversible or at least
quasi-reversible at pH= 8 in 0.5 M HCQ; with a formal reduction potential of
—0.625 V vs. SCE. By varying the carbonate concentrations and pH, they showed
that these Tc(lll) and Tc(IV) complexes contained the same number of carbonate lig-
ands, whereas the Tc(Ill) complex had one more hydroxide than the Tc(IV) complex.
Thus the redox reaction can be written as

To(CO3)q(OH)A ™28 4+ HoO(sln) + e =
Te(COg)q(OH)S, P20+ HF

wheren + g > 4. However, since the values waindq were unknown, no equilibrium
constant was derived by the authors.

[82STR/BAZ]
See comments undefr9KAD/LOR].
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[83LEE/BON]

Lee and Bondietti studied the precipitation of technetium sulphide from an aqueous
solution of 10> M NH4TcO4 with 1.9 x 1074 to 1.50 x 103 M NayS at pH =

8.5. The extent of precipitation increased from 3 mass-% for<110~* M NayS to

31 mass-% for B0 x 10~2 M Na,S, for solutions equilibrated for five days. They
described their black precipitate of technetium sulphide as being “insoluble in both
acid and alkaline solution in the absence of strong oxidants”. A sample of solution
and precipitate prepared by reactingg20~% M aqueous NHTcO4 with 6 x 1072 M

NapS at pH= 8.5 was aged for one month at 343 K followed by seven months at
298 K. After that time, the precipitate was removed, washed, and then dried at 343 K
for one day. The resulting particles typically were about 50 pm in diameter, they were
roughly circular and plate-like in shape, and they were amorphous towards X-ray and
electron diffraction. Chemical analysis by neutron activation yielded a composition
of TcS323(s) (or TeSs5(s)), which is in approximate agreement with the expected
composition of TeS;(s). However, we note that this analysis is equally compatible
with a formulation Tcg(s).

[83MIL ]

The author did a fairly extensive investigation of the electrochemical behaviour of
TcQy in tripolyphosphate solutions. The tripolyphosphate concentration was gener-
ally fixed at 0.100 M, and the pH was controlled by an acetate buffer (0.05 to 0.1 M)
for pH = 3 to 5 and by either ammonia (0.05to 0.1 M) or borate (0.02 M) foepBl.5
to 11. The solution pH values were adjusted with addition of small amounts of HCI,
H2SOy4, or NaOH. A variety of different technetium tripolyphosphate (TPP) complexes
were produced depending on differences in experimental conditions: bulk (coulomet-
ric) electrolysis of Tc@, polarographic reduction of T¢Q or ligand exchange with
TcBr2 .

Miller found that bulk electrolysis of Tcp in acidic TPP solutions at pH= 4.0
to 4.8 produced an air sensitive Tc(lll) complex that could be oxidised to a Tc(IV)
species that was stable towards both oxidation and reduction. No direct reaction oc-
curred between freshly-prepared Tc(lll) and T,cOHowever, coulometrically pre-
pared Tc(lV) species gradually underwent hydrolysis in both acidic and alkaline solu-
tions, and these hydrolysed species could be reduced in irreversible pH-dependent pro-
cesses. The hydrolysis products were different for hydrolysis under acidic or alkaline
conditions, possibly because protonation of coordinated TPP may have occurred at
lower pH values. The hydrolysis reaction for gH3 to 6 followed the rate equation

—d[Tc(lV),unhyd/dt = K[Tc(V), unhyd[OH]

wherek = 580 mol! - dm?® - min—1 and “unhyd” denotes the unhydrolysed Tc-TPP

complex. A different and possibly dimeric Tc(lIl) complex was produced by polaro-
graphic reduction of Tc in TPP solutions. It could be reoxidised nearly reversibly

to a possibly dimeric Tc(IV) complex.
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Ligand exchange of T cBrg solutions containing Nﬁl with TPP was also studied,
and the resulting technetium complexes were separated by gel permeation chromato-
graphy. A mixture was obtained, from which a 1:1 Tc-TPP complex was isolated, and
it appeared to be polymeric. Its behaviour was distinct from those of the Tc(IV)-TPP
complexes produced by electrochemical reduction of ,J@OTPP solutions.

[83SPI/KRY]

Spitsyn, Kryuchkov and Kuzina studied the reduction of Jd®@aqueous HN@with
hydrazine. At HNQ concentrations ok 1.0 M, hydrazine reduced T¢Dwith pre-
cipitation of Tc(IV) and Tc(V) hydrous oxides (note: there is very little supporting
evidence for a Tc(V) oxide). In solutions 6f8 M HNOg3, hydrazine concentrations of
up to 1 M did not reduce Tc, which is partly due to precipitation of 4 - 2HNOg.
However, at various HN@ concentrations, high concentrations of botbHY and
TcO, reacted explosively to form a complex. This “fairly stable” complex was isolated
in solid form, and identified as Ta®O3)3 - H2O(s). No details of its identification
were provided.

[84KOL/GOM ]

The kinetics of the hydrolysis of Tcogtl have been studied in aqueous HCI using
spectrophotometry as have the oxidation of this species by HS®KOL/GOMZ
and HNQ [84KOL/GOM3. In each case, a rapid equilibrium of the type19) or
(A.20) was invoked in order to explain the observed reaction kinetics.

TCOCE™ +H0() = TcOCE™ +2H' 4 CI™ (A.19)
TCcOCE™ +2H,0(1) = TcOCK(OH)3™ + 2H" +CI~ (A.20)

It is impossible to distinguish between these alternate reactions solely on the basis
of their kinetic data, so it is not known whether the intermediate species was a
hydroxyoxy- or a dioxy-complex of tetrachlorotechnetium(V). There are possibly
other equilibrium reactions that are consistent with the reaction kinetics data. The
equilibrium constant at 298.15 K for the above reaction (no matter which reaction is
correct) isKk = 0.05 moP - dm~? at an ionic strength of = 1 M [84KOL/GOM],
K = 006 moP-dm2atl = 2M,andK = 0.1 mof-dm®atl = 3 M
[84KOL/GOM3.

One way to explicitly include the activity of water in the equilibrium constants is
to define the mixed concentration-activity products

[TcOCI3I[HT1?[CI]

K(A19 =
[TcOCE Jan,0

and
[TcOCL(OH)3 [HT1?(CI]

K(A20) =
20 [TcOCE 18
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These two equilibrium constants are related by

K(A20) = K(A.19 (A.21)
20

This equality is based on the recognition that ['Eéni‘] = [TcOCl4(OH); "] because

they are just two different ways of formally denoting the same chemical species. The
equilibrium constants given in referenc&lKOL/GOM, 84KOL/GOM3 apparently

do not contain these water activity factors.

The major solute constituent in each of the solutions studied by Koltunov and
Gomonova 84KOL/GOM, 84KOL/GOM3J is HCI, and thus the ratios of molality to
molarity for HCI, given in Tabldl.5, are used to convert ionic strengths and equilib-
rium constants to the molality scale. The reported ionic strengths of 1, 2 and 3 M
are equivalent to 1.02, 2.08 and 3.2 rkgl™?, respectively. The values @H,O for
HCI solutions are calculated from the osmotic coefficients tabulated by Robinson and
Stokes $9ROB/STQ, and arean,0 = 0.9625, 0.9141 and 0.8526 at 1.02, 2.08 and
3.20 molkg 1, respectively.

Using these conversion factors aglo values yield&(A.19) = 0.055 and (A.20)
= 0.057 atly, = 1.02 molkg™1, K(A.19) = 0.073 andK(A.20) = 0.80 atl, = 2.08
mol-kg~?1, andK(A.19) = 0.12 andK(A.20) = 0.17 atly, = 3.20 molkg™t. The units
of bothK(A.19) andK(A.20) are mof-kg 3.

The specific ion interaction equation f&A.19) and K(A.20) has the following
form

l0og10K® = logioK — 8D + ¢ I (A.22)

whereD is the Debye-Huckel terncf AppendixC. Least-squares evaluations of the
parameters of Eq. A(22) for K°(A.19) and K°(A.20) indicated that e was not stat-
istically significant for either case, and it was consequently set equal to zero for the
calculations repeated. EgA.Q2) then yields logoK°(A.19) = —(2.90+ 0.16) and
log10K°(A.20) = —(2.86£0.19). Eq. (A.21) implies thatk® (A.19) = K°(A.20). Thus
log1oK® = —(2.9+ 0.2). Since there is some uncertainty about the exact equilibrium
reaction occurring for this system, we can not recommend the derived value at this
time.

[84RUS/BIS

Russell and Bischoff investigated the ionic charge on technetium pyrophosphate com-
plexes at various pH values. They prepared their solutions by reaction of tracer amounts
of 9¥MTcO; in 0.15 M NaCl with Q01 M NasP,Oy that had been previously adjusted
to pH = 7.0 with acetic acid. To this solution was added a small amount of a solution
of 0.5 M SnCb in 2 M HCI; the solutions were aged 10 minutes before the chromato-
graphic experiments were started. They performed their ion-exchange experiments at
pH = 3.7 to 4.8 and at pH= 6.0 to 7.5 on two different ion-exchange systems.

They found that the two principal technetium pyrophosphate complexes, which
were separated by ion-exchange chromatography, tended to decompose belew pH
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3.7 unless a small amount of DTPA (diethylenetetramine pentaacetic acid) was added
to the solutions. Chromatographic retention times were the same for these solutions and
for samples eluted a second time with a solution.4fM Na;P,O7 and 01 M KNO3

at pH = 7.0. The identical retention times imply that the technetium pyrophosphate
complexes were not altered by the presence of DTPA.

[85ANT/MER]
See comments under9BRA/HAR].

[85ARO/HWA]

Aronson et al. studied changes in the electronic spectrum of chh several
different ionic media. They found that a solution @in-C4Hg)4N)2TcClg was
“stable” in aqueous 25 mdlg— choline chloride, and that its spectrum was similar
to that of chg‘ in concentrated HCI. However, spectroscopic measurements for
((N-C4Hg)4N)>TcBrg in 10 motkg~—1 (n-C4Hg)4NBr showed that Tcng was much

less stable in this medium and 70% of it decomposed within 18 hours, but addition of
0.12 M HBr to that solution stabilised it for several days.

[85KOL/GOM |

Koltunov and Gomonova studied the reproportionation of J&dd TcCﬁf. A pre-
liminary experiment indicated that no detectible reaction occurred betweep o0
TcCEE~ below room temperature, but at 353 K the reaction occured at a significant rate.
The reaction kinetics were studied at ionic strengths of 1 to 4 M and from 348 to 363 K
using spectrophotometry, with most experiments at 353 K. The observed reaction was

2TcCE™ +TcO, +3CI~ +2HY = 3TcOCE™ + H,0()

The reaction kinetics at 353 K were first order in [Tc(IV)]lat: 1 and 2 M, but were
one-tenth order in both [TcfJ and [HT] at | = 2 M and were independent of both of
their concentrations dt= 1 M.

[85PAQ/LAW]
See comments undeBZPAQ/LIS.

[85SPI/KUZ]

A mixed valence oxychloride of technetium was reported. The original references are
not available to us, but it was described in some detail by Spésgh

K3Tcp02Clg(s) can be prepared by refluxingKeoClg - 2H20(s) in methyl ethyl
ketone in the presence of air. This solid was sparingly soluble in organic solvents, but
it dissolved readily in aqueous solutions of inorganic acids. It was rather resistant to
oxidation and reduction both in the solid phase and in solution, but decompaosition was
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relatively more rapid in the presence of complexing agents. Whdrc4O,Clg(s) was
added to concentrated aqueous HCI, the initial decomposition was to form equivalent
amounts of TcQ';f and Tco@‘. This supports their claim that the solid was a mixed-
valence Tc(IV,V) compound.

[86FLI/LAN ]

Flint and Lang prepared €8cBrs_xClx(s) in C2SnCk(s) by reaction of GsTcClg(s)
with a small amount of concentrated HBr, adding the mixture to a large excess af SnCl
in agueous HCI, and precipitating the ZSsCk(s) with excess CsCl in HCI. These
authors also obtained luminescence spectra of these solids under blue or ultraviolet
excitation at low (but unspecified) temperatures; these spectra were analysed in terms
of all the ten possibl€TcClBrg_n]%~ species except the faciglcClsBrz]2~ isomer.

Wendt and PreetORWEN/PRE made a more extensive investigation of the lu-
miniscence spectra of these phases at 10 K usin§1iB(s) and CsTcClg(s) as well
as CsSnCk as host lattices and suggest somewhat different assignments of the lu-
miniscence bands for the eight mixed isomers, includiag — [TcClsBrz]>~. The
same authors had previously describ@tifRE/WEN the preparation and substantial
separation of the individual isomers of the-C4Hg)4N)2>Tc(Cl, Br)g series of com-
pounds, by ligand exchange in HCI or HBr acids at room temperature, followed by
ion-exchange chromatography on diethylaminocellulose. They also measured the in-
frared and Raman spectra of these compounds, and compared the experimental vi-
brational frequencies with those calculated from a normal-coordinate analysis. They
found that due to the different trans-effect of the Cl and Br ligands, the Tc-Br bonds
are strengthened and the Tc-Cl bonds weakened on the asymmetric CI-Tc-Br axes as
compared with those on symmetrical X-Tc-X axes.

[86MEY/ARN]

Meyer, Arnold and Case found that measurable amounts of Twére present in sat-
urated solutions of Tc(lV) in contact with TegOxH20(s) even though the experiments
were performed in a glove box in an argon atmosphere contaiifl x 106 mass
fraction of Q(g). Meyer, Arnold and Case (their Figures 1 and 2) even found that un-
der these conditions the equilibrium concentrations of Jg@nerally exceeded those

of Tc(IV) in both acidic and alkaline solutions. It is probable that some of this oxida-
tion of Tc(IV) involved chemical species produced in small amounts by the radiolysis
of water, as some of thi¥Tc underwent radioactive decay.

Meyer, Arnold and Case determined redox potentials atH..9 for variable
concentrations of Tcp of about 2x 1075, 2 x 10° and 2x 10~ M. Results were
presented graphically. By assuming that ReactMf)(was reversible, and using the
value of Cartledge and SmitbHCAR/SMI of E° = 0.738 V, they predicted values
of E as a function of the Tc concentration that were within a few mV of the exper-
imental points. This confirms the general reliability and consistency of cell potential
measurements involving the T¢I cO; - xH20(s) electrode.
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[86SPI/TAR]

Nuclear quadrupole coupling constants (QCC) were reporte®ar in a variety of
pertechnetate salts with monovalent catio883PI/TAR 86 TAR/PET]. The LiTcOy

was the only salt with a QCC of zero; this implies that 8&c is in a completely
symmetrical environment. Values of QCC for the other salts ranged from 1.25 to
5.2 MHz. There appears to be a rough correlation of QCC values with the crystallo-
graphic unit cell size; crystals with smaller unit cells (and, presumably, shorter cation-
to-pertechnetate distances) tend to have larger values of QCC.

The nuclear quadrupole coupling constant 8Tc in “Tc,O7 - HoO(s)” or
“Tco07 - xH20(s)” is considerably larger than for alkali metal pertechnetates
[86SPI/TAR 86 TAR/PET], although the structural significance of this is not entirely
unambiguous. The unit cell of “BO7 - HoO(S)” or “TcyO7 - XxH20(s)” was reported
in these studies to be orthorhombic, but no details were given nor was the space group
reported.

Kirkpatrick [88KIR] tabulated values of QCC fdr'O in a variety of inorganic and
organic oxides containing M-O-M or M-O-Mbonds. Values of QCC were small for
highly ionic bonds but were large for predominately covalent bonds. The QCC for
“Tc207 - HoO(s)” [B6SPI/TAR 86TAR/PET, ~10 MHz, was much larger that for
any of the pertechnetate salts. If the same type of correlation holds between QCC
and degree of ionic character f8¥Tc as forl’O, then the larger value of QCC for
“Tc207 - H2O(s)” implies that highly covalent bonds and not ionic bonds are present
which then implies that this compound is more probably a hydrated oxide rather than
being pertechnetic acid. Alternatively, the large QCC value could simply indicate that
the technetium atoms are in a highly asymmetric environment. Also see the discussion
of reference 98GUH which suggests that “B©7 - HoO(cr)” may possible have an
ionic structure. Unit cell parameters have been determined faiOTcH,0” at 196 K
in the laboratory of K.E. Guerma®8GUEZ. However, the detailed structured of this
compound was not solved.

[86TAR/PET]

See comments undeBGSPI/TAR.

[86VAN/DAV]

Vankin, Davidov and Selig studied the intercalation of §e&Rd other metal hexaflu-
orides into graphite. These authors noted that some compounds of this type showed
metal-like conductivities. The graphite used in this study was highly oriented pyrolytic
graphite, HOPG. This HOPG had essentially single crystal properties along the crystal-
lographicc-axis, but exhibited some mosiac spread alongatais. Both HOPG and

its intercalation compounds exhibited strongly anisotropic properties. These intercala-
tion compounds generally formed spontaneously wherg it HOPG were brought

into contact.
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Intercalation of Mk into graphite occurred by way of the reaction
NC(HOPG + MFg(1?) = (C{")(MFg)x(MFg)1-x(S)

wherex is the degree of charge transfer from carbon to thegMFhe authors cited a
literature estimate that the electron affinity of ¥$hould exceed about 500 -kibl~1
for spontaneous intercalation to occur.

Vankin, Davidov and Selig observed that when HOPG came in contact wit§ TcF
the electrical conductivity of the intercalation compound rapidly increased to about 7
times that of HOPG, and thieplane spacing became #6x 10~19m (stage-I1). Upon
further exposure to Taf the d-plane spacing decreased td8x 10-1° m and the
conductivity dropped to that or below that of HOPG (stage-1). Parameters were reported
for the temperature dependence of the electrical conductivities of stagd-dkg) and
stage-1l (GoTcFg), based on measurements from about 10 to 280 K.

Their ESR measurements of stage4lhTcFs at 4 K showed a clearly resolved
ten-line spectrum, which was similar to that f8Tc(VI1) compounds. However, the
effective magnetic moment of this same sample was 0.7 B.M., which fell between that
of TcFs (0.45 B.M.) and TcE in alkali metal MT¢'Fs (2.25 to 2.51 B.M.). These
results led them to an estimated valuexo£ 0.06 for the degree of charge transfer,
which they felt was unrealistically low. However, based on a linear correlation of the
d-plane spacing with the degree of charge transfer fog MFHOPG, they estimated
that a degree of charge transferof 1 was more likely for the technetium case.

[87HUB/HEI]

Huber, Heineman and Deutsch investigated the redox behaviour @‘Tu)@queous
HX-NaX mixtures, where X = CI~ or Br~. Typical experimental compositions were
(1to 3)x103 M Tc(lV), 2.0 M HX, and 2.0 or 3.0 M NaX. These electrochemical
measurements were done with thin-layer and bulk solution cyclic voltammetry, thin-
layer coulometry, and thin-layer spectropotentiostatic measurements relative to a sat-
urated NaCl calomel electrode. The reversible redox reactions occurred by the general
unbalanced reaction (in4d)

Te(V)+e = Tcll) +npHT + nyX™

where Tc(IV) denotes the hexahalo complex or a mixed aquo-halide complex. Their
least-squares analysis of the emf results indicatedrthat (1.2 + 0.2) andny =

(2.7 £ 0.2) for the chloride system, amt, = (1.6 + 0.6) andny = (5.9 + 1.0) for

the bromide system. Based on the known equilibrium constants, the Tc(IV) solutions
under these conditions are known to be mixtures of gl‘cz(nd TcX; . However, for
Tc(lll) the electrochemical results indicate that Tg@H)™ and TcC4(OH)5™ are the
predominant species in the chloride system, an@F2* and Tc(OH§r predominate

for the bromide system. Thus the tendency for aquation and hydrolysis of Tc(lll) halide
complexes is greater for the bromide system than for the chloride, as was found to be
the case for Tc(1V).
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[87LIE/BAU2]

Lieseret al. prepared Tcg(cr) by thermal decomposition of NfTcOy(cr) in flowing
N2(g) at 1073 K, and the resulting Te(r) was then placed in a sealed quartz ampoule
and annealed at 1133 K for 14 hours. This produced a well-crystallised sample of
TcOx(cr), which was used for aqueous solubility experiments. In this study, they found
that relative dissolution rates per gram of T£€) in 0.1 M NaNQ in the presence of
air were independent of the amount of T£€r) used in the solubility experiments, but
the absolute rates did depend on the surface area per gram gfcFrCrhis implies
that the rate limiting step for the dissolution of Tg@r) involved a reaction at its
surface. In addition, they found that for aqueous solutions with low concentrations of
CI~ the rate of oxidation of Tce{cr) by oxygen was the rate limiting step, and this
oxidation rate was proportional to the aqueous concentration of oxygen. They also
found that in the presence of oxygen, oxidative dissolution ofs{coccurred, with
more than 99% of the dissolved technetium then being present gs.TcO

Lieseret al. also studied the dissolution of Tg(@r) under anaerobic (low oxygen)
conditions. They found that the relative dissolution rate (@84 + 0.09) ppm- d—1
under aerobic condition€f, = (0.475+ 0.015) V), but was< 0.02 ppm- d—1 under
anaerobic conditions, = (0.3004 0.015) V). They attributed the initial dissolution
of a small amount of Tcefcr) under anaerobic conditions as being due to the action
of oxygen sorbed on the Teqxr), but the oxidation state of this dissolved technetium
is not known. For this dissolution experiment under anaerobic conditions at pH
(5.7 £ 0.1), 3 mg of TcQ(cr) was placed in 100 cfrof 0.1 M NaNGs. This TcQy(cr)
had previously been washed free of soluble impurities. The resulting concentration of
technetium due to dissolution of 3 ppm Tg@r) is equivalent to & 1010 M.

The solubility study of Lieseet al. was described in detail, and their Tg0r) was
well characterised. However, it is possible to interpret their solubility measurements
for TcOy(cr) under anaerobic conditions in different ways. One of these interpretations
was given by Lieseet al., viz,, that the initial dissolution involved residual aqueous
oxygen and resulted in the formation of TgOwhereas the dissolution of Te(zr)
without oxidation is so slow that saturation is never reached for aqueous Tc(IV). An-
other possibility is that the 3 ppm initial dissolution was sufficient to produce a sat-
urated solution of Tc(IV) in equilibrium with either TeQcr) or a partially hydrated
surface oxide.

[87LIE/BAU]

Lieser and Bauscher studied the sorption behaviour of technetium from various ground-
waters onto various wet sediments as a function of applied potential. They found that
for experiments performed at pH (7.0 + 0.5), the sorption of technetium decreased

by nearly a factor of 1Das the potential was changed from negative to positive val-
ues. The most rapid change in sorption occurred df7@+ 0.060) V, but at higher

and lower potential values the sorption was nearly independent of pH. We assume, as
they did, that this sorption change was due to reduction of, T&®Tc(IV); Tc(IV)

is known to be more strongly sorbed than T,cOThe redox potential needs to be
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corrected to pH= 0 to yield the standard potential for Reaction2), thus yielding

E° = (0.7224 0.072 V. Given the approximate nature of this type of measurement,
the derived value is in excellent agreement with the direct experimental values cited in
SectionV.2.1.

[87MEY/ARN]

Meyer and coworkers37MEY/ARN, 89MEY/ARN] studied the solubility of Tc@-
xH>0(s) as a function of pH in various electrolyte solutions (mainly HCI or NaCl solu-
tions). Solubilities of Tc@ - xH20O(s) in solutions of NaCl at concentrations of NaCl
between 0.05 and 2.6 M and at pH = 6.9 to 9.3 showed no significant variation with
either variable. However, solubility measurements were also made in 0.01 M NaHCO
plus N&@CQOsz at pH= 9.74 [87MEY/ARN] and at pH= 9.54 and 9.7089MEY/ARN]

and in synthetic basaltic groundwater containing HC& pH = 9.27 to 9.43. These
solubilities are consistent with solubilities at these same pH values in NaCl-NaOH
solutions, and no evidence was obtained for carbonate or chloride complexes under
those conditions.

[87NEC/KAN]

Neck and Kanellakopulo8fNEC/KAN] reported their densities of aqueous NafcO
in gmL~1 at 298.15 K for five concentrations from 0.0982 to 0.3101-tat 3. From
these data they derived the vaMg(TcO,, ag 29815 K) = (45.9:£1.0) cm®-mol~L.
However, their densities were only determined4d x 10~% g - mL~1, which
gives uncertainties of the apparent molar voluxeof +0.63 c? - mol ! atc =
0.3101 mol dm~3 to £1.98 cn? - mol~! atc = 0.0982 mol- dm=3. In addition, they
only determined the NaTcfroncentrations to a precision 0.5% by a radiometric
method, which contributes further to the uncertainty/gf It is clear that extrapolation
of their Vy to infinite dilution to obtainV; = V$ will have considerable uncertainty.

Neck and Kanellakopulos reported using a molar mass of 185:98aj ! in their
calculations, which may be a typographical error since it differs by 0.1éngl~!

from a value of 185.8937 gmol~1 calculated using current IUPAC “atomic weights”.
Apparent molar volume¥, were calculated from the reported densities and concen-
trations. An attempt was made to extrapolate these values to infinite dilution using
the extended Debye-Huckel (Redlich-Meyer) equatin,= Vo + Ay/Im + Bylm,

where Ay is the Debye-Huckel limiting slope for volumes alg is a salt-specific
empirical parameter. The apparent molar volume values were too scattered to yield an
unique value 01\/(; by least-squares analysis. Using a combination of fits to various
subsets of this data set and empirical extrapolations, this review derives an estimated
value ofV; (NaTcQy, ag 29815 K) = (46.3+ 1.5) cm?® - mol~1 from this study.
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[88GER/KRJ]

Germaret al. studied the solubility ofi-tetrabutylammonium pertechnetate in aqueous
solutions of LING;, HNOs, (n-C4Hg)4NOH, and LING-HNO3 mixtures at 293.15 K
using radiometric determination of the concentration®®fc. The solubility of
(n-C4Hg)4NTcOy(cr) was unaffected by the presence of LipNOt increased with
the concentrations of HN§) but it decreased with increasing concentrations of
(n-C4Hg)4NOH. This increase in solubility with addition of HNOs due, at least in
part, to tying up some of the T¢Oas undissociated HTeOQwhereas the decrease
in solubility with addition of(n-C4Hg)4NOH is largely a “common ion effect.” The
increase in solubility of(n-C4Hg)4NTcOg4(cr) in mixtures of LING and HNQG; at

lc = 5.00 M is virtually identical to the solubility increase in HNGlone, at the
actual concentration of HN§

In contrast to the “salting in” effect of HN® on the solubility of (-
C4Hg)4NTcOq4(cr), the presence oh{C4Hg)4NOH caused a reduction of its solubility.
They found that the reduction of the concentration of Ta@pon addition of different
concentrations of -C4Hg)4NOH was less than expected from solubility product
considerations, and they attributed this effect to the formation of undissociated species
of the type (-C4Hg)4NTcOs(aqg). By neglecting activity coefficient corrections, they
obtained a formation constant for these ion paks: = (154 6) M—1. Because of
the variable ionic strength and the neglect of activity coefficients, this equilibrium
constant should be considered uncertain.

[88LIB/NOO]

Libsonet al. described a red salt of Tc(lll) that contains the NBINO; anion, which

is a nitrate ion solved with a molecule of nitric acid. No experimental details were
given for the preparation dfans-[TcClx(dppe2]NO3 - HNO3(cr), where dppe denotes
the 1,2-bis(diphenylphosphino) ethane ligand. It is quite likely that it was prepared
by ligand exchange witkrans-[TcCl,(dppe2]Cl in concentrated HN@ This trans
[TcCla(dppe2]NO3 - HNOs(cr) crystallised in the triclinic space groud Rvith a =
(10.083+0.004) x 10 19m,b = (11.119+0.008) x 10 1°m, c = (12.767+0.002) x
10 10m, o = (71.80+0.02)°, B = (73.6840.02)°, y = (69.35+0.02)°, andZ = 1.

[88VIK/GAR]

Very few experimental details are available for the solubility study of Paquette and
Lawrence, which is summarised in this report by Vikisal, and the experimental
solubilities were only presented graphically. The only real experimental information
concerning that solubility study was that their T£€r) had been prepared by thermal
decomposition of NHTcO4(cr) and that their amorphous Te©xH>O(am) had been
prepared by titration of an aqueous acidic Tc(lV) solution with NaOH.

Vikis et al. gave a plot of the logarithm of the solubility of Tg(@r) as a function
of pH at 298 K; at pH= 5.7 this curve yields a solubility 0f2x10-8 M. This sol-
ubility is about a factor of 30 higher than the total solubility obtained by Liesel.
[87LIE/BAUZ] for TcO2(cr) at this same pH. The report by Vikés al. also contained
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a plot of the solubility of freshly precipitated amorphous Bc@H>0(s) as a function
of pH. The solubility of their Tc@(cr) was lower than that of TcO xH2O(s) in acidic
solutions, but was higher in alkaline solutions.

The higher solubilities for Tcgfcr) than for TcQ - xH2O(s) at high pH values and
the reverse order for their solubilities at lower pH is clearly not thermodynamically
consistent. Three main possibilities exist as to what could have caused such an inver-
sion. First, it is possible that the aqueous speciation of Tc(IV) was not the same for
measurements with TeQer) and for TcQ - xH2O(s) due to kinetic factors such as slow
hydrolysis or gradual colloid formation. Secondly, it is possible that the nature of the
solid phase changed with pH due to precipitation of a second phase that incorporated
anions or cations from the unspecified electrolytes used to adjust the pH of the solu-
tions. The third possibility is that one or both of those solubility studies is in error such
as from failure to adequate correct for the presence of,;TeQhe solution, or failure
to completely remove colloidal material.

In this paper, two graphical representations of Tc solubility measurements are
shown, one using freshly precipitated T£@m), the other using crystalline Teg(@r)
obtained by thermal decomposition of ammonium pertechnetate. The solubilities of
these Tc(lV) oxide phases were measured as a function of pH between pH values of
5 and 12. The shape of the solubility curves are similar, showing a minimum in near-
neutral solutions. The solubility of the crystalline Tc(IV) oxide appears even somewhat
higher than that of the amorphous phase in neutral and alkaline solutions. The results
are not compatible with the measurements of Mesteal. [91IMEY/ARNZ]. In addi-
tion, the authors state that they were unable to obtain reliable data in acidic solution,
“due to the formation of a more insoluble compound with the acids used”. Burnett and
Jobe P7BUR/JOB tabulate the solubilities of Paquette and Lawrence for Z{c6) in
their Table 3. They list 13 solubilities for the pH range of 4.26 to 10.97.

[89BAL/BOA]

Baldas, Boas and Bonnyman hydrolysegTINCI5(s) by dissolving it in water to
yield a brown precipitate. This precipitate was coagulated by heating, washed twice
with dilute HNOs and then separated by being centrifuged. This solid was subsequently
dried under vacuum over solid KOH to yield black pitch-like flakes of nitridotech-
netic(VI) acid.

Approximately 99% of the chloride was removed during the rinsing and wash-
ing of the precipitate, so the nitridotechnetic(VI) acid was essentially chloride free.
It had the IR peak at 1054 cm corresponding to the Tc-N triple bond. Analysis
for technetium gave a technetium mass fraction corresponding to an empirical com-
position of KNOsTc. They noted that this could correspond either to T@N)3,
TcN(O)(OH)(OHy), or TeN203 - 3H20. However, they concluded that it must be
a polymeric form of one of these formulas, based in part on its low solubility in wa-
ter. Additional evidence for a polymeric nature came from the continual change in
magnetic moment with the increase in extent of hydrolysis of the chloride salt.

Baldaset al. [90BAL/BOA] further investigated the properties of this “nitridotech-
netic(VI) acid”. A sample of it that was dissolved in 1 M toluepesulphonic acid
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(Hpts), CBSO3H, or CH3SO3H gave an air-stable yellow solution after setting for half
an hour, and paper electrophoresis of the solution at 600 V in 0.5 M acid solution indic-
ated all of the technetium was present as a single cationic species. In 3830sH the
UV-visible spectrum of this species exhibited maxima at 251 and 295 nm. Solutions
of this species at % 103 M technetium in 1 M Hpts, CE5OsH, or CHsSOzH, that

were frozen, exhibited no ESR signal at 130 K.

They [Q0BAL/BOA] added 1.5 equivalents of sodium diethyldithiocarbamate
NaxS,CNEL - 3H20 in 1 M KoHPO, to a yellow solution of this cation in 1 M
Hpts. Extraction of the resulting solution with GEI, followed with separation
by silica gel chromatography gave a 37% vyield of yellow-coloured Tc(VI) complex
[{TcV'N(S,CNED)}2(u-0)2](cr) together with 15% of the previously known
TcYN(S;CNEb),. The first of these products was characterised by elemental analysis,
IR spectroscopy, and single-crystal X-ray diffraction. It crystallised in the triclinic
space groufP1 with a = (8.06940.004) x 10 19m, b = (9.22440.004) x 10~ 1%m,
¢ = (140174 0.006) x 1019m, & = (107.77+ 0.04)°, 8 = (10205 + 0.04)°,

y = (93.80£0.04)°, andZ = 2. It contains a dj¢-0xo) bridged dimer of technetium,
with the technetium atoms@6 x 10~ m above the “$’ and “O,” basal planes. The
Tc-O-Tc bond angles wer@1.8 £+ 0.2)° and (82.1 & 0.2)°, and some metal-metal
interaction was likely. Based on this structural information, they formulated the
yellow-coloured aqueous cation as be[ﬁgN(OHz)g}z(u-O)§+. They later reported
that[{TCN(S,CNEb)}2(u-O)2] melted with decomposition at 486 RIBAL/BOA].

A salt of “nitridotechnetic(VI) acid” has also been report@dBAL/BOA]. Bal-
daset al. hydrolysed Cs(TcNCls) in water, and the resulting “nitridotechnetic(VI)
acid” was added to a solution of 1 mokg~! CsOH. This solution was diluted to
about one third of the original concentration and then filtered. The addition of eth-
anol to the yellow-brown coloured solution gave a yellow powdery precipitate. This
solid was dried under a vacuum and then chemically analysed for Tc, C, H, and N.
A small amount of carbon was detected, which indicates that a trace of ethanol was
retained by the precipitate. The IR spectrum of this salt in a KBr pellet had peaks at
639, 734, 1046, and 1628 crh, along with a broad band at 2800 to 3600¢mAddi-
tion of Na(S;CNE®b) to an alkaline solution of the “nitridotechnetic(VI) acid” gave the
previously characterised TcN(S;CNEb) }2(«-O)2](cr). The UV-visible spectrum of
the corresponding aqueous cation showed similarities to the known cati@)zio
(M—O)2M0(0H2)§+. This Tc compound was subsequently sho®BBAL/BOA] to
crystallise with a triclinic cell, space groud P This dimeric Tc(VI) complex is best
described as two edge-sharing square pyramids, with Tc-N and Tc-Tc distances of
(1.62340.004) x 10-19m and(2.543+0.001) x 10~1%m. The related Tc(V) complex
As(CsHs5)4[ TCN(S,CNEL) (SCOCOS], containing the thio-oxalate ligand, is mono-
meric, with a monoclinic cell, space group A2 in which the technetium atom has
square pyramidal geometry with a Tc-N distancéb54+ 0.02) x 10710m.

In view of all of this information, they91BAL/BOA] formulated the solid salt as
Co[(HO)2NTc(uu-0)2TcN(OH)2], and the “nitridotechnetic(VI) acid” as [#D)(HO)
NTc(u-0)2Tc(OH)(OHy)]. However, they noted that the true formulas could actually
be polymers of these proposed dimers.

Baldas, Boas and colleagues3BAL/BOA2, 93BAL/BOA] have further studied
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the de-dimerisation reactions of this “nitridotechnetic acid” [{TcN(OH)EM (u-

0O),] by ESR, visible and ultra-violet spectroscopy in a number of oxo-acids of sulphur
and phosphorus. They proposed a sequence of reactions for increasing concentrations
of HL, the co-ordinating acid. High acidity and the presence of strongly co-ordinating
anions favour the formation of the monomeric forms, which may be written generic-
ally as TcNL, , but almost certainly contain both Tcl‘g’t and TcNLy(OH,) ™ species;

the halide complexes seem patrticularly stable. These monomeric species can easily
be monitored, since they are are ESR-active and have an intense absorption peak in
their U-V spectrum at 266-300 nm. The dimeric species, which are ESR-silent and
have intense absorption bands in the visible region of 470-580 nm, have been iden-
tified with very weakly coordinating acids. They were studied 558y, HzPOy,
H4P>07, NH2SO3H (sulfamic acid), and various sulphonic acids RBQincluding

those with R = Ck, CHs, andp-CHs-CgH,4. Baldaset al. [93BAL/BOA] prepared and

made X-ray structure determinations on the sols(CgHs)4]2(TcNX2)2(u — O)2],

X = ClI, Br. They do not give the details of the symmetry or lattice parameters of
the unit cells, but do give the structure of th@cNCh)2(u — 0)2]%~ ion in the
chloro-complex. The bond distances are Tc=¥q2.5794+ 0.002) x 1071 m, Tc-

N = (1.650+ 0.0016 x 10710 m, average Tc-Ck 2.396 x 1071° m. Many of

the properties of these Tc(VI)N-complexes mirror those of the isoelectronic Mo(V)O-
0Xxo0 species, particularly the formation of stable monomeric and dimengo and
di(u-oxo) species.

[89BOC/BRU]

Bock et al. investigated the sorption of technetium on several iron and sulphide min-
erals: stibnite (Sg5g), pyrrhotite (FeS), pyrite (Fe$ galena (PbS), and loellingite
(FeAs). Technetium was initially present at about M as TcQ,, and the measure-
ments were done in a bicarbonate-type groundwater. After two weeks, more than 95%
of the technetium was immobilised on the minerals, although, in most cases, equilib-
rium was not achieved for 6 to 12 weeks. Both FeS angSSbeached equilibrium
within two weeks, and absorbed essentially all of the technetium. The authors sug-
gested that all of these minerals would make favorable backfill materials for a nuclear
waste repository.

[89FRE/LUT]
See comments undef9BRA/HAR].

[89GUP/ATK]

The authors measured the solubility of Tc(IV) oxide under conditions of a cementitious
near-field of a radioactive waste repositor,, they used saturated Ca(QHplutions

at pH = 12.5. They applied a “bias potential” to investigate the Tc solubility as a func-

tion of the reduction potential, and they monitored the concentration of the dissolved
Tc by usingB-counting (with a detection limit of % 10-8 M) or inductively coupled
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plasma-mass spectrophotometry (ICP-MS, with a detection limit of M, and with

an uncertainty oft5%). The concentration of Tc was found to be independent of the
bias potential. Solutions equilibrated for one day or longer generally had Tc concen-
trations ranging between310-8 and 2x 10~/ M, which corresponds roughly to the
value extrapolated to pH = 12.5 froBZERI/NDA]. The authors concluded that the
cathodic reduction of Tcp to Tc(IV) oxide was not reversible, and that therefore the
redox conditions could not be controlled by electrochemical means. Also, usigy H

and Fe(OHy(s), it was not possible to obtain the expected Tc concentrations. This
seems to be due to the slow kinetics of the hydrogen oxidation in the first case. In the
other case, it was not established whether reduction of, Tecurred at the surface of

the ferrous hydroxide particles rather than in homogeneous solution. This could also
be correlated to the inertness of Tc(IV).

[B9MEY/ARN]
See comments undeBTMEY/ARN].

[90BAL/BOA]

See comments undeBJBAL/BOA].

[90BAL/BOA?]

Baldas et al. reported that the reaction of aqueous KCN with a solution of
(AsPhy)TcNCl, in acetonitrile initially became purple-red and then bright yellow.
Aqueous AsPRCI was added to the solution, and the mixture was evaporated under
reduced pressure to dryness over solid KOH. The resulting yellow material was
washed with cold water to remove KCI, KCN, and excess A§PHout the amount of
water was kept to a minimum because of the solubility of the yellow nitrido complex.
This material was partially characterised by elemental analysis for technetium, by IR
spectroscopy, and by ESR spectroscopy at 130 K. The recrystallised material melted
at 506 to 507 K.

A single-crystal X-ray diffraction study established that the complex was
[(AsPhy)]2[ TcN(CN)4(OHo)] - 5H20O(cr). It crystallised in the monoclinic space
group P2/n witha = (17.107+ 0.010) x 10 1%m, b = (19.965+ 0.014) x 10 19m,

c = (154734 0.010 x 10 1%9m, 8 = (101704 0.04)°, andZ = 4. The crystals
contain discrete Astlh cations and TcKCN)4(OH2)2~ anions, with the nitrido
nitrogen and coordinated water beitr@ns to each other. The absence of an ESR
signal for a polycrystalline sample of this material indicates that the diamagnetic anion
contained Tc(V). However, solutions of £J<NCls or nitridotechnetic(VI) acid in
concentrated aqueous HCI and KCN turned deep-purple coloured, and exhibited ESR
spectra corresponding to partial formation of two of the following Tc(VI) species:
TcNCI3(CN)~, TcNCL(CN);, or TcNCI(CN);. After longer reaction times with

HCI, only TcNCI, was observed.
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[90PIL]

In this study, the solubility of Tc(IV) hydrous oxide was followed at high pH and under
reducing conditions, reached by addition of sodium dithionite in the presence of three
different cement types. The experimental setup was designed to simulate the cemen-
titious near-field of a radioactive waste repository, and leachates containing organic
decomposition products were added as well. Under reducing conditions, the solubility
of Tc(IV) oxide was found to be around 10 M. Variation of the pH from 7.0 to 12.7

or modification of the solid-liquid separation method had little effect on the results,
while the Tc solubility increased by a factor of about 10 in the presence of organic
degradation products. For solutions containing3®! sodium dithionate and with Eh

< —0.16V, the technetium concentration varied betwe@nx1.0-8 and 59x 10~/ M.

If no sodium dithionite was used, the solubility of Tc(IV) oxide was generally 50-100
times larger.

[91BAL/BOA]
See comments undeBYBAL/BOA.

[91MEY/ARN]

The most recent and most detailed redox potential measurements for thé TaQ -
xH>0(s) couple were reported by Meyer and co-workers. They presented their detailed
results in two separate repor@MEY/ARN, 89MEY/ARN], and summarised their
experimental values in a journal articl@]MEY/ARN]. Five series of experimental
measurements were reported; three in which the concentration gf #W&@ varied,
and two in which the pH was varied. All experiments were performed in an argon-
filled glove box containing a mass fractionaf0.7 x 10-° O,(g).

These experiments were done with aqueous mixtures offid8, and HCI. Five
series of experiments were done, three of these series using the same electrode, for a
total of 23 emf points. In three of their series, the pH was held approximately constant
at 2.27 to 2.35 by making the solutionx3L.0~3 M in HCI, and the NHTcO4 concen-
tration was varied from 91 x 10~°to 351 x 10~2 M. In each of the other two series
of experiments the concentrations of NFtO4 were held approximately constant at
about(0.9 — 1.2) x 10% or 1.1 x 103 M and the pH was varied from 1.90 to 3.99.
The HCI concentrations in these latter two series of measurements were not reported,
but this information was supplied to us by Mey8dMEY].

These series of potential measurements by Meyeal. involved three different
electrodes of Tc@- xH20(s), prepared by electrodeposition of TcOnto platinum
mesh at pH= 2 and at a potential 0§#0.0445 V. A SCE was used as the counter
electrode. They found that if either or both the concentration of,,To@the pH of
the solutions was changed, then it took some time (not specified) for the potential to
return to a constant value (or at least a steady state). For example, at lower pH values
(pH ~ 2) about four hours were required for the emf to become constant, whereas at
higher pH values (pH- 4) about one day was necessary. However, for concentrations
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of TcO, of 10~* M or lower, steady potentials were never obtained due to continuous
drift.

A saturated calomel electrode (SCE) was used as the counter electrode in all
three of those studies, and all of these cells contained a salt bridge or liquid junction.
Completely reliable corrections can not be made for liquid-junction potentials.
However, Hills and Ives 1HIL/IVE] recommended an apparenE®” value of
(0.2450+ 0.000) V (their table VI) for the SCE in contact with an acidic solution at
the liquid junction. We will accept that value for our recalculations, in order to put the
experimental redox potentials on a consistent basis.

Meyer et al found that the Tc@Q/TcO, - xH20(s) couple had an approximately
Nernstian response with change in pH or TcConcentration. They recommended
thatE® = (0.747+ 0.004) V at (29815+ 0.1) K, based on their measurements with
>9x10°4M TcOj.

[91MEY/ARN2]

This paper summarises the results of several reports from Oak Ridge National Labor-
atory, USA B6MEY/ARN, 87MEY/ARN, 88MEY/ARN, 89MEY/ARN]. The Tc(IV)
oxide was prepared by precipitation upon purified sand with a 30% excess of hydrazine,
or by electrodeposition on a platinum mesh electrode in acidic or basic solutions. The
concentrations of total technetium and Tc(IV) (after separation of,Tb§ solvent
extraction) in the equilibrated solutions over the solid oxide were determined daily by
liquid scintillation counting of thes-activity of °°Tc. Extraction to determine Tc(VII)
was done with tetraphenylarsonium chloride in chloroform. It is remarkable that the
amount of Tc(VIIl) was always considerably larger than that of Tc(IV), although all
operations were carried out within a controlled atmosphere box containing argon and
< 1 ppm oxygen (see also SectiviR.1). This indicates that the equilibria involving
Tc(lV) can be evaluated only if the amount of Tc(VII) is also exactly known. This
condition was never fulfilled in any of the previous studies on Tc(IV) equilibria in
aqueous solution, and they are therefore to be discarded. The solubility measure-
ments of TcQ - xH2O(s) at a fixed applied potential show a gradual increase of both
Tc(IV) and Tc(VII) concentrations until a steady value was obtained after about 12 days
[91IMEY/ARNZ, Figure 1]. Solutions with pH values between 0 and 10 containing HCI
and NaCl as inert electrolytes, sometimes containing Nagl&@ NaCOs, have been
used. The Tc solubility is not strongly dependent on the ionic strength and the chloride
concentration in near-neutral solutions of 0.05 to 2.6 M N&IMEY/ARN2, Figure
4]. The solubilities of the Tc(IV) oxide from different precipitates lie between®10
and 108 M for solutions with pH> 2 . The average value of 19 solubilities meas-
ured between pH values 5 and 9i%.( the pH range in which no side reactions such
as protonation or deprotonation of TcO(QKq) occur) iS(3.6 + 2.1) x 102 M (lo
uncertainty). We consider this value as the most representative one for the solubility of
TcO;, - xH20(S).

The Tc(IV) oxide prepared by precipitation on purified sand was used to meas-
ure the solubility of TcQ - xH20(s) as a function of pH between pH = 0 and 10
[91IMEY/ARNZ2, Figure 3]. The strong increase of the solubility observed in the four
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experimental points at pk 3 can be explained with the formation of protonated spe-
cies. In these solutions, HCIl was used to obtain pH values between 3 and 0. The ionic
strength was not maintained constant but varied between 0.01 and 1 M. The question-
able values reported by Gorski and Koé®GOR/KO(G were used by the authors to
quantify the protonation of TcO(OHjaq) according to the reactions:

TcO?™ + HO() = TcOOH)* + H* (A.23)
TcO(OH)t + Ho0() = TcO(OH)z(ag) +H™ (A.24)

The reported constants, IgK (A.23) = —1.37 and logK (A.24) = —2.43, seem
plausible at first sight, because at pH1.5 the increase in the Tc(IV) solubility is
of two orders of magnitude per pH unit, indicating that the predominant species in
solution could be Tc@', since

[TcO(OH)2(ag)][H*]?

+
[TeO™"] K(A.23)K (A.24)

= constx [HT]? (A.25)

However, pH measurements were performed even at very low pH values in spite
of the large liquid junction potentials under such conditiang, 16.6 mV in the case
of 1 M HCl and 3.4 mV in the case of 0.1 M HC6BMIL]. In addition, the use
of chloride as a background anion was unfortunate, because in chloride solutions the
presence of various chloride and chloride-hydroxide complexes should be expected,
see for exampled9KAN] and SectionV.3. Due to the lack of data, no quantitative
estimation or correction is possible. In this context it should be added that equilibria
with TcCIS* [69KAN] have been investigated without rigorous exclusion of oxygen.
Hence, it is almost certain that TgOvas present, which increases the difficulties of
interpreting the results obtained. When using Tc(lV) oxides obtained from other pro-
cedures, large changes in the amount of dissolved Tc(lV) are observed. For example,
in the case of electrodeposited Tc(1V) oxiddMEY/ARN2, Figure 5], an increase of
the solubility is not observed unless the pH is lower than 1, and below pH = 1 large
differences in the solubility are observed. The data interpretation in strongly acidic
solutions is thus doubtful. While the first protonation reaction of TcO@ad)) seems
well established, the second one is uncertain, and we can only give a limiting value for
Reaction A.23): log, (K(A.23) > —1.5. For the first protonation reaction we estimate,
based on the three points at pH values 3.01, 2.16 and QIMHEY/ARN2, Figure 3],
log;K(A.24) = —(25+0.3).

[91POW]

This paper describes a model for the heat capacity of TaErpectionV.1.1.2 The
author’s expressions for the contributions to the heat capadfit$éctionV.1.1.2) are:

CL = DehCp(6/T)
where Del€p(u) is the normal Debye function for heat capacity, wigh= 445 K

C4 = o?VT/B
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whereCy is the contribution to the heat capacity from lattice dilation, and whetke
coefficient of thermal expansiofi, the isothermal coefficient of compressibility, and
V are defined functions af. Also,

Ce/R = 517x107*T

whereCe is the electronic contribution to the heat capacity. Powers also included a
contribution due to the formation of thermal vacanc@g,, given by:
Ciac/R = (Ey/RT)?exp(—E,/RT)

with E,/R = (151004 1500 K. The value for the constant Debye temperature used is
that derived by Trainor and Brodsky$TRA/BRQ from heat capacity measurements
from 3 to 15 K, and the value d&, /R was taken from Spitsyat al. [75SPI/ZIN.

[91RAR/MIL |

Rard and Miller used the following equation for osmotic coefficient,

¢ = 1-— %[(1 +1.5/Im) — 2In(A+ 1.5\/Im) — (1 + 1.5\/1m) ™4

Im
p .
+ Z A_z-m/4
i=4
with a sequential series /4 starting withm. They found that a quarter power series
in molality gave much better fits than integral or half integral power fits. At 298.15 K,

A* = 0.34733 mot/2. kg'/2. The corresponding activity coefficient form of this
equation is

NIZiZ |- Tm | = (/441D .
In — A_3-m/*
Y+ +I2; i/4 i—3

1+15/Im

where A' = 1.1722 mol /2 . kg!/? at 298.15 K. Four coefficients were required for
HTcO4 and seven for NaTcg® Table A.8 contains values of water activitg,o
and mean molal activity coefficienty as reported by Rard and Miller. Rard and
Miller based their evaluation on a reanalysis of the isopiestic measurements of Boyd
[78BOY2 78BOY]. This reanalysis was necessary because Boyd's smoothed quantit-
ies for NaTcQ are inconsistent with his experimental data. The more recent isopiestic
measurements of Kénnecle al. [97KON/NEQ are in very good agreement with
Rard and Miller's derived values.

Boyd [78BOYZ also determined the saturation molality of NaT,c&r 298.15 K.
We plotted thep andy. values of Rard and Millerg1RAR/MIL], and extrapolated
these curves to estimate the values of these properties for the saturated solution. These
estimated values are also included in Tabl. They yield a water activity of 8442+
0.0079 for the saturated solution.
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Table A.8: Water activities and mean molal activity coefficients for Hf @d
NaTcQy solutions at 298.15 2.

Molality aH,0 v+ aH,0 Y+
mol - kg1
HTcO4 NaTcOy

0.1 099666 07681 099669 07455
0.2 099338 07239 099348 06937
0.3 0.99009 07009 099034 06605
0.4 098677 06871 098726 06350
0.5 098342 06785 098424 06141
0.6 098004 06733 098127 05963
0.7 097661 06704 097835 05808
0.8 097314 06694 097545 05672
0.9 096961 06699 097258 05552
1.0 096604 06716 096973 05444
15 094726 06954 095560 05050
20 092661 07408 094141 04809
25 090365 08080 092700 04656
3.0 08780 09004 091234 04559
35 08495 1024 08974 04499
4.0 08178 1186 08823 04466
45 07832 1399 08669 04453
5.0 07456 1678 08513 04458
5.5 0.8354 04477
6.0 0.8193 04509
6.5 0.8030 04551
7.0 0.7865 04601
75 07701 04655
8.0 0.7540 04708
5.4404 07103 1996

84913 07387 04753

11299  (satd NaTc@®) 0.64424 0.0.0079? 053+ 0.02)

- (satd HTcQ) 0.073

@ values of water activities and activity coefficients are from Rard and Mi#&RAR/MIL], which are based
upon a reanalysis of the isopiestic molalities of Boy8BOY?2 78BOY]. The exception is the water activity
of agueous HTc@in equilibrium with solid TeO7 - H,O(s), which was taken from the present reanalysis
of vapour pressures of Cobbé¢ al. [52COB 53SMI/COH.

® Optained by graphical extrapolation of the lower-molality data.
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[91ZAK/BAG ]

Zakharowet al. studied the electrolytic reduction of aqueousfNEO4 at pH =1 onto a
nickel substrate at current densities of 7 and 12d—2. The electrode deposits were
examined by X-ray diffraction and were found to be a mixture of a crystalline phase
and an amorphous phase. Their reported unit cell parameters for this deposit were
a=b=(2973+0.002 x 10 1°m andc = (3.444+ 0.002 x 10~ 1°m. However,

their reported value of = (3.4444 0.002) x 10~1%m is probable a typographical or
translation error fo(4.44440.002) x 10-1°m, and their value od = (2.973+0.002) x
10~19m is probably a partially transposed value #o£= (2.793+ 0.002) x 10 19m;

these two changes givwa = (4.444/2.793) = 1.591, which agrees exactly with their
reported ratio. The value faa is comparable to values determined for the known
hydrides of technetium, which range fron821x 10-19m to 2838x 10 1°m, but is
distinctly larger thara = 2.735 x 10710 m to 2.743x 1019 m for Tc(cr) as reported

in TableV.1. Zakharovet al. reported that the maximum hydrogen content of their
deposits corresponded to Teph7(cr). Annealing of these electrode deposits for 1
hour at 473 K or 10 minutes at 773 K was sufficient to drive off this hydrogen, and
resulted in crystalline material with unit cell parameters corresponding to those for
pure Tc(cr).

[92EL-/GER]

El-Wear, German, and Peretrukhin studied the absorption of NaT® aqueous
solutions onto various natural minerals and rodks,(sandstone, feldspar, bauxite,
basalt, megrele, phosphorite, peat, pyrite, and kaoline), on several synthetic inorganic
minerals and rocks (mostly oxides), and on some organic absorbents. Absorption ex-
periments were done with 60-80 mesh particles for 4 to 20 days at pH = 1.27, for 1 to
13 days at pH =6.46, and for 1 to 7 days at pH = 12.7 for the synthetic minerals, and for
1 to 2 days for several natural minerals at pH = 6. By far the best synthetic-mineral ab-
sorbent was CdS(cr) (the only synthetic sulphide examined) and the best of the natural-
mineral absorbents was sandstone followed closely by a feldspar. Somewhat surpris-
ingly, natural pyrite (Fegcr)) was not a particularly good absorbent for technetium
under their experimental conditions at pH 6. El-Wear, German, and Peretrukhin
suggested that the greater amount of absorption of technetium by the CdS(cr) occurred
because of formation and precipitation of,B¢(s), although this identification seems
to be based solely on the black colour of the precipitate. This tentative identification of
the precipitate as B&;(9) is plausible, but it does conflict with the assertion of Zhuang
et al. [95ZHU/ZHH that Tc(1V) is formed under similar conditions.

El-Wear, German, and Peretrukhin also studied the solubility efS7A(s) in
water. They prepared this compound by reaction of an aqueous solution containing
“equimolar amounts” of aqueous pBand NaTcQ@ for 0.5 hours with stirring. (It is
possible that they meant “stoichiometric amounts” rather than “equimolar amounts”).
This precipitate was centrifuged for 0.5 hours at 8000 r.p.m., rinsed with distilled
water, and the process was repeated for a total of ten times. Distilled water was added
to the washed precipitate for the solubility experiment; after 5 hours the solution had
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became violet coloured due to formation of some unknown intermediate species. After
stirring of the solution for 3 days the solution was colourless and the pH had dropped
from pH~ 7 to pH = 2.35. These authors stated that “the solution was centrifuged and
the solubility of the precipitate was measured to be 0.257 g/L.” They claimed that the
dissolution occurred by way of the reversible reaction:

TC2S7(9) + 8H0(1) = 2H + 2TcO, + 7THLS (A.26)

However, they did not indicate which phase, gas or aqueous, contained$hd hey
also did not indicate whether the HTg@nd HS were detected experimentally or
whether ReactionA.26) was assumed.

El-Wear, German, and Peretrukhin did not describe how the solubility was determ-
ined, but it probably was done kg~ counting since that method was used in their
absorption studies. They also did not describe any temperature control or precautions
to exclude oxygen.

We have corresponded K.E. Guerman (different transliteration of German) who
provided P6GUH additional details about the %87(s) solubility determination
[92EL-/GER. The solubility experiment was performed at°€5in a glove box.
Approximately 1 g of TgS;(s) was added along with distilled water to a 20 tm
container having at most 1 énthead” space. This container was sealed for the
duration of the experiments, except for being opened on five occasions for about 20
seconds each time. The first time, after 4 hours, was to remove a sample for recording
of the ultra violet-visible spectrum, and the remaining times after 3, 8, 14, and 21 days
were to remove 50L samples for solubility determinations. Given the length of time
that this solution was allowed to equilibrate; it is likely that the reported concentration
of technetium is close to the equilibrium solubility or at least is a steady state value.
Furthermore, the amount of time the solution was exposed to atmospheric air was
restricted. However, the extent of oxidation of the$ga(s) by atmospheric oxygen is
unknown.

As noted by Guermar®9pGUH, the measured concentration of technetium repres-
ents not only the amount present as Jclut also other dissolved species. Guerman
suggested that these species possibly include various Tc(VII) oxysulphides formed by
hydrolysis of TeSz(s) and/or the complex TGS However, since none of these species
was actually isolated, the identity of these other dissolved species is uncertain.

The experimental solubility of BS;(s) in water P2EL-/GER is 6.1 x 10~% mol-
dm~3. One of the products of ReactioA.@6) is HS(aq). This HS(aq) is a weak
acid which will be essentially undissociated at pH = 2.35. At this low concentration
molarity and molality are near equal. Assuming that Reac#og) achieves thermo-
dynamic equilibrium during the solubility experiments and that all of th8 Femains
in solution, the saturated solution will contair0012 mol- kg~ of H*, the total con-
centration of technetium will be.0012 mol- kg~1, and 00043 mol- kg~ of H>S(aq)
will be present. An upper bound fé3,(A.26) can be calculated by using these con-
centrations and assuming that all of the dissolved technetiumis present as Tadl
also be assumed that activity coefficients of the pertechnetic acid and water in this solu-
tion will be nearly equal to those in solutions of a solution of pure Hfa298.15 K,
thus they can be calculated from the equation of Rard and MBIERRR/MIL] to be
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y+ = 0.913 andaq,0 ~ 1. The activity coefficient of HS(aq) will be set equal to
unity since it is an uncharged species. The thermodynamic equilibrium constant for
Reaction A.26) is thus

KS(A26) < 5x1029mol.kg™®

The calculated standard Gibbs energy of formation ofS¥(s) is AtGy, (Tc2Sy,

s, 298.15 K)< +267 kdmol~1. Given that TeS;(s) can be synthesised readily
at room temperature, a positive Gibbs energy of formation is totally unrealistic.
It is equally obvious that the correct value &f,(A.26) must be considerably
smaller for AtGp,(Tc2Sy, s,29815 K) to have a negative value. This type of
calculation will yield a negative value oA{Gy,(Tc2Sy7, s, 29815 K) only if

K2 (A.26) < 8 x 10~ "®mol® - kg~°.

The above calculation was done by assuming that (1) all of ¢&(&¢) remained
dissolved in the solution, (2) oxidation of,8(aq) to elemental sulphur or to oxysul-
phur anions by the dissolved oxygen was negligible, and (3) all of the technetium was
present as Tcp. The first assumption will be valid only if the solution was enclosed
in a sealed container with no “head” space. Given that there was up té themad”
space, some of thed$ would have partitioned into the vapour phase and some of that
lost when the container was opened for sampling. There was also an unknown amount
of oxidation of the HS by residual oxygen, and an unknown fraction (and quite pos-
sible most) of the technetium present in chemical forms other thary Td@ne of
these factors can be quantified, but all three would act to reduce the experimental value
of K5, (A.26). The recent observations of Kungeal. [96KUN/NE( suggest that a
fine colloid containing technetium may also be present in such solutions.

[92ERI/NDA]

The authors investigated the solubility of TeQH>O(s) in slightly acidic and alkaline
aqueous solution, without inert salt, in the absence and presence@f)CDhe exper-
iments were carried out in a glove box that was flushed with argon containing less than
0.5 ppm oxygen to minimise oxidation of Tc(lV). The desinagb, was reached with
CO./N2 gas mixtures and by varying the alkalinity by adding appropriate amounts of
NaxCOs. The Tc(lV) oxide was prepared by electroreduction and precipitation on a
platinum mesh electrode from a510-4 M aqueous solution of Tcpby applying an
electrode potential 0of 250 mVvs SCE. After measurement of the pH, the quantities
of Tc(VIIl) and Tc(IV) were determined in each solution. Solution samples were taken
daily until constan®®Tc concentration was found.

In the absence of C£0g), the solubility of TcQ - xH2O(s) was independent of pH
in the range 6< pH < 9.5. From the increase of the solubility at pH9.5, the authors
concluded the formation of a hydrolysis product according to

TcOz - XxH20(9) 4+ (2—x) H2O0(l) = TcO(OH)3 + H* (A.27)

with log,; ;K (A.27) = —(19.06+ 0.24).
In the presence of C£g), the solubility of TcQ - xH2O(s) increased with increas-
ing values ofpco,. Eriksenet al. worked with CQ partial pressures of 0.1, 0.3, 0.5
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and 1 bar. In addition, a slight solubility increase at constayy, pvas observed at
pH > 8. The authors interpreted these observations by proposing the formation of the
following two mixed hydroxide-carbonate complexes

TcOs - xHo0(9) + (1 — x)H20() + COx(g)

= TcCO3(OH)2(ag) (A.28)
TcOp - XH20(9) + (2—x) HoO() 4+ COu(g)

= TcCO3(OH); +H™ (A.29)

From a least squares fitting exercise they foundJé¢gA.28) = —(7.09+ 0.08)
and log jK(A.29) = —(15.35+0.07). These uncertainties are no doubt underestimated
(they represent theslstandard deviation) because they are based on only a small num-
ber of experimental points. This is especially true for, g A.29), see P2ERI/NDA,

Figure 1].

This study was performed with care but the temperature of the experiments was not
reported. In a subsequent rep@BERI/NDA], which contains tables of experimental
values, it is indicated that the experiments were carried out at “ambient” temperature.
The values are accepted by this review with increased uncertainties Alatdétheir
appendix contains 10 experimental solubilities for the pH range 6.05 to 12.1 in the
absence of carbonate and TaBlg contains 11 solubilities for pH = 6.24 to 8.56 in
the presence of carbonate.

[92KAD/FIN]

Kadenet al. have shown that the dinitrogen ligand in HTejtlppe) (where dppe
denotes the 1,2-bis(diphenylphosphino) ethane ligand) can be exchanged in organic
solvents under rather mild conditions with carbon monoxide, acetonitrile, and organic
phosphite ligands. They thus prepared hydrido compounds that were formulated as
HTc(CO)(dppe), HTc(CHzO)sP(dppe), HTc(tert-C4HoNC)(dppe), etc., along with

some non-hydridic salts of the type TcL(@EIN)(dppeXPI%.

[92PET/SKO|

A method for the preparation of mixed valency halides was described by Peters,
Skowronek and Preetz. They first preparedCgHg)4NTcOCL(s) by the repeated
reaction of (-C4Hg)4NTcOq4(s) with concentrated HCI, followed by recrystallisation
from dichloromethanethexane or other solvents. When this compound was reacted
with (n-C4Hg)4NBH4 in tetrahydrofuran, the solvent removed and the residue
agitated in a stream of HCI(g) and air, the resulti@ — C4Hg)4N)2TcoClg(s)
could be crystallised from diethylether at 243 K. The yield depended critically on the
details of the exposure to air, but could be as high as 85%. After being converted
to ((N-C4Hg)aN)2TcoBrg(s) by ligand exchange with HBr in CgHio, this Tc(VI)
compound was further reduced with-C4Hg)4sNBH4 in acetone, to give a 70%
yield of ((n-C4Hg)4)3Tc2Clg(s). The tricaesium compound can also be prepared by
precipitation with CsBr. The same authors measured the well-resolved vibrational
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structure of the Raman spectrum ofsTspClg(s) in a CsBr disk at 6 K. The fact that
the origin of this band is at 5970 cth, very close to the value of 5900 crhfound for

the TQCIS‘ ion [BLCOT/DAN suggests that this excitation is predominantly that of
the Tc-Tc bond.

[92ROOILEI]

These authors studied spectrophotometrically the kinetics of the displacement of the
H20 ligand in thetrans-TcO(H20)(CN), ion by the NCS ligand in a 1 M KNG
solvent at pH 1 to 4.5 at temperatures from 276.15 to 298.15 K. The first acidic dis-
sociation constant of theans TcO(H0)(CN), ion was inferred to be 16290+0.09

at 298.15 K from a non-linear fitting of the kinetic data as a function of pH. Equilibria
involving the mono-protonated TcO(OH)(CiQ) ion are difficult to measure since it
rapidly dimerises to the BO3(CN)g™~ ion.

Additional data on the kinetics of proton transfer reactions of these tetracyano-
technetates are described in further papers by Roodt and his colleagues.eRalodt
[94ROOI/LE] report limiting values for the rate constants at 298.15 K for the forward
and reverse reactions in the equilibria:

TcO(H20)(CN), = TCO(OH)(CN)Af—i-HJr

TcOOH)(CN);™ = TcOx(CN);~ +HF
and the proton exchange reaction
TcO(OH)(CN);~ + Tc*O2(CN);~ = Tc*O(OH)(CN)7~ + TcO2(CN),~

NMR techniques based diC and’O were used, the total metal concentrations be-

ing 0.2 mol- kg~ with a supporting electrolyte of 1.0 ta4 mol - kg~! KNOg3. It

should be noted that the exchange rates constants were derived somewhat indirectly by
comparison with computer simulations of the pH dependence of the species distribu-
tion according to possible reaction schemes. Similar studies on the oxygen exchange
kinetics from 281.25 to 308.15 K in 1.2 ta2mol - kg~ KNO3, again using NMR
techniques with’O, by Roodet al. [95ROO/LE] were interpreted in terms of the rate

law

2R = Kag[TCO(OH2)(CN), ] + kon[TcO(OH)(CN); ]

where R denotes the rate of exchangé @ labeled HO from the bulk phase with
coordinated (unlabeled) water coordinated to the complex ion.

Values of kb were determined, but those fogghad to be estimated from similar
experiments on the corresponding Re(V) ions, reported in the same reference.

[92SIN]

Sinyakova made a detailed comparison of the properties of the higher oxides of tech-
netium with those of the higher oxides of rhenium and with the higher oxides of some
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of the platinum group metals and of molybdenum. She argued that some properties of
technetium oxides can been explained by considering the vapour phase oxide at high
temperatures to be TaQ) which, upon being cooled to room temperature, undergoes
the following reactions

2TcOy(g) — Tcp0g(s?D — Tc07(s) + “O(g)”

The authors of this review found Sinyakova'’s discussion hard to follow and some of
the arguments to be unconvincing. In view of the mass spectrometric measurements
described in referenc®BGIB], which detected no technetium oxide with a higher
valence than Tg7(Qg), the existence of Tc4lg) is quite unlikely.

[93BAL/BOA?]

See comments undeBYBAL/BOA.

[93BAL/BOA]

See comments undeBJBAL/BOA].

[93GIB]

Gibson investigated the mass spectrometry of a solid oxide of technetium (of undefined
composition) in the presence ob(@) and HO(g) at low pressures of 10 Pa at tem-
peratures of about 873 to 1373 K. By consideration of the ion intensities as a function of
ionising electron energies of 20 to 70 eV, Gibson inferred that the dominant (parent) va-
pour species were 305(g), Tco0O7(Q), TcOs(g), TcO3(OH)(g), and TcQ(OH)3(g).

These vapour species were detectable above about 873 K, and were present in greatest
amounts between about 1173 and 1273 K.

[93JOA/APQ]

Joachim et al dissolved the hydridotris(3,5-dimethylpyrazolyl) borato complex
HB(3,5(CHz3)2C3N2)3Tc(CO)3 in tetrahydrofuran (THF), flushed the solution
with N2(g), and irradiated the solution with mercury lamp UV light. From this
solution they isolated an air-stable solid compound in 10-15% yield, which was
recrystallised from a mixture of hexane and methylene chloride. It was characterised
by IR, UV, and'H NMR spectroscopy, mass spectrometry, and single crystal X-ray
crystallography. These measurements indicated that the compound was [{HB(3,5-
(CH3)2C3N2)3} Tc(CO)2]2(-N2)(cr). It crystallised in the monoclinic space group
C2/c witha = (20.322+ 0.012 x 107 m, b = (145474 0.008 x 10710 m,

c = (14.270+ 0.010) x 107 1®m, andZ = 4. In this structure the monomer units
{HB(3,5-(CH3)2C3N>2)3}Tc(CO), are bridged by the pigroup.
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[93MER/SCH]

Mercier and Schrobilgen reported that the dissolution giCF€cr) in anhydrous HF,

in which it was only sparingly soluble, resulted in a two-phase liquid system, with the
lower layer consisting of a yellow coloured liquid and the upper layer being a pale
yellow HF(l) solution. By using®Tc NMR spectroscopy, they established that both
layers contained Tcgl. The probable formation reaction was

Tco07(cr) + 4HF() — 2TcOsF + HzOt + HF,

Addition of excess Xe§ to this solution resulted in precipitation of microcrystal-
line TcOyF3(cr). They proposed a rather complicated mechanism for the formation
of TcOxF3(cr), which was based otf?Xe and1°F NMR measurements during the
course of the reaction, and on the known chemical reactions of Kef(l) solutions
containing some water. Single crystals of TgQ(cr) were grown by slow cooling

of a solution of TeOz(cr) in HF(I), containing Xek with a Xeks/Tc,O7; mole ra-

tio of 5 to 1. This TcQFs(cr) was characterised by Raman spectroscopy and single
crystal X-ray crystallography. It crystallised in the triclinic space grouf Rith

a = (7.774+ 0.006) x 10 1%m, b = (7.797+ 0.002 x 10 %m, ¢ = (11.602+
0.006) x 1071%m, o = (89.41+ 0.04)°, p = (88.63+0.06)°, y = (84.32+0.04)°,

and Z = 8.

[94BUR/BRY]

Burrell, Bryan, and Kubas dissolved TcCl(dppg)vhere dppe denotes the 1,2-
bis(diphenylphosphino) ethane ligand) in tetrahydrofuran (THF) and then flushed
the solution with N(g). After 12 hours,(Si(CH3)3)20 was added and a yellow
solid precipitated. Based olH NMR and infrared spectroscopic measurements,
along with elemental analysis for C, H, and N, they formulated the complex as being

TcCI(N2)(dppe2(s).

[94ROO/LEI]
See comments unde9ZROO/LE].

[94WEN/PRE]

Wendt and Preetz have obtained solids of Tc(lV) containing theBigc
[93WEN/PRE, TczBria and TQClia anions PAWEN/PRE. The tetraethyl-
ammonium nonabromo compound was prepared by reacting solutions of tetraethylam-
monium hexabromotechnetate(C,Hs)4)2TcBrg(s) with trifluoroacetic acid at room
temperature for 30 minutes. It is easily soluble in acetonitrile. The infrared spectrum
was measured in polyethylene pellets at room temperature, and the Raman spectrum
at 80 K using a krypton laser. By analogy with the similar compounds containing
the PpBry anion, whose structure has been determir@8#HOL/PRE, the spectra

were interpreted assumingsPsymmetry (face-linked octahedra) for the;Bey ion.
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The nine observed vibration frequencies agreed well with those calculated from a
normal-coordinate analysis, using distances.d22 10719 m and 252 x 107 1%m
for the terminal and bridging Tc-Br bonds, the same distances as in the Pt compound
[92HOL/PRE.

The decahalo- species also were prepared by reacting solutions of the tetraethyl-
ammonium hexahalotechnetdd(C,Hs)4)2TcXg(s) with trifluoroacetic acid at room
temperature

2[N(CoH5)4]2TcXg(s) + 2CRRCOOH = [N(CaHs)4]2Tc2X10(9)
+ 2HX + 2[N(CyHs)4]CF3COO

For the bromocomplex, it is imperative to stop the reaction after an appropriate time (20
minutes for the conditions used b94WEN/PRE) to avoid formation of the TgBry
species discussed above. In common with other Tc(IV) halocomplexes, these com-
pounds are sensitive to light. The infra-red and Raman spectra were measured at 80 K.
By analogy with the similar osmium(lV) compounds, whose crystal structures have
been determinedBACOT/DUR 84KRE/HEN, the Tc;gCIfa anions in the technetium
compounds were assumed to consist of edge-linked octahedra, wigyBimetry. A
normal-coordinate analysis based on a general force field has been performed for the
Tchig anions, using the interatomic distances in the simita€{Hg)4N]1209X10(S)
compounds§4COT/DUR 84KRE/HEN, (M-Cl = (2.301 to 2.411x10 °m, M-Br

= (2.448 to 2.544x10 10m). The observed frequencies (14 for the chloride, 10 for
the bromide) agree very well with the calculated values.

[95BUR/CAM]

Burnettet al. prepared their crystalline TeQrr) by thermal decomposition of purified
NH4TcOq4(cr) in an atmosphere of flowing ultra-high-purity,(d)). They heated the
sample at 348 K

for 1 to 2 hours in a micro-tube furnace, followed by 16 hours at 1023 K. For the
chemical analyses, samples of the presumeds{aPwere allowed to react with an
excess of standard Ce(IV) for two days (because of slow oxidation kinetics), followed
by back-titration of the excess Ce(IV) with a standard solution of Fe(ll) sulfate. The
amount of technetium present was determine@ byliquid scintillation counting with
comparison to reference solutions. The mass fraction of Tc determined by oxidation
with Ce(IV) was 0727+ 0.029 (18 samples titrated) and/@7 & 0.036 (28 samples
used) forg~ liquid scintillation counting. This compares to a mass fraction of 0.75556
calculated forP°TcOp(cr), which is within the experimental uncertainty limits of the
experimental values. They also noted that their experimental results could be slightly
low because of problems with static charge buildup on thez{@®samples as they
were being weighed on their microbalance; this static problem gives high apparent
masses and thus low mass fractions.

Burnettet al. studied the enthalpy of formation of Tg(@r) using solution calor-
imetry. Dissolution was done by oxidation of the Tg€r) with solutions of Ce(I1V)
perchlorate, and all such solutions were prepared so as to correspond to the composi-
tions used by Gayer, Herrell, and Bus@p{GAY/HER for their study of the enthalpy
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of oxidation of Tc(cr). Burnetéet al. found that the oxidative dissolution reaction was
quite slow, but that samples ground to a fine powder dissolved more readily. Thus all of
their enthalpy of dissolution experiments involved B¢E) that was sieved through a
355um mesh. The enthalpies of solution were performed in an isoperibol calorimeter
and were monitored for about 1.5 hours in each experiment.

They did 17 dissolution enthalpy measurements using different samples of
TcOy(cr). Re-averaging of their dilution enthalpies and converting their reported un-
certainties to 95% confidence limits givagoHm(V.28) = —(1326+15.8) kJmol~1
if the calculation is done using the mass of each sample ob{ccas determined by
direct weighing, and\soHm(V.28) = —(1385 + 11.3) kJ-mol~1 if the mass of each
sample of Tc@(cr) was determined bg~ liquid scintillation counting. Burnegt al.
had difficulties with the accuracy of their weighings of the B() because of static
charge buildup and, consequently, they considere@thiquid scintillation counting
results to be more accurate. We accept their assessment.

Burnettet al. also prepared hydrated amorphous “pt@mples by hydrolysis of
an initially acidic solution of (NH)>TcClg or (NHz)2TcBrg with excess NaOH. Ana-
lysis of such “TcQ(am)” for water content using a coulometric titration with Karl-
Fischer reagent gave 0.46@8 per technetium, which is much lower that the water
content for samples of Tc©OxH,O(am) produced from electrolytic or chemical re-
duction of TcQ. In addition, the mass fraction of technetium in the “L¢&am)”
produced by hydrolytic precipitation of T@ was much lower than expected, indic-
ating that part of the Tc in such “Team)” is in an oxidation data greater tha.
This information demonstrates that “Tg@m)” prepared by hydrolysis of T@( salts
is heterogeneous and chemically-different from samples prepared by chemical or elec-
trochemical reduction of Tc2 Thus thermodynamic data measured for samples of
“TcOz(am)” prepared by these different methods should not be combined in a thermo-
dynamic calculation.

Cartledge T1CARJ stated that a sample of the hydrous technetium oxide produced
by cathodic deposition from an alkaline Tg@olution, after being dried at 383 K in
air, gave the same electron diffraction pattern as the product of hydrolysisiaiC{s.
However, the hydrolysis conditions were not described nor were the electron diffraction
patterns given. Because of the lack of information about the experimental conditions,
there is no way to know if the resulting hydrous oxide is chemically equivalent to that
prepared by Burnettt al. [95BUR/CAM]. Furthermore, the drying of the hydrous
oxide in air at 383 K may have reduced the water content of the original precipitate and
caused partial oxidation of the technetium. In contrast, Meyed. [8OMEY/ARN]
dried their samples of hydrous oxide over a molecular sieve in an argon atmosphere at
303 K, which is far less likely to have resulted in further oxidation of the technetium.

[95ROO/LEI]

See comments unde9ZROO/LE].
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[95ZHU/ZHE]

Zhuanget al. studied the flow of a solution containing both &FHTCO4, with an activ-

ity of 2 x 10’ Bq - dm 3, and 0.1 M NH(aq) through columns of crushed natural
stibnite ShSz(cr) (which contained some Si and trace amounts of Al, Ca, K, and W),
crushed granite, and mixtures of 5%,Shk(cr) + 95% granite and 10% $8z(cr) +

90% granite. The granite was mainly composed of plagioclase and orthoclase feld-
spars, hornblende, biotite, and quartz, with a small amount of magnetite. As little as
10% ShSs(cr) was found to be sufficient to significantly retard the flow of J¢cO

but the extent of retention d®Tc depended on the flow rate. At a linear flow rate

of 3 cm- h~1 23 to 28% of the Tc@ was eluted, whereas at a linear flow rate of
0.43 cm- h~1 essentially all of th@°Tc was retained for 100% $8z(cr). For the 10%
ShySs(cr) + 90% granite packed column, partial retention of $f€c was observed

only at the slower flow rate, whereas none occurred for pure granite at either rate.
Zhuanget al. suggested that absorption occurred by way of reduction of thg ToO
Tc(1V), but the chemical form of this reduced technetium was not identified.

[96NGU/PAL]

This is an extended abstract of a study of the solubility of Fe¢CxH>O(am)

and TcQ(cr) over the pH range of 1 to 13 at 298.15 K, and at ionic strength
| = 0.1 moldm=3, using NaCl to adjust the ionic strength. Samples of
TcO; - xH20(am) were prepared by the reduction of T,c@ room temperature using
hydrazine, and those of Texr) by dehydration of this amorphous dioxide at 1173 K
for 2 days under a 1 bar atmosphere of argon. For solutions with pHand with

pH > 11, a minimum of 15 days was required to reach solubility equilibrium, whereas
a minimum of 30 days was necessary foe$pH < 11.

Saturated solutions were ultrafiltered to remove suspended material and extracted to
remove TcQ, before analysing the resulting filtrates for their Tc(IV) concentrations
by measuring theig decay activities. Presumably, the solubility experiments were
performed in an inert atmosphere of argon, but this is never stated.

The authors interpreted the pH dependencies of their solubilities in terms the
formation of the following aqueous species : TC@H) Tc(OHg, Tc(OHu(aq),
and Tc(OHy. These formula are equivalent to the formula FEQO TCO(OH),
TcO(OH)(aq) and TcO(OHy assumed for the present review. However, the resulting
hydrolysis constants were not reported nor were the solubilities. The authors did
report the following information :

1. The TcQ - xH,O(am) solubility was constant (and at a minimum) at aboaf10
mol-dm~23 for 3 < pH < 10.

2. The solubility of TcQ(cr) was constant at about 1%° in this same pH range.

3. At higher acidities (pH< 3) and higher alkalinities (pH 12), the solubil-
ities of TcOy(cr) were about two orders of magnitude below those of 7€O
xH>O(am). This is surprising to us since their reported solubilities for the same
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two solid phases only differed by a factor of three in the intermediate pH range of
3 < pH < 10. We decline to speculate on the cause of these differences because
we do not have access to all of their experimental details or to the measured
solubilities.

The solubilities of this study for Tc®- xH,O(am) are in fairly good agreement
with the concordant values of Meyer and Arno8iLMEY/ARNZ] and Eriksenret al.
[92ERI/NDA, 93ERI/NDA], both obtained with Tc® - xH,O(s) samples prepared
by electrolytic reduction of Tc®, with the present solubilitie9GNGU/PAL] being
higher by a factor of 2 to 3. Such minor differences can easily be due to differences
in hydration or in degree of partial crystallinity resulting from the different methods of
preparation of Tc@- xH>O(s).

Solubilities reported for Tcelcr) are far less concordant, with variations of about
three orders of magnitude. See the discussions of refereB8Fé$E/BAU2] and
[97BUR/JOB for information about the other solubility determinations.

[97BUR/JOB]

Burnett and Jobe studied the kinetics of dissolution of F(c@ as a function of pH at a
constantionic strength of 0.1 M and at the temperature 298.15 K. Results were reported
at eight different nominal pHs ranging from 0.9 to 13.0. At each pH, the technetium
concentrations were determined at eight to ten different times ranging from 156 to 8009
hours. The relative proportions of Tc(IV) and Tc(VIl) were determined at pH = 0.9 and
1.8 using extraction of Tcpby PyAsCl in chloroform, and this same proportion was
assumed to apply at the higher pHs. No extractions were done at the higher pHs. As
noted by the authors, there is a possibility that anionic complexes of Tc(lV), such as
TcO(OH);, might co-extract with the Tcp, thereby giving erroneously low values for
the total concentration of Tc(IV). However, as also noted by these authors, the potential
at which the TcQ/Tc(IV) redox reaction occurs decreases as the pH increases, which
means that the true TgQTc(IV) concentration ratio may be larger at higher pHs than
observed at pH < 4. This implies that the procedure used by Burnett and Jobe may
underestimate the concentration of Tc@nd thus overestimate the concentrations of
Tc(IV), thus yielding solubilities of Tc@(cr) that are too large for solutions with pH >
4.

Molar concentrations of Tc(1V), @), were determined as functions of the sampling
timet, and were related to the equilibrium solubility C(sat.) by the Nernst expression

C(t) = C(sat){1 — exp(—kdisd)}

where lgissis the first order dissolution rate constant. Thigskdepends, in principal,

on the ratio of the surface area of the solid phase to the volume of the solution phase in
contact with the solid. The equilibrium solubility parameter C(sat.) is a least-squares

fitting parameter. At six of the investigated pHs the increases in the Tc(lV) concentra-

tions with time were in general agreement with this exponential approach to saturation.
However, for the experiments at a nominal pH = 4.0, the measured concentrations of
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Tc(lV) increased only during the first four samplings (174.8 to 668.4 hours) but then
began a rapid decrease. Also, for the experiments at the nominal pH = 13.0, the Tc(IV)
concentrations showed the expected initial rapid increase with time, but then changed
to slower increases. This behaviour is not consistent with the above dissolution rate
equation. The authors suggested that this anomalous behaviour at pH = 13.0 was either
due to a change in the dissolution mechanism or the formation of a less soluble solid
phase than Tcgfcr), possibly a double oxide such asdVaOg3(s).

The minimum solubilities obtained in this study were C(sat.) =118 M
at nominal pH = 4.0 (at which pH the dissolution data are less reliable) and
C(sat) = 7-107 to 14 - 10% M for the nominal pH range of 1.8 to 9.0.
They noted that their derived solubilities are in general agreement with those of
Paquette and Lawrence for Tg(@r), which are described under the discussion
of reference §8VIK/GAR]. However, the reported solubilities are also slightly
higher than those reported for the amorphous hydrated dioxidex-XEQO(S)
[91IMEY/ARNZ2, 92ERI/NDA, 96NGU/PAL, which generally fall in the range C(sat.)
=1.10°t0 8- 10 ° M for pH = 3 to 9. The solubilities of Burnett and Jobe are also
considerably higher and discrepant from other reported values fop(€0O C(sat.)
=7.1019Min | = 0.1 M NaNQs [87LIE/BAU2] and C(sat.) =310 °Min | =
0.1 M NaCl at pH = 3 to 1096NGU/PAL. Crystalline metal dioxides are generally
significantly less soluble than their corresponding amorphous hydrous dioxides, not
more soluble.

Burnett and Jobe argued that synthesis of 7¢®H,O(s) from TcQ, by elec-
trodeposition on a platinum electrode, does not yield simply an amorphous hydrated
oxide of Tc(IV). Instead, electrodeposition form an acidic solution may vyield either a
mixture of Tc(l1l) and Tc(IV) hydrous oxides or substoichiometric (mixed valence) ox-
ides. They also noted that the hydrous oxide prepared by hydrolysis of) d8ls(s)

“...was not entirely in the +4 state.” See TaMé&3 which summarises the preparation
methods used for the various solubility studies. They further suggested that a Tc(V)
hydrous oxide may be the thermodynamically stable phase at alkaline pHs, rather than
a Tc(IV) hydrous oxide.

Reduction of TcQ by hydrazine at acidic pHs is known to yield Tc(IV) hydrous
oxides. See the discussion in SectivB.2.5.1 Solubilities of TcQ-xH20(s) prepared
using hydrazine91MEY/ARNZ2, 96NGU/PAL agree well with solubilities determined
for samples obtained by electrodeposition at acidic fH$[EY/ARN2, 93ERI/NDA].

Thus this review disagrees with the assertion of Burnett and Jobe, and concludes that
hydrous oxides precipitated by electrodeposition at acidic pHs i3 k¢QO(s), but

with variable degrees of hydration. We do agree with Burnett and Jobe that hydrous ox-
ide prepared by electrodeposition at alkaline pHs are chemically distinct with lower sol-
ubilities [91MEY/ARN]. However, at this time it is not certain whether these hydrous
oxides prepared at alkaline pHs different in the average valence of the technetium from
those prepared at acidic pHs, or whether they difference only in their degree of hydra-
tion and/or degree of crystallinity.
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[97COU]

The objective of this recent thesis, which we obtained shortly before finishing the final
draft, was to investigate the redox mechanisms of technetium in agqueous solution using
a mercury electrode. This is an interesting study, in which three-dimensional polaro-
graphy was applied in order to extend the timescale of the experiments. The author
proposed a mechanistic model for the reduction of Tc(VIl) to Tc(0). The experiments
were carried out in an acetate buffer of a constant concentration of 0.1 M, usually at
pH = 4.6. The influence of pH, which is a crucial parameter for the speciation of
technetium, was investigated by performing measurements at pH = 3.1, 1.9 and 1, re-
spectively. While the ionic strength of a 0.1 M acetate buffer at pH = 4.6 is about 0.05
M, at pH = 3.1 it is only about 0.003 M due to the increased proportion of undissoci-
ated acetic acid. In order to obtain lower pH values, Courson added perchloric acid to
a 0.1 M acetic acid solution. Hence, the ionic strength is about 0.014 M-at.pHand

0.13 M at pH=1. The author took care to maintain the total acetate concentration at
0.1 M, but he failed to maintain a constant ionic strength. The activity coefficients are
thus not kept constant. In addition, acetate is likely to form complexes with Tc(lll) and
Tc(lV) and may thus influence the redox behaviour of technetium in the experiments
of Courson, especially since the concentration of deprotonated acetate ion varied with
pH. The author did not extract any thermodynamic data from his measurements. For
the reasons mentioned above, it is not possible to extract valuédiri the reported
information.

[98GUEZ

Boyd [78BOYZ determined the solubility of sodium pertechnetat€i815+0.01) K
to be 11299 mol kg~ using the isopiestic method. Although Boyd added Naf{c6)
to a reservoir solution at the beginning of this experiment, isopiestic equilibrations are
typically at least several days in duration, which should have been ample time for the
NaTcQy(cr) to convert to the possibly hydrated equilibrium solid phase. Geehah
[87GER/KRY] reported that one of the polymorphic forms of NaTle@H,O(cr) is
the equilibrium solid phase in contact with a saturated aqueous solution at 298.15 K.
However, crystals of this substance exposed to laboratory air gradually effloresce with
loss of some of the waters of hydration.

The only other published solubilities are those of Guermiaal. [93GER/GRU
for NaTcQi-4H,O(cr), 1.7 M at 282 K and 1.48 M at 293 K. These values imply
that this hydrate has retrograde solubility, at least over this temperature interval, and
that the solubility has a very large temperature coefficient. Extrapolation of these two
values to estimate the solubility of this tetrahydrate at 298.15 K yields a solubility
about an order of magnitude smaller than that reported by BagB8QYZ. We do
not expect extrapolation of the lower temperature solubili@FER/GRU to yield a
very accurate value for the solubility at 298.15 K since

e These solubilities are available at only two temperatures, and,

e NaTcQy- 4H>O(cr) undergoes a polymorphic crystalline transformation begin-
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ning around 298 K$3GER/GRU which will change the temperature depend-
ence of the solubility.

K.E. Guerman (the same person as K.E. German) volunteered to perform additional
solubility measurements at 298.15 K to resolve the apparent inconsistency between
these two solubility studies. The following paragraphs summarise the preliminary res-
ults obtained by Dr. Guerman.

A saturated solution of NaTcfOwas prepared by boiling an unsaturated solution
until crystals formed from the solution, followed by cooling of the solution and crystals
to room temperature. However, these crystals redissolved by the next morning, thus
indicating either the initial precipitate was metastable at 298.15 K or that this phase
has a retrograde solubility with a large temperature dependence. However, four days
later some new crystals spontaneously precipitated from this same solution. Based on a
visual inspection of the crystal shape, these crystals appear to be the lower-temperature
crystalline form of NaTc@ 4H,O(cr).

A separate saturated solution was prepared by addition of @ Bthidistilled wa-
ter to 10 g of anhydrous NaTa(). A 0.2 cn? sample of this solution was removed
for analysis, after equilibrating this solution and crystals for 7 daya@8 15+ 0.2) K.
This solution had a molality of 18 mol- kg~! and a density of 1.890.¢cm—2, which
yields a molar concentration of 7.13 M. This preliminary solubility value supports
the solubility reported by Boyd7BBOYJ. Additional solubility determinations are
planned.

[98GUE]

A reddish-black compound with the stoichiometry 50y-H2O(cr)” has been known

for many years§3SMI/COH. However, since no structural information is available, it

is not known if this substance is really hydrated®g, or whether it is HTcQ@ (which

differs in its empirical formula from Tg07-H20 only by a factor of 1/2), or whether it

has a polymeric structure. K.E. Guerman and his colleagues at the Institute of Physical
Chemistry of the Russian Academy of Sciences in Moscow, Russia, have an ongoing
program of characterising this substance, and the following description is based on
their experiments.

Red coloured crystals of “B©7-H20” or “HTcO4” were prepared by K.E. Guer-
man, V.G. Maksimov, S.V. Kryutchkov, and L.I. Belyaeva using two different methods.
The first method involved adding water tozI@;(s) and the second method involved
removal of water from an aqueous solution of Ha@ing Mg(CIQy)2(s) as a desic-
cant. The HTcQ@ solution was obtained by cation exchange of a KI eBlution using
a DOWEX-1 resin in its hydrogen form.

An X-ray structural determination by M.S. Grigoriev and colleag98&RI/KRY]
showed that this substance crystallised in the triclinic spdcevith (at room tem-
perature)a = (11264 0.02) x 10°1°m, b = (1287+0.02) x 10 19m, ¢ =
(14.1640.04) x 107 19m, o = (71.0+0.2)°, 8 = (69.14+0.2)°, andy = (74.14+0.2)°.

The detailed structure has not been solved, but it is probable that the unit cell contains
8 technetium atoms.
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Recent®*Tc NMR measurements by K.E. Guerman and V.P. Tarasov indicate
that the crystal structure of this substance contains equal amounts of Tc in two
non-equivalent environments. From this evidence they speculated that the technetium
may be present in both anionic and cationic forms.

Occasionally, attempts to prepare 4 -H>O(cr)” yielded white rather than red
crystals. The nature of this white substance is unknown, but it is possibly a more
hydrated form of TgOy.

[99JOB/TAY]

The authors of referenc®$BUR/CAM] have obtained the unit cell parameters for
TcOy(cr) from their X-ray structural study, and kindly supplied that information to this
review in advance of publication. Because of pseudo-symmetric relation between the
unit cell parameterss ~ ¢ ~ (2/+/3)b, the least-squares analysis of the diffraction
lines had multiple relative minima. Depending on the initial estimates for the unit
cell parameters, convergence was obtained to different local minima with significantly
different unit cell dimensions. By using a large number of different initial estimates of
the unit cell dimensions, an absolute minimum was obtained by this “trial and error”
approach. The analysis definitely established that the space group efcfci®P2/c,
in agreement with the claim in referenc&MAG/AND], and yielded the dimensions
a = (5.68724 0.012x1071%m, b = (4.76354+ 0.0014x10 m, ¢ = (5.5195+
0.0012 x101%m, andg = (12159+ 0.02)°. These are probably the most accurate
set of parameters for TeQxr).

Because of the pseudo-symmetric relationship between the unit cell parameters, it
was also possible to refine the unit cell parameters o, {@®in the space group R,
which is a redundant variant of space group/B2However, this analysis yielded two
alternative set of unit cell parametees:= (5.6872+0.0012 x10~1%m, b = (4.7635+
0.0014x101%m, ¢ = (5.4704+ 0.0012 x10 1%m, andg = (120.74 + 0.02)°; or
a = (5.47044+ 0.0012x101%m, b = (4.7635+ 0.0014 x10 1%m, ¢ = (5.5195+
0.0012x10 1%m, andg = (117.67+ 0.02)°.
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Tables of thermodynamic
functions

B.1 Thermal functions of Tc(cr) below 298.15 K

The only measurements of the heat capacity of technetium at low temperatures are
those of Trainor and Brodsky 5 TRA/BRQ from 3 to 15 K; the actual experimental
values of heat capacity were given only as a small graph. The methodology of
[89FER/GR] should be valid down to temperatures of about 833 about 100 K

for technetium. Calculations have shown that the correlation upon which the simple
relation (.1) has been based is valid down to at least 100 K, using recent de$ for

(T) for the six pairs of elements Zr/Hf to Pd/Pt (excluding Tc/Re). We have therefore
extended the calculations of Fernandez Guillermet and Grim@aHFER/GR] down

to 100 K (below which they begin to be less accurate), and calculated “first-pass”
values ofS;, and by fitting,C ,, down to these temperatures. The thermal functions
in the remaining interval between 15 K§TRA/BR{ and 100 K have been estimated
somewhat arbitrarily by fitting reasonable values3gf, (T) andS;, (T) in this range

to a polynomial inT such thatS;, and &, /dT = C; ., /T are continuous at 15 K and

a temperature not far removed from 100 K, (finally selected to be 115 K), the values
at 15 K being taken from Trainor and Brodsky5[TRA/BRJ. This automatically
gives a set of functions consistent with the selected data at 298.15 K. The derived
value ofH;, (29815 K) — Hp,(0 K)from this analysis is 4994 Jmol~1, very close to

that estimated byg8KRI], 4952 J- mol~1. The lower value of 4269 Jmol~! from
Powers §1POW is, like his value 0f$;,(298.15 K) — §,(0 K), likely to be too small

due to the use of an inappropriate constant Debye temperature. The final values of the
thermal functions of Tc(cr, I) are given in Taliel.

B.2 Thermodynamic functions of Tc(hcp, lig) and
Tc(9)

The thermodynamic functions of Tc(hcp, liq) and Tc(g) are given in TaBlésand
B.2 and thermodynamic functions for the vaporisation of Tc(hcp, lig) are given in
Table B.3. For practical calculations, the Gibbs energies of sublimation and vapor-
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Table B.1: Thermodynamic functions of Tc(hcp, ).

T ,m Sh HR(M) = HROK)  —[GRH(T) — HROK)I/T
(K) (IK~Ltmoll)  (IK~Lmol~1 (3-mol~1 (3K~Lmol~1)

7.86 0044 Q037 Q215 Q010
15.00 0165 Q091 0847 Q035
2500 0934 Q332 59 0.096
50.00 5070 2087 750 0.586
75.00 11095 5254 2755 1582
10000 16391 9229 6241 2988
12500 18715 13151 10645 4635
15000 20549 16737 15570 6.357
20000 22711 22976 2644 757
25000 24031 28196 3815 1237
29815 24879 32506 4994 15757
30000 24904 32660 5040 1861
40000 25955 39982 7587 21014
50000 26657 45853 10220 25114
60000 27219 50764 12914 2941
70000 27711 54998 15661 3525
80000 28164 58728 18455 3559
90000 28592 62070 21293 38111
100000 29002 65104 24173 4®31
110000 29398 67887 27093 4257
120000 29784 70461 30052 43118
130000 30160 72860 33049 47437
140000 30527 75109 36084 4835
150000 30888 77227 39155 5124
160000 31241 79232 42261 5819
170000 31587 81136 45403 5429
180000 31927 82951 48578 5963
190000 32261 84687 51788 5430
200000 32588 86350 55030 5835
210000 32910 87948 58305 60183
220000 33226 89486 61612 61480
230000 33535 90970 64950 62730
240000 33839 92403 68319 6337
243000(cn) 33929 92824 69336 6291
243000(1) 47.000 106524 102626 6291
250000 47000 107859 105916 63192
260000 47000 109702 110616 6758
270000 47000 111476 115316 65766
280000 47000 113185 120016 7822
290000 47000 114835 124716 7829

300000 47000 116428 129416 7289
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isation,

Tc(cr,hep = Tc(Q) (B.1)

Te(l) = Tc() (B.2)
can be expressed to well within their uncertainty by the following equations:

ArGh(B.1,298151t0 2430 = (673292— 0.144197) kJmol~!

ArGh(B.2,2430t0 3000 K = (632665— 0.127483) kJmol~!

TableB.2 contains ideal gas statistical thermodynamic values for Tc(g). The sources
for the energy levels are discussed in Sectidn2.1
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Table B.2: ldeal gas thermodynamic functions of Tc(g).

Part I.
T C*F’,_m Sh —[Gh(T) — HR (29815 K)]/T HH(T) — H$,(29815 K)
(K) (3K Ltmoll)  (IK~Lmol~1 (3K~L.mol1) (3-mol—1)
0 0.000 Q000 Infinite -6197
10 20.786 110481 709460 -5989
25 20.786 129528 356647 -5677
50 20.786 143936 247102 -5158
100 20,786 158344 199534 -4119
200 20.786 172752 182954 -2040
208.15 20.795 181052 181052 0
300 20.796 181181 181052 38
400 20916 187175 181869 2122
500 21364 191882 183417 4232
600 22293 195851 185166 6411
700 23679 199387 186949 8706
800 25.356 202656 188710 11156
900 27.101 205744 190433 13780
1000 28715 208685 192112 16572
1100 30.058 211487 193747 19513
1200 31.062 214148 195337 22572
1300 31719 216662 196882 25714
1400 32062 219027 198380 28906
1500 32148 221244 199831 32118
1600 32037 223316 201235 35329
1700 31791 225251 202592 38521
1800 31461 227059 203901 41684
1900 31.091 228751 205165 44812
2000 30.712 230336 206384 47902
2100 30.352 231825 207561 50955
2200 30.027 233230 208696 53974
2300 29,751 234558 209792 56962
2400 29531 235819 210850 59926
2430 29478 236186 211161 60811
2500 29374 237021 211873 62870
2600 29282 238172 212863 65803
2700 29,255 239276 213821 68729
2800 29.292 240340 214749 71656
2900 29392 241370 215649 74589
3000 29552 242369 216523 77536
3100 29767 243341 217373 80502
3200 30.035 244290 218199 83491
3300 30.351 245219 219004 86510
3400 30711 246131 219788 89563
3500 31109 247026 220554 92654
3600 31540 247909 221301 95786
3700 32001 248779 222032 98963
3800 32486 249639 222748 102187
3900 32991 250489 223448 105461

4000 33510 251331 224135 108786




B.2 Thermodynamic functions of Tc(hcp, lig) and Tc(g)

Table B.2: (continued)

Part Il.
T .M Sh —[Gh(T) = HROOK)I/T Hm(T) — HR(0 K)
(K) (3K LmolY)  (IK~Lmol 1 (3K~Lmol~1) (3-mol~1)
0 0.000 Q000 Infinite 0
10 20.786 110481 89695 207
25 20.786 129528 108741 519
50 20.786 143936 123149 1039
100 20.786 158344 137557 2078
200 20.786 172752 151965 4157
298.15 20.795 181052 160265 6197
300 20.796 181181 160393 6236
400 20,916 187175 166375 8319
500 21.364 191882 171021 10430
600 22293 195851 174836 12608
700 23679 199387 178095 14904
800 25.356 202656 180963 17354
900 27.101 205744 183546 19977
1000 28.715 208685 185914 22770
1100 30.058 211487 188113 25711
1200 31.062 214148 190173 28770
1300 31.719 216662 192115 31912
1400 32062 219027 193953 35103
1500 32148 221244 195700 38316
1600 32037 223316 197362 41526
1700 31791 225251 198946 44719
1800 31.461 227059 200458 47882
1900 31.091 228751 201903 51010
2000 30.712 230336 203286 54100
2100 30.352 231825 204609 57153
2200 30,027 233230 205879 60171
2300 29.751 234558 207097 63160
2400 29,531 235819 208268 66123
2430 29478 236186 208610 67008
2500 29.374 237021 209394 69068
2600 29.282 238172 210479 72000
2700 29.255 239276 211525 74927
2800 29.292 240340 212535 77853
2900 29.392 241370 213512 80787
3000 29,552 242369 214457 83734
3100 29.767 243341 215373 86699
3200 30.035 244290 216262 89689
3300 30.351 245219 217126 92708
3400 30.711 246131 217966 95761
3500 31.109 247026 218783 98851
3600 31540 247909 219580 101984
3700 32.001 248779 220357 105160
3800 32486 249639 221117 108385
3900 32991 250489 221859 111658
4000 33510 251331 222585 114983
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Table B.3: Thermodynamic functions for the reactiorifiap, 1) = Tc(Q).

T ArHS, ArSS, ArGS,
(K) (kImol 1y (IK~Lmol1)  (kImol™1)
29815 675.00 148.546 630.71
50000 674.02 146.029 600.99
100000 672.39 143.582 528.81
150000 672.96 144.017 456.93
200000 672.86 143.987 384.89
243000(cr, hep) 671.47 143.362 323.10
243000(1) 638.18 129.662 323.10
250000 636.95 129.662 314.04
300000 628.11 125.939 250.29

B.3 Gaseous technetium ions

B.3.1 TcH(g)

Greenet al. [60GRE/POIL have given values for the two function&p,(T) —

H2(0 K))/T and (H3(T) — HR(0 K)) for Tct(g) at selected temperatures up to

50 kK, calculated from the 33 energy levels given by Mod@8NIOQ. We have
extended these calculations using the same energy levels and give all the thermal
functions for this species up to 6000 K in TalBe4. Since there are relatively few
levels characterised, the calculated values above this temperature will be less precise,
although, again this error is trivial compared with the uncertainty in the enthalpy of
formation. The enthalpy of formation of this species is calculated from the
ionisation potential from§8MOQ ((58700+ 100) cm™1) (uncertainty estimate by

the present reviewer) giving for

Te@ = Tc'(@+e (9
AHS(OK) = (7022+1.2) kImol™?

The difference irHg,(298.15 K) — Hg,(0 K) for this reaction is & kdmol1, giving
ArHR(29815K) = (7084 £ 1.2) kJmol~1, and finally

AfHS(Tct,9,29815K) = AfHS,(Tc, g, 29815 K) + (7084 + 1.2) kImol~?
= (138313 kdmol™?

When combined the standard entropy from Tab
S(Tct,9,29815K) = (182333+0.1) JK 1.mol™t
this gives

AfGo(Tct, g,29815K) = (13223837%2) kdmol™?
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Table B.4: Thermodynamic functions of T(g).

Part I.
T Gm S —[G(T) — HR(29815 K)I/T  HH(T) — HH(29815 K)
(K) (3K Ltmol )  (IKLmol (3K~Lmol1) (3-mol~1)
0 0.000 Q000 Infinite -6197
10 20.786 111763 710.720 -5989
25 20.786 130809 357.920 5677
50 20.786 145217 248.380 -5158
100 20.786 159625 200.813 -4118
200 20.786 174033 184.234 -2040
298.15 20.786 182333 182.333 0
300 20.786 182461 182.333 38
400 20.793 188442 183.148 2117
500 20.845 193086 184.689 4198
600 21.018 196899 186.415 6290
700 21.387 200164 188.151 8408
800 21984 203056 189.837 10575
900 22792 205690 191.454 12812
1000 23754 208140 193.001 15138
1100 24,797 210453 194.484 17566
1200 25.847 212656 195.907 20098
1300 26.838 214764 197.277 22733
1400 27.725 216787 198.599 25462
1500 28476 218726 199.876 28273
1600 29.078 220584 201.113 31152
1700 29530 222361 202.311 34084
1800 29.841 224058 203.472 37054
1900 30,025 225677 204.599 40048
2000 30.099 227219 205.692 43055
2100 30,081 228688 206.752 46065
2200 29.988 230085 207.781 49069
2300 29,838 231415 208.780 52060
2400 29,644 232681 209.750 55035
2500 29.418 233887 210.691 57988
2600 29171 235036 211.606 60918
2700 28912 236132 212.494 63822
2800 28,647 237179 213.357 66700
2900 28381 238179 214.196 69551
3000 28119 239137 215.011 72376
3200 27.619 240935 216.576 77949
3400 27.163 242596 218.058 83427
3600 26.761 244137 219.465 88818
3800 26.415 245574 220.802 94135
4000 26,125 246922 222.074 99388
4200 25.888 248190 223.288 104588
4400 25701 249390 224.448 109747
4600 25560 250529 225.557 114872
4800 25.460 251615 226.620 119973
5000 25396 252653 227.641 125058
5200 25.365 253648 228.622 130134
5400 25.362 254605 229.567 135206
5600 25384 255528 230.478 140281
5800 25426 256419 231.357 145361

6000 25487 257282 232.207 150452
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Table B.4: (continued)

Part II.

T Com Sh —[GM(T) —HROKI/T  Hy(T) — HR(OK)
(K) (IKLmoll) (3K Lmol 1) (3K Lmol~1) (3-mol~1)
0 0.000 Q000 Infinite 0
10 20.786 111763 90.977 207
25 20.786 130809 110.023 519
50 20.786 145217 124.431 1039
100 20.786 159625 138.839 2078
200 20.786 174033 153.247 4157
298.15 20.786 182333 161.546 6197
300 20.786 182461 161.675 6235
400 20.793 188442 167.655 8314
500 20.845 193086 172.294 10396
600 21.018 196899 176.086 12487
700 21.387 200164 179.298 14606
800 21.984 203056 182.090 16772
900 22792 205690 184.568 19010
1000 23.754 208140 186.804 21336
1100 24,797 210453 188.850 23763
1200 25.847 212656 190.742 26296
1300 26.838 214764 192.510 28930
1400 27.725 216787 194.172 31660
1500 28.476 218726 195.745 34471
1600 29.078 220584 197.240 37350
1700 29,530 222361 198.665 40281
1800 29.841 224058 200.029 43251
1900 30.025 225677 201.337 46245
2000 30.099 227219 202.593 49252
2100 30.081 228688 203.801 52262
2200 29.988 230085 204.964 55266
2300 29.838 231415 206.085 58258
2400 29.644 232681 207.167 61232
2500 29418 233887 208.212 64186
2600 29171 235036 209.222 67115
2700 28912 236132 210.199 70019
2800 28.647 237179 211.144 72897
2900 28381 238179 212.059 75749
3000 28119 239137 212.945 78574
3200 27.619 240935 214.639 84147
3400 27.163 242596 216.236 89624
3600 26.761 244137 217.743 95016
3800 26.415 245574 219.171 100332
4000 26.125 246922 220.525 105585
4200 25.888 248190 221.813 110786
4400 25.701 249390 223.039 115944
4600 25560 250529 224.210 121069
4800 25.460 251615 225.329 126171
5000 25396 252653 226.401 131256
5200 25.365 253648 227.430 136332
5400 25.362 254605 228.419 141404
5600 25384 255528 229.371 146478
5800 25.426 256419 230.288 151559

6000 25.487 257282 231.174 156650
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The standard state for the gaseous electron is that conventionally used in thermody-
namic tables§5CHA/DAV], so that the thermal functions are those of a Boltzmann
gas with the electron mass, with a ground state quantum weight of 22a#gJ(T) =
A¢Gp(T) = 0 for all temperatures. These are not, of course, correct at 298.15 K
and 1 bar pressure (where the electron behaves as a Fermi-Dirac gas), but are correct
for the common situations of an electron gas pressure less th&rbad above~5 K
[85CHA/DAV]. Thus

$,(€7.9.29815K) = (20.979+0.013 JK L.mol?

B.3.2 Tc(g)

Hotop and Linebergei8bHOT/LIN] have estimated the electron affinity of Tc(g) to

be (0.55 4 0.20) eV, from the correlation of the-electron binding energies of the

4d transition elements with number dfelectrons, given by Figure 17 of the paper
by Feigerle et al. §1FEI/COR. The appreciable uncertainty in this value is due to
the paucity of measured electron affinities with 6 od-glectrons required for the
comparison. (Of the six elements Mn, Fe, Tc, Ru, Re and Os only that of Fe has
been measured). The estimated electron affinity correspondsHe(B.3,0K) =
—(53=+ 19) kJmol~1 for the reaction

Tc(9) +e (9 = Tc (9 (B.3)

There are no spectroscopic data from which the entropy and other thermal functions
of Tc™(g) can be derived, but the change in the enthalpy of rea®i@nbetween

0 and 298.15 K can be estimated to AeHy(B.3,29815K) — A{HW(B.3,0K) =

—6.2 k3mol~1, with negligible uncertainty, from the value for the corresponding reac-
tion involving Mo (and many other element85CHA/DAV]). Thus the selected value

for the enthalpy of formation of To(g) is

AfHm(Tc™, g, 29815K) = (616732 kImol~* (B.4)

B.4 Tables of thermodynamic functions of TeO+(cr,l)

Table B.5 contains a more extensive listing of the heat capacities, enthalpies, and
Gibbs energies of formation for 3©7(cr) from 298.15 to 392.7 K and for 30(l)

from 392.7 to 650.00 K. The thermodynamic functions for the reaction@Ye-
3.502(g) = Tc207(cr, I) are given in Tabld3.6. See SectioV.3.2.1.2for a detailed
discussion of these calculations.
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Table B.5: Thermodynamic functions of Z@z(cr, I).

T Gom Sh Hn(T) — HR(298 K)  —[GH(T) — Hn(298 K)I/T

(K) (3K Lmol"l)  (JK~Lmol1) (- mol—1) (IK~Lmol™1)
298.15 160.39 192.00 0.0 192.00
300.00 160.80 192.99 297.1 192.00
350.00 170.41 218.53 8587.5 194.00
392.70(cr) 177.10 238.54 16010.0 197.77
392.70(liq) 250.00 350.58 60011.0 197.77
400.00 250.00 355.19 61835.0 200.60
450.00 250.00 384.63 74335.0 219.44
500.00 250.00 410.97 86835.0 237.30
550.00 250.00 434.80 99335.0 254.19
600.00 250.00 456.55 111835.0 270.16
650.00 250.00 476.56 124335.0 285.28

Table B.6: Thermodynamic functions for the reaction @fc+ 3.50,(g) =
TcoO7(cr, ).

T ArCY m ArHS, ArSS, ArGS,
K (IKLmorly (kImolm1l) (JK~Lmol™l)  (kImol~1)
298.15 7818 -1126.50 -591.04 -950.280
300.00 8147 -1126.49 -590.99 -949.187
350.00 15481 -1125.88 -589.15 -919.680
392.70 20117 -1125.12 -587.10 -894.566
392.70 93017 -1081.12 -475.05 -894.565
400.00 92661 -1080.44 -473.34 -891.104
450.00 90226 -1075.87 -462.57 -867.713
500.00 87831 -1071.42 -453.19 -844.824
550.00 85513 -1067.09 -444.93 -822.475
600.00 83293 -1062.87 -437.58 -800.316
650.00 81184 -1058.75 -431.00 -778.604

B.5 Tables of thermodynamic functions of TcO(g)

As discussed in Sectiovi3.3.2 there are no definitive measurements on the spectrum

of TcO(g) from which its molecular parameters can be derived, but various values
of these appear in the literature, both from an experimental study which may refer to
TcO(g) [77CHH, anda priori calculations and estimates. These are given in Talle

Table B.8 gives our own independent estimates, shown in bold, of the relevant para-
meters based on those of the surrounding elements, taken from the comprehensive
survey on gaseous monoxides by Pedley and MarsBaRED/MAR, with an addi-

tional experimental value for MoO(g). Some of these values, enclosed in parentheses,
are themselves estimates. The values in bold in TBl8ere seen to be in reasonable
agreement with those in TabBe7 and are the preferred values.
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The calculated thermal functions are given in detail in Tdhi

Table B.7: Molecular parameters for TcO(g)

Method w rx10t° Reference
em?bH  (m)

Ab initio (approximation 1a) 795 1.772  89LAN/BAU]

Ab initio (approximation 1b) 766 1.776  89LAN/BAU]

Ab initio (approximation 2) 877 1.745  89LAN/BAU]

ExperimentdP 935+25 [77CHH

Estimation 854 1.783  66SCH

@ Probably TcO(g), but could be TeN(g).

Table B.8: Comparison of molecular parameters for MO(g) for 3d, 4d and 5d transition
metals

Compound w wX r x101°
em?b  (em™ (m)

cro 898 6.8 1.618
MnO 840 48 1.769
FeO 881 4.6 1.626
MoO (950) 8949 1.73

TcO 900450 4 1.78+0.05
RuO 855 1.70

WO 1055 3.85 1.658
ReO 900 1.834
0s0 785 1.85

@ Experimental value from79BAT/GRU.
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Table B.9: Ideal gas thermal functions for TcO(g)

Part I.
T m SN —[G&(T) — HZ (29815 K)I/T  HY(T) — HY (29815 K)

(K) (3K LTmol ) (K Lmol 1 (3K~ Lmol 1) (3-mol~1)

0 0.000 0000 Infinite -8823

10 29149 144812 998.221 -8534
25 28552 169363 495.243 -8147
50 29105 191531 338.923 -7369
100 29109 211706 270.849 -5914
200 29671 231982 246.913 -2986

29815 31256 244109 244.109 0
300 31288 244302 244.109 57
400 32889 253531 245.357 3269
500 34085 261006 247.762 6621
600 34927 267299 250.508 10074
700 35520 272731 253.304 13598
800 35949 277503 256.036 17173
900 36267 281757 258.662 20785
1000 36511 285591 261.166 24424
1100 36705 289080 263.548 28085
1200 36867 292281 265.811 31764
1300 37012 295238 267.962 35458
1400 37152 297986 270.010 39166
1500 37296 300554 271.961 42888
1600 37453 302966 273.824 46626
1700 37631 305241 275.606 50380
1800 37837 307398 277.313 54153
1900 38076 309450 278.951 57948
2000 38351 311410 280.525 61769
2100 38664 313289 282.041 65620
2200 39016 315095 283.503 69503
2300 39408 316838 284.914 73424
2400 39838 318524 286.280 77386
2500 40303 320160 287.602 81393
2600 40802 321750 288.885 85448
2700 41329 323300 290.131 89554
2800 41881 324813 291.343 93715
2900 42453 326292 292.523 97931

3000 43041 327741 293.673 102206
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Table B.9: (continued)

Part Il.
T C‘F’,_m Sh —[GH(T) — HROK)I/T HH(T) — HR{ (0 K)
(K) (IKtmol Yy  (IK~Lmol Y (JK~Lmol1) (3-mol~1)
0 0.000 Q000 Infinite 0
10 29149 144812 115.914 288
25 28552 169363 142.321 676
50 29105 191531 162.461 1453
100 29109 211706 182.618 2908
200 29671 231982 202.798 5836
29815 31256 244109 214.516 8823
300 31288 244302 214.699 8880
400 32889 253531 223.299 12092
500 34085 261006 230.116 15444
600 34927 267299 235.803 18897
700 35520 272731 240.699 22421
800 35949 277503 245.007 25996
900 36267 281757 248.859 29608
1000 36511 285591 252.343 33247
1100 36705 289080 255.527 36908
1200 36867 292281 258.458 40587
1300 37012 295238 261.175 44281
1400 37152 297986 263.707 47989
1500 37296 300554 266.079 51711
1600 37453 302966 268.310 55449
1700 37631 305241 270.416 59203
1800 37837 307398 272.411 62976
1900 38076 309450 274.307 66771
2000 38351 311410 276.114 70592
2100 38664 313289 277.839 74443
2200 39016 315095 279.492 78326
2300 39408 316838 281.078 82247
2400 39838 318524 282.603 86209
2500 40303 320160 284.073 90216
2600 40802 321750 285.492 94271
2700 41329 323300 286.864 98377
2800 41881 324813 288.192 102538
2900 42453 326292 289.480 106754
3000 43041 327741 290.732 111029

B.6 Tables of thermodynamic functions of TeO+(Q)

See Table8.10andB.11 The origin of the vibration fundamentals and the molecular
parameters are discussed in Sec#d3.3

B.7 Tables of enthalpy of sublimation of Tck(cr, cubic)

See TableB.12 A detailed discussion of the calculation of these values can be found
in AppendixA, under reference/BOSB/SCHL
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Table B.10: Vibration frequencies for 707(g), where vs = very strong, s = strong, m
= medium, ms = medium strong, mw = medium weak, w = weak, and p = polarised.

Mode Calculated Observed
Frequency Intensity  Depolarisation  Frequency  Intensity
cm1 Ratio® cm1

1 985
2 958 100 0.005 957.3 Vs, p
3 955 4 0.15 955 m
4 955
5 955 3
6 955 3
7 852
8 467 9 0.005 466 VW, p
9 358
10 357 0.28 357 m
11 350
12 340 5 340 m
13 340 4
14 340 0.55
15 302
16 187 33 0.40 185 m
17 185 9
18 184 7 178 m
19 60 15 0.37 60 ms, p
20 58 10 0.56
21 38

@ The calculated depolarisation ratio is not given when greater than 0.7.

Table B.11: Ideal gas thermodynamic functions fop@g(g)

PartI.
T m SN —[G&(T) — HZ (29815 K)I/T  HY(T) — HY(29815 K)
(K) (3K LTmol )  (IK"Lmol 1 (3K~ Lmol 1) (3-mol~1)
0 0.000 0000 Infinite -29456
50 57877 264665 808.961 27214
100 82710 312178 549.338 -23715
200 122333 382959 449.337 -13275
29815 146736 436641 436.641 0
300 147119 437550 436.644 271
400 164342 482388 442.640 15899
500 176005 520398 454.489 32954
600 183888 553230 468.273 50974
700 189320 582010 482.508 69651
800 193167 607555 496.573 88786
900 195966 630477 510.199 108249

1000 198054 651237 523.281 127955




B.7 Tables of enthalpy of sublimation of TgEt, cubic) 503

Table B.11: (continued)

Part Il.
T C‘F’,_m Sh —[GH(T) — HROK)I/T HH(T) — HR{ (0 K)
(K) (IKtmol Yy  (IK~Lmol Y (JK~Lmol1) (3-mol~1)
0 0.000 Q000 Infinite 0
50 57877 264665 219.829 2241
100 82710 312178 254.772 5740
200 122333 382959 302.054 16180
29815 146736 436641 337.843 29456
300 147119 437550 338.455 29728
400 164342 482388 368.999 45355
500 176005 520398 395.575 62411
600 183888 553230 419.178 80431
700 189320 582010 440.427 99107
800 193167 607555 459.752 118242
900 195966 630477 477.470 137706
1000 198054 651237 493.825 157412

Table B.12: Third-law evaluation of the standard enthalpy of sublimation o§(EcF
cubic) at 298.15 K from the vapour pressures of Selig and M&RSEL/MAL].

T p —RIn f al AsypHm(TcFg, cr cubic 29815 K)
(K) (bar) (kI-K1.mol™l)  (kJ-K~1.mol™1) (kJmol—1)
268.32  0.058608 0.023611 0.10544 34.627
268.71  0.059928 0.023427 0.10544 34.628
269.88  0.064461 0.022822 0.10545 34.618
269.98  0.064821 0.022776 0.10545 34.618
272.00 0.073127 0.021776 0.10546 34.608
272.20 0.074261 0.021648 0.10546 34.599
273.15 0.078380 0.021201 0.10547 34.600
274.08 0.082886 0.020738 0.10548 34.594
274.54  0.084553 0.020572 0.10548 34.606
275.12  0.087899 0.020251 0.10548 34.591
275.69 0.091326 0.019934 0.10548 34.575
276.12  0.093046 0.019779 0.10549 34.589
277.31  0.100165 0.019169 0.10550 34.572
278.52 0.107324 0.018597 0.10550 34.563
279.25 0.110924 0.018323 0.10551 34.580
280.08 0.116444 0.017921 0.10551 34.571
281.32  0.124590 0.017361 0.10552 34.569
282.17  0.130509 0.016977 0.10552 34.565
284.16  0.145641 0.016069 0.10553 34.554
286.12  0.161600 0.015209 0.10554 34.549
286.49  0.165066 0.015034 0.10554 34.543
288.12  0.179652 0.014334 0.10555 34.541
289.12  0.189491 0.013892 0.10556 34.536
290.10  0.199037 0.013487 0.10556 34.535
291.05 0.209383 0.013068 0.10557 34.530

(Continued on next page)
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Table B.12: (continued)

T p —RIn f /T AgypHm(TcFg, cr cubic 29815 K)
(K) (bar) kI K=L.mo )  (kI-K~1.mol 1) (kJmol~1)
293.06 0.231821 0.012227 0.10557 34.522
29459  0.250899 0.011575 0.10558 34513
296.05 0.270111 0.010966 0.10559 34.506
297.53  0.290376 0.010369 0.10559 34.501
297.79  0.293709 0.010275 0.10559 34.503
298.19  0.298909 0.010130 0.10560 34.510
299.22  0.315707 0.009680 0.10560 34.494
299.96  0.325573 0.009426 0.10560 34.503
300.51 0.335706 0.009174 0.10560 34.491
301.98 0.360104 0.008596 0.10561 34.488
302.60 0.369170 0.008391 0.10561 34.497
302.64 0.370370 0.008365 0.10561 34.493
302.71  0.371170 0.008347 0.10561 34.496
302.72  0.371436 0.008341 0.10561 34.495
303.44 0.385702 0.008031 0.10561 34.483
304.10 0.396501 0.007804 0.10562 34.492
304.19 0.397301 0.007787 0.10562 34.497
304.28  0.399834 0.007735 0.10562 34.492
304.96  0.413833 0.007452 0.10562 34.482
305.90 0.430765 0.007122 0.10562 34.488
305.93  0.431031 0.007117 0.10562 34.490
306.92  0.454096 0.006689 0.10563 34.473
308.16  0.478494 0.006259 0.10563 34.480
309.16  0.498759 0.005918 0.10563 34.486
310.03  0.520757 0.005564 0.10564 34.477

B.8 Tables of thermodynamic functions of TcS(Q)

The molecular parameters calculated by Langledfl. [B9LAN/BAU], which are
summarised in Tabld3.13 have been used to compute the thermal functions of
TcS(g), (see Tabld.14). An anharmonicity correction obe x Xe = 1.5 cmit
(estimated from known values for transition metal monosulphides, Huber and
Herzberg Y9HUB/HER), was used for all the electronic states, with the results
given in TableB.14 The ground state was predicted to $® by Langhoffet al.
[89LAN/BAU].
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Table B.13: Calculated molecular parameters for TcS(g) from Langsbfil
[89LAN/BAU].

State Termvalue Statistical weight r x1010

(cm™ (cm™t)  (m)

bs 0 6 492 2.168

n 9420 8 541 2.118

5 12100 12 387 2.250

4A 14200 8 485 2.164

n 19900 8 511 2.188

Table B.14: ldeal gas thermodynamic functions of TcS(g).

Part .
T Gm S —[G&(T) — HZ (29815 K)I/T  HY(T) — HY(29815 K)
(K) (3K LTmol )  (IK"Lmol 1 (3K~ Lmol 1) (3-mol~1)
0 0.000 0000 Infinite -9290
100 29470 221369 285.121 -6375
200 32360 242633 259.085 -3290
29815 34474 255990 255.990 0
500 36259 274326 259.978 7173
1000 37281 299872 274.242 25629
1500 37689 315063 285.483 44368
2000 38563 326006 294.306 63398
2500 40348 334785 301.550 83087
3000 42887 342358 307.733 103873
Part 1.
T Gm Sh —[GR(T) = HR(OK)]/T HR(T) — HR (0 K)
(K) (3K~ Lmol Yy  (3K~1mol 1) (3K Lmol 1) (3-mol~1)
0 0.000 0000 Infinite 0
100 29470 221369 192.220 2014
200 32360 242633 212.635 5999
29815 34474 255990 224.831 9290
500 36259 274326 241.398 16463
1000 37281 299872 264.952 34919
1500 37689 315063 279.290 53658
2000 38563 326006 289.661 72688
2500 40348 334785 297.834 92377
3000 42887 342358 304.636 113164







Appendix C

lonic strength corrections'

Thermodynamic data always refer to a selected standard state. The definition given by
IUPAC [82LAF] is adopted in this review as outlined in Secti®:3.1. According to

this definition, the standard state for a solute B in a solution is a hypothetical solution,
at the standard state pressure, in whigh = m° = 1 mol- kg1, and in which the
activity coefficientyg is unity. However, for many reactions, measurements cannot be
made accurately (or at all) in dilute solutions from which the necessary extrapolation to
the standard state would be simple. This is invariably the case for reactions involving
ions of high charge. Precise thermodynamic information for these systems can only be
obtained in the presence of an inert electrolyte of sufficiently high concentration, en-
suring that activity factors are reasonably constant throughout the measurements. This
appendix describes and illustrates the method used in this review for the extrapolation
of experimental equilibrium data to zero ionic strength.

The activity factors of all the species participating in reactions in high ionic strength
media must be estimated in order to reduce the thermodynamic data obtained from the
experiment to the state = 0. Two alternative methods can be used to describe the
ionic medium dependence of equilibrium constants:

e One method takes into account the individual characteristics of the ionic media
by using a medium dependent expression for the activity coefficients of the spe-
cies involved in the equilibrium reactions. The medium dependence is described
by virial or ion interaction coefficients as used in the Pitzer equatid8BI[T]
and in the specific ion interaction theory.

e The other method uses an extended Debye-HUickel expression in which the activ-
ity coefficients of reactants and products depend only on the ionic charge and the
ionic strength, but it accounts for the medium specific properties by introducing
ionic pairing between the medium ions and the species involved in the equi-
librium reactions. Earlier, this approach has been used extensively in marine
chemistrycf. Refs. [[9JOH/PYT 79MIL, 79PYT, 79WHIZ].

The activity factor estimates are thus based on the use of Debye-Hickel type equa-
tions. The “extended" Debye-Hlickel equations are either in the form of specific ion

TThis Appendix contains essentially the text written by Grenthe and Waf82&RE/WAN which was

also printed in the uranium NEA-TDB review as Appendix @ GRE/FUG. The equations presented

here are an essential part to the review procedure and are required to use the selected thermodynamic
values. The main differences between this Appendix and the one in Grehtie{92GRE/FUQG are:
TableC.1, Eqg. (C.11) and Section€£.1.2andC.1.4 The contents of TableS.3andC.4 have also been

revised.
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interaction methods or the Davies equati62DAV]. However, the Davies equation
should in general not be used at ionic strengths larger than 0.1kgot. The method
preferred in the NEA Thermochemical Data Base review is a medium-dependent ex-
pression for the activity coefficients, which is the specific ion interaction theory in the
form of the Brgnsted-Guggenheim-Scatchard approach. Other forms of specific ion
interaction methods (the Pitzer and Brewer “B-meth@&{I'IEW/RAN] and the Pitzer

virial coefficient method 79PIT]) are described in the NEA Guidelines for the extra-
polation to zero ionic strengt®PGRE/WAN.

The specific ion interaction methods are reliable for intercomparison of experi-
mental data in a given concentration range. In many cases this includes data at rather
low ionic strengths] = 0.01 to 0.1 M,cf. FigureC.1, while in other cases, notably for
cations of high chargex( +4 and< —4), the lowest available ionic strength is often
0.2 M or higher, see for example Figures V.12 and V.139RGRE/FUG. It is reas-
onable to assume that the extrapolated equilibrium constahts-d are more precise
in the former than in the latter cases. The extrapolation error is composed of two parts,
one due to experimental errors, the other due to model errors. The model errors seem
to be rather small for many systems, less than 0.1 units iy l§§. For reactions in-
volving ions of high charge, which may be extensively hydrolysed, one cannot perform
experiments at low ionic strengths. Hence, it is impossible to estimate the extrapola-
tion error. This is true for all methods used to estimate activity corrections. Systematic
model errors of this type are not included in the uncertainties assigned to the selected
data in this review.

It should be emphasised that the specific ion interaction modapjsoximate
Modifying it, for example by introducing the equations suggested by Cia\g@@alp,

Egs. (8—-10)] ¢f. SectionC.1.4), would result in slightly different ion interaction coef-
ficients and equilibrium constants. Both methods provide an internally consistent
set of values. However, their absolute values may differ somewhat. Grentide
[92GRE/FUG estimate that these differences in general are less than 0.2 units in
log,o K°, i.e., approximately 1 kdnol~1 in derivedA;Gg, values.

C.1 The specific ion interaction equations

C.1.1 Background

The Debye-Hickel term, which is the dominant term in the expression for the activ-
ity coefficients in dilute solution, accounts for electrostatic, non-specific long-range
interactions. At higher concentrations short range, non-electrostatic interactions have
to be taken into account. This is usually done by adding ionic strength dependent
terms to the Debye-Hickel expression. This method was first outlined by Brgnsted
[22BR@2 22BR, and elaborated by ScatchaB6SCA and Guggenhein§6GUQG.

The two basic assumptions in the specific ion interaction theory are described below.

Assumption 1: The activity coefficient/; of an ionj of chargez;j in the solution of
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ionic strengthl,; may be described by EqC(2).

logioy; = —ZD+ Y &(jkimMk (C.1)
k

D is the Debye-Huckel term:

A C.2)

1+ Baj\/ Im

whereln, is the molal ionic strength:
1 2
I = 5 X,: m;

A andB are constants which are temperature and pressure dependeat,ia@h ion
size parameter (“distance of closest approach") for the hydrategl.iokhe Debye-
Hiickel limiting slope,A, has a value 0f0.509+ 0.001) kg2 - mol~1/2 at 23C and

1 bar, €f. SectionC.1.9. The termBa; in the denominator of the Debye-Huckel
term has been assigned a valueBd; = 1.5kg2 - mol~Y/? at 25C and 1 bar, as
proposed by Scatchar@§SCA and accepted by Ciavatt8(CIA]. This value has
been found to minimise, for several species, the ionic strength dependengg of)
betweenly, = 0.5 m andl, = 3.5 m. It should be mentioned that some authors have
proposed different values f@a;, ranging fromBa; = 1.0 [35GUQJ to Ba; = 1.6
[62VAS]. However, the parametda; is empirical and as such correlated to the value
of e(j k,1m)- Hence, this variety of values fda; does not represent an uncertainty
range, but rather indicates that several different seBagfandsj k 1,,) may describe
equally well the experimental mean activity coefficients of a given electrolyte. The ion
interaction coefficients at 2& listed in TablesC.3 throughC.5 have thus to be used
with Ba; = 1.5kg"/2 - mol~1/2,

The summation in Eq.G.1) extends over all ion& present in solution. Their
molality is denoteany, and the specific ion interaction paramete(gy 1), in general
depend only slightly on the ionic strength. The concentrations of the ions of the ionic
medium is often very much larger than those of the reacting species. Hence, the ionic
medium ions will make the main contribution to the value of,lpg; for the reacting
ions. This fact often makes it possible to simplify the summadioggej k. i,,)Mk SO
that only ion interaction coefficients between the participating ionic species and the
ionic medium ions are included, as shown in Es4j to (C.8).

Assumption 2: The ion interaction coefficients; x i,y are zero for ions of the same
charge sign and for uncharged species. The rationale behind this is tiath
describes specific short-range interactions, must be small for ions of the same
charge since they are usually far from one another due to electrostatic repulsion.
This holds to a lesser extent also for uncharged species.

Eq. (C.2) will allow fairly accurate estimates of the activity coefficients in mixtures of
electrolytes if the ion interaction coefficients are known. lon interaction coefficients for
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simple ions can be obtained from tabulated data of mean activity coefficients of strong
electrolytes or from the corresponding osmotic coefficients. lon interaction coefficients
for complexes can either be estimated from the charge and size of the ion or determined
experimentally from the variation of the equilibrium constant with the ionic strength.

lon interaction coefficients are not strictly constant but may vary slightly with
the ionic strength. The extent of this variation depends on the charge type and is
small for 1:1, 1:2 and 2:1 electrolytes for molalities less than 3.5 m. The concen-
tration dependence of the ion interaction coefficients can thus often be neglected. This
point was emphasised by Guggenhe®GUG, who has presented a considerable
amount of experimental material supporting this approach. The concentration depend-
ence is larger for electrolytes of higher charge. In order to accurately reproduce their
activity coefficient data, concentration dependent ion interaction coefficients have to
be usedcf. Lewis, Randall, Pitzer and Brewe6JLEW/RAN], Baes and Mesmer
[76BAE/MES], or Ciavatta BOCIA]. By using a more elaborate virial expansion, Pitzer
and co-workers{3PIT, 73PIT/MAY, 74PIT/KIM, 74PIT/MAY, 75PIT, 76PIT/SIL,
78PIT/PET 79PIT] have managed to describe measured activity coefficients of a large
number of electrolytes with high precision over a large concentration range. Pitzer’s
model generally contains three parameters as compared to one in the specific ion in-
teraction theory. The use of the theory requires the knowledge of all these parameters.
The derivation of Pitzer coefficients for many complexes such as those of the actinides
would require a very large amount of additional experimental work, since few data of
this type are currently available.

The way in which the activity coefficient corrections are performed in this review
according to the specific ion interaction theory is illustrated below for a general case of
a complex formation reaction. Charges are omitted for brevity.

MM + gL +nH20() = MplLq(OH), + nH*t

The formation constant of MLq(OH)n, *Bg.n,m, determined in an ionic medium (1:1
salt NX) of the ionic strength,, is related to the corresponding value at zero ionic

strength;* B3 n.m, by EQ. C.3).
l0g;6Baq.nm = 1001084 n.m + MI0Gigym + 0 10g19 11 + Nl0GspaH,0
— 10910 ¥g,n,m — N10G g ¥+ (C.3)
The subscriptd,n,m) denotes the complex ion i.q(OH),. If the concentrations
of N and X are much greater than the concentrations of M, kLWOH), and H',
only the molalitieamy andmy have to be taken into account for the calculation of the

term) ", &(j.k,1m Mk iN Eq. (C.1). For example, for the activity coefficient of the metal
cation M, ym, Eq. (C.4) is obtained at 25C and 1 bar.

o _ —240.509/Tm
S = 5 T,

Under these condition$y, =~ myx = my. Substituting the log, yj values in Eq.C.3)
with the corresponding forms of EqC(4) and rearranging leads to

+ &M, X, 1m) MX (C4)

l0g;3Bg.n.m — AZ°D —nlogjpan,o = 1091385 nm — Aelm (C.5)
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where, at 25C and 1 bar:

AZ? = (Mmay—-qz —n’4+n-mzZ —q7 (C.6)
0.509/1
b — 0509Im ©7)
1+ 1.5Im
Ae = g@nmNorX) + NEH,X) — AEN,L) — MeEM,X) (C.8)

Here(may — gz — n), zw andz_ are the charges of the complexJiq(OH)n, the
metal ion M and the ligand L, respectively.

Equilibria involving HO(l) as a reactant or product require a correction for the
activity of water,an,0. The activity of water in an electrolyte mixture can be calculated
as

—¢ Zk Mg

In(10) x 55.51 (€9)

log;aH,0
whereg is the osmotic coefficient of the mixture and the summation extends over all
solute speciek with molality my present in the solution. In the presence of an ionic
medium NX in dominant concentration, E€C.9) can be simplified by neglecting the
contributions of all minor speciese., the reacting ions. Hence, for a 1:1 electrolyte of
ionic strengthl, ~ mnx, Eq. (C.9) becomes

—2myx ¢

In(10) x 55.51° (€.10)

log;paH,0
Values of osmotic coefficients for single electrolytes have been compiled by various
authors,e.g, Robinson and Stoke$9ROB/STQ. The activity of water can also be
calculated from the known activity coefficients of the dissolved species. In the presence
of an ionic medium Iy, X,,_ of a concentration much larger than those of the reacting
ions, the osmotic coefficient can be calculated according to®&Ed1) (cf. Egs. (23-39),
(23-40) and (A4-2) in§1LEW/RAN)).

AIn(10)|z, z_| [ 1 ]
1- = ————— |1+ Bajy/Im—2l0og,o(1+ Baj/Im) — —————
¢ Im(Ba)3 iV lm = 2106101+ By Vim) = 37 e
Vyv_
— In(10 C.11
N(10) &(n,x)MNx (v+ +U_> (C.11)

wherev; andv_ are the number of cations and anions in the salt formula( =
v_z_), and in this case

1
Im = §|Z+Zf|mNX(V++V—)

The activity of water is obtained by inserting EG.11J) into Eqg. C.10. It should be
mentioned that in mixed electrolytes with several components at high concentrations, it
may be necessary to use Pitzer's equation to calculate the activity of water. On the other
hand,an,o is near constant in most experimental studies of equilibria in dilute aqueous
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solutions, where an ionic medium is used in large excess with respect to the reactants.
The medium electrolyte thus determines the osmotic coefficient of the solvent.

In natural waters the situation is similar; the ionic strength of most surface waters
is so low that the activity of bO(I) can be set equal to unity. A correction may be
necessary in the case of seawater, where a sufficiently good approximation for the
osmotic coefficient may be obtained by considering NaCl as the dominant electrolyte.

In more complex solutions of high ionic strengths with more than one electrolyte
at significant concentrations,g, (Nat, Mg2t, C&*)(CI-, SOAZ[), Pitzer's equation
(cf. [92GRE/WAN) may be used to estimate the osmotic coefficient; the necessary
interaction coefficients are known for most systems of geochemical interest.

Note that in all ion interaction approaches, the equation for mean activity coeffi-
cients can be split up to give equations for conventional single ion activity coefficients
in mixtures,e.g, Eq. C.1). The latter are strictly valid only when used in combinations
which yield electroneutrality. Thus, while estimating medium effects on standard po-
tentials, a combination of redox equilibria with"Ht- e~ = % H2(g) is necessarycf.
ExampleC.3).

C.1.2 lonic strength corrections at temperatures other than
298.15K

Values of the Debye-Huckel parametéksndB in Egs. C.2) and (C.1J) are listed in
TableC.1for a few temperatures at a pressure of 1 bar below @Ghd at the steam
saturated pressure for= 100°C. The values in Tabl€.1 may be calculated from the
static dielectric constant and the density of water as a function of temperature and pres-
sure, and are also found for example in Ref4HEL/KIR, 79BRA/PIT, 81HEL/KIR,
84ANA/ATK, 90ARC/WAN].

The termBa; in the denominator of the Debye-Hiickel tei cf. Eq. (C.2), has
been assigned in this review a value db kg2 - mol-1/2 at 23°C and 1 barcf. Sec-
tion C.1.1 At temperatures and pressures other than the reference and standard state,
the following possibilities exist:

e The value ofBa; is calculated at each temperature assuming that ion sizes are
independent of temperature and using the valuds listed in TableC.1

e The value ofBaj is kept constant at.5 kg'/? - mol~1/2. Due the variation 0B
with temperaturecf. TableC.1, this implies a temperature dependence for ion
size parameters. Assuming that ion sizes are in reality constant, then it is seen
that this simplification introduces an errorinwhich increases with temperature
and ionic strength (this error is less th&6.01 att < 100°C andl < 6 m, and
less thant0.006 att < 50°C andl < 4 m).

e Thevalue oBa; is calculated at each temperature assuming a given temperature
variation fora; and using the values @ listed in TableC.1 For example,
in the aqueous ionic model of Helgesen al. [B8TAN/HEL, 88SHO/HEL,
89SHO/HEL 89SHO/HELZ ionic sizes follow the relation: a;(T)
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Table C.1: Debye-Hickel constants as a function of temperature at a pressure of 1 bar
below 100C and at the steam saturated pressuré forlO0°C. The uncertainty in the

A parameter is estimated by this review to-b8.001 at 25C, and+0.006 at 300C,

while for the B parameter the estimated uncertainty ranges f#003 at 25C to
+0.001 at 300C.

t p A B x 10710
1 1 1
(°C) | (bar) | (kg-molYHZ | (kg2 -mol"2 -m~1)
0| 100 0.491 0.3246
5| 1.00 0.494 0.3254
10 | 100 0.498 0.3261
15 | 100 0.501 0.3268
20 | 1.00 0.505 0.3277
25 | 1.00 0.509 0.3284
30 | 1.00 0.513 0.3292
35 | 1.00 0.518 0.3300
40 | 1.00 0.525 0.3312
50 | 1.00 0.534 0.3326
75 | 1.00 0.564 0.3371
100 | 1.013 0.600 0.3422
125 | 232 0.642 0.3476
150 | 476 0.690 0.3533
175 | 892 0.746 0.3593
200 | 155 0.810 0.365
250 | 29.7 0.980 0.379
300 | 858 1.252 0.396
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= aj(29815K, 1 ban + |z;|9(T, p) [900EL/HEL, whereg(T, p) is a temper-
ature and pressure function which is tabulated88TAN/HEL, 92SHO/OEIL,
and is approximately zero at temperatures below C75

The values ofs(j k1,,) obtained with the methods described in Secti®i.3 at
temperatures other than 25 will depend on the value adopted fBiaj. As long as a
consistent approach is followed, valuessgf |, absorb the choice dBa;, and for
moderate temperature intervals (between 0 and@pehe choiceBa; = 1.5kg"/2 -
mol~1/2 is the simplest one and is recommended by this review.

The variation of g(j k) With temperature is discussed by Lewis, Ran-
dall, Pitzer and Brewer GLLEW/RAN], Millero [79MIL], Helgeson et al.
[81HEL/KIR, 900EL/HEL, Giffaut et al. [93GIF/VIT] and Grenthe and Plyasunov
[97GRE/PLY. The absolute values for the reported ion interaction parameters differ
in these studies due to the fact that the Debye-Hickel term used by these authors is
not exactly the same. Nevertheless, common to all these studies is the fact that values
of (3e/dT)p are usually< 0.005kg- mol~! . K= for temperatures below 200.
Therefore, if values of j k 1,,) Obtained at 25C are used in the temperature range 0 to
50°C to perform ionic strength corrections, the erroKling, yj)/Im will be < 0.13.

Itis clear that in order to reduce the uncertainties on solubility calculationg#5°,
studies on the variation &f{; k i,)-values with temperature should be undertaken.

C.1.3 Estimation of ion interaction coefficients
C.1.3.1 Estimation from mean activity coefficient data
Example C.1:
The ion interaction coefficiery+ cj-) can be obtained from published values of
Y+,HCI VS. MHCI.
21019y, Hel = 10910 yH+ + 10010 Ve
= —-D+ EH+,clmMel- — D+ &Cl— HH) My+
l0g1py+.Hel = —D + gm+.ci-)MHc

By plotting log,q v+ Hel + D vs. myc a straight line with the slopgg+ ¢y is ob-
tained. The degree of linearity should in itself indicate the range of validity of the
specific ion interaction approach. Osmotic coefficient data can be treated in an analog-
ous way.

C.1.3.2 Estimations based on experimental values of equilibrium constants at
different ionic strengths
Example C.2:

Equilibrium constants are given in Table2 for the reaction

Uo3t +CI- = UOCI. (C.12)
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Table C.2: The preparation of the experimental equilibrium constants for the extrapol-
ation tol = 0 with the specific ion interaction method at’Z5and 1 bar, according to
Reaction C.12). The linear regression of this set of data is shown in Figlide

Im  logioBi(exp)®  logioB”  logioB1m + 4D

0.1 —0.17+0.10 —-0.174 02644 0.100
0.2 —0.25+0.10 —0.254 0292+ 0.100
0.26 —0.35+0.04 —0.357 02304+ 0.040
0.31 —0.39+0.04 —0.397 02204+ 0.040
0.41 —0.41+0.04 —0.420 0246+ 0.040
0.51 —0.32+0.10 —0.331 Q3714+ 0.100
0.57 —0.42+0.04 —0.432 02884+ 0.040
0.67 —0.34+0.04 —0.354 0395+ 0.040
0.89 —0.42+0.04 —0.438 Q3574 0.040
1.05 —0.31+0.10 —0.331 0491+ 0.100
1.05 —-0.277+0.260 —0.298 0525+ 0.260
161 —0.24+0.10 —-0.272 Q06184+ 0.100
221 —0.15+0.10 —0.193 Q7444 0.100
221 —0.12+0.10 —0.163 Q7744+ 0.100
2.82 —0.06+0.10 —-0.021 Q08604+ 0.100
35 0.044+0.10 —0.021 09744 0.100

@ Equilibrium constants for Reactiol©(12) with assigned un-
certainties, corrected to 26 where necessary.

(b Equilibrium constants corrected from molarity to molality
units, as described in Sectidin2.
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The following formula is deduced from EqC(5) for the extrapolation td = O:
log;pp1+4D = loggpB] — Aelm (C.13)

The linear regression is done as described in AppeBdiX he following results are
obtained:

0.170+ 0.021
—(0.2484 0.022 kg - mol~*

logy0 B7
Ae(C.12

The experimental data are depicted in FigGr&, where the dashed area repres-
ents the uncertainty range that is obtained by using the results jgag@ndAe and
correcting back td # 0.

Figure C.1: Plot of logypB1 + 4D vs. Iy for Reaction C.12), UO%Jr +ClIm =

UO,CIT at 25C and 1 bar. The straight line shows the result of the weighted linear
regression, and the dotted lines represent the uncertainty range obtained by propagating
the resulting uncertainties &t= 0 back tol = 4 m.
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Example C.3:

When using the specific ion interaction theory, the relationship between the redox po-
tential of the couple U@*/U‘” in a medium of ionic strength, and the correspond-

ing quantity atl = 0 should be calculated in the following way. The reaction in the
galvanic cell

Pt| Ha(g) | H || UO3T, U* | Pt
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is
UOST + Ha(g) +2HT = U +2H0(). (C.14)
For this reaction
o au4+ X aﬁzo
log;oK® = logg 2 )
aUO§+ X aHJr X sz
log;oK® = 10910 K +10g101ys+ —10G10 72+ — 210G10 Y+

— 10910 71,H, + 2108;08H,0,

fu, &~ pH, at reasonably low partial pressure of(d), an,o ~ 1, and

logioyusr = —16D +eyar ciop)Meio;
l0g107yczr = —4D + e ozt cio;)Meio;
l0giovH+ = =D +én+ cio;)Maio; -
Hence,
logpK® = loggK — 10D

+ (E(U“*,CIO;) ~ fwoztclo;) 28(H+,c|o;)> Mgio; - (C.15)

The relationship between the equilibrium constant and the redox potential is

nkF

InK = —E (C.16)
RT
nF

InK°® = —E°. (C.17)
RT

E is the redox potential in a medium of ionic strengtlk° is the corresponding stand-
ard potential al = 0, andn is the number of transferred electrons in the reaction
considered. Combining EqLC(15), (C.16 and (.17 and rearranging them leads to
Eq. (C.18.

RTIN(10) i RTIN(10)

Forn = 2 in the present example afid= 29815 K, Eq. C.18 becomes
E[mV]-2958D = E°[mV] - 2958Aemgq.

where

As = (8<u4+,0|og)—8<uo§+,<:|o;>_28(H+,CIOZ>)'
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C.1.4 On the magnitude of ion interaction coefficients

Ciavatta BOCIA] made a compilation of ion interaction coefficients for a large num-
ber of electrolytes. Similar data for complexations of various kinds were reported by
Spahiu B3SPA and Ferri, Grenthe and Salvatoi@FER/GRER These and some
other data for 25C and 1 bar have been collected and are listed in Se€tian

It is obvious from the data in these tables that the charge of an ion is of great
importance for the magnitude of the ion interaction coefficient. lons of the same charge
type have similar ion interaction coefficients with a given counter-ion. Based on the
tabulated data, Grenthet al. [92GRE/FUG proposed that it is possible to estimate,
with an error of at most-0.1 in ¢, ion interaction coefficients for cases where there
are insufficient experimental data for an extrapolatioh te 0. The error that is made
by this approximation is estimated #0.1 in Ae in most cases, based on comparison
with Ae values of various reactions of the same charge type.

Ciavatta POCIA] has proposed an alternative method to estimate valuegarfa
first or second compleM L or M L2, in anionic mediaN X, according to the following
relationships,

EML,NorX) =~ (emx) +&wLnN)/2 (C.19)
E(MLp, N,orX) ~ (emx) +2ewN)/3 (C.20)

Ciavatta obtained JOCIA] an average deviation of£0.05kg - mol~1 between
e-estimates according to EqsC.(9 and .20 and thee-values at 25C obtained
from ionic strength dependency of equilibrium constants.

C.2 loninteraction coefficientsversusequilibrium con-
stants for ion pairs

It can be shown that the virial type of activity coefficient equations and the ionic pair-
ing model are equivalent provided that the ionic pairing is weak. In these cases the
distinction between complex formation and activity coefficient variations is difficult
or even arbitrary unless independent experimental evidence for complex formation is
available e.g, from spectroscopic data, as is the case for the weak uranium(VI) chlor-
ide complexes. It should be noted that the ion interaction coefficients evaluated and
tabulated by CiavatteB8DCIA] were obtained from experimental mean activity coeffi-
cient data without taking into account complex formation. However, it is known that
many of the metal ions listed by Ciavatta form weak complexes with chloride and ni-
trate ion. This fact is reflected by ion interaction coefficients that are smaller than
those for the non-complexing perchlorate iofi,TableC.3. This review takes chloride

and nitrate complex formation into account when these ions are part of the ionic me-
dium and uses the value of the ion interaction coeﬁio’t@,mﬂuop as a substitute for
&mn+,cl-) ande yn+ Noy)- In this way, the medium dependence of the activity coef-
ficients is described with a combination of a specific ion interaction model and an ion
pairing model. Itis evident that the use of NEA recommended data with ionic strength
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correction models that differ from those used in the evaluation procedure can lead to
inconsistencies in the results of the speciation calculations.

It should be mentioned that complex formation may also occur between negatively
charged complexes and the cation of the ionic medium. An example is the stabil-
isation of the complex ion UﬂCOg,)g* at high ionic strength, see for example Sec-
tion V.7.1.2.1.d (page 322) in the uranium revi&d2 GRE/FUG.

C.3 Tables of ion interaction coefficients

TablesC.3 throughC.5 contain the selected specific ion interaction coefficients used
in this review, according to the specific ion interaction theory described. Tal3le
contains cation interaction coefficients with"CICIO, and NG;, Table C.4 anion
interaction coefficients with [i, with Na* or NHjlr and with K. The coefficients have
the units of kg mol~1 and are valid for 298.15 K and 1 bar. The species are ordered
by charge and appear, within each charge class, in standard order of arranggment,
Sectionll.1.7.

In some cases, the ionic interaction can be better described by assuming ion inter-
action coefficients as functions of the ionic strength rather than as constants. Ciavatta
[80CIA] proposed the use of EqC(21) for cases where the uncertainties in Talile3
andC.4are+0.03 kg- mol~1 or greater.

& = 81+82 |0g10|m

For these cases, and when the uncertainty can be improved with respect to the use of a
constant value of, the valueg1 ande; given in TableC.5should be used.

It should be noted that ion interaction coefficients tabulated in Tablg@through
C.5may also involve ion pairing effects, as described in Sed@idéh In direct compar-
isons of ion interaction coefficients, or when estimates are made by analogy, this aspect
must be taken into account.
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Table C.3: lon interaction coefficients k for cationsj with k = CI~, CIO, and

NOj, taken from CiavattagOCIA, 88CIA] unless indicated otherwise. The uncer-
tainties represent the 95% confidence level. The ion interaction coefficients marked
with T can be described more accurately with an ionic strength dependent function,
listed in TableC.5. The coefficientg gn+ ci-) andS(MntNo;) reported by Ciavatta
[80CIA] were evaluated without taking chloride and nitrate complexation into account,
as discussed in Secti@h2

| k— cI- Cclo, NOj

1

H* 012+001 | 0.14+002 0.07+0.01
NH; ~0.01+£0.01 | —0.08+ 0.04" —0.06=+0.03"
Hagly™ —0.06+ 0.02

TI+ —0.21£0.06"

ZnHCQf 0.2@

cdctt 0.25+ 0.02

cdit 0.27+0.02

CdSCN- 0.31+0.02

HgCI* 0.19+ 0.02

cut 0.11+0.01

Ag* 0.00+0.01 —0.12+0.05
YCcoJ 0.17£0.04®

uo; 0.260.03%

UO,0OH* —0.06+ 3.7(C) 0.51+1.4(¢)
(UOp)3(OH){ | 0.8140.17°) | 0.45+0.15°) 0.41+0.22(°)
UF{ 01+01@ | 01401

UO,F* 0.04+0.07®) | 0.29+ 0.05(C)

UO,CI+ 0.33+0.04)

U0,CIOf 0.33+0.040)

UO,Brt 0.24+0.04(9)

(Continued on next page)

@Taken from Ferret al [85FER/GRE.

(®)Taken from Spahiug3SPA.

(©Evaluated in the uranium revie®2GRE/FUG, usinge
=CI7, ClO, and NG;, cf. SectionC.2

(DEstimated in the uranium revie®2GRE/FUG.

— . -1
(UO%*,X) = (0.46 £ 0.03) kg - mol~=, where X

(®)Taken from Riglet, Robouch and Vitorg8JRIG/ROH, where the following assumptions were made:
ep.Clop) Y PP.CIop) = 0.49 kg - mol~t as for other(M*, CIO;) interactions, and

~ ~ _ mol-1
£ Npc2* ciog) ~ S puct clog) ¥ fuoz cioy) = 046 kg- ol
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Table C.3: (continued)

| k> cI- clo, NO;

1

UO,BrO} 033+ 0.049)

U0,I07 0.33+0.04(0)

UO,NZ 0.3+ 0.1

UO,NO} 0.33+0.040)

UO,SCN* 0.22+0.04(d)

NpO; 0.25+ 0.05(€)

PUCG; 0.17+0.05(€)

Am(OH)S 0.17+0.04

AmF} 0.17+0.040)

AmSO; 0.22+0.089

AMCO; 0.17+ 0.04(

AIOH2* 0.09M 0.31("

Al,CO3(0H)2* | 0.26()

PP+ 0.15+0.02 —0.20£0.12"
Zn2+ 0.33+0.03 0.16+0.02
Zn,CO%* 0.35+0.05()

Cd?t 0.09-£0.02
Hg?t 0.34+0.03 —01+0.1"
Hgs" 0.09-+ 0.02 —0.2+0.1"
cuwt 0.08+001 | 0.32+0.02 0.11+0.01
Ni2+ 0.17+0.02

Co* 016+002 | 0.34+003 0.14+0.01
FeOH:* 0.38(0)

FeSCN+ 0.45()

Mn2+ 0.13+0.01

YHCOZ* 0.39+0.040)

UoZ+ 0.21+0.020 | 0.46+0.03 0.2440.03()
(UO»)2(OH)2* | 0.69+0.07°) | 057+ 0.07°) 0.49+0.09C)

(Continued on next page)

() Estimated in the NEA-TDB review on americium thermodynam@sdIL/BID].
(9) Evaluated in the NEA-TDB review on americium thermodynam@sdIL/BID].
(W Taken from Hedlund48HED.

() These coefficients were not used in the NEA-TDB uranium revie®GRE/FUG because they were
evaluated by CiavatteBPCIA] without taking chloride and nitrate complexation into account. Instead,
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Table C.3: (continued)

| k— cl- clo, NO;

1

(UO2)3(0H)2" | 0.50+0.18) | 0.89+ 0.23(¢) 0.72+1.0(°)
UFZ* 0.3+0.1()

USG 0.3+ 0.1

U(NO3)3" 0.49+ 0.140

AmOH+ 0.39+ 0.04("

AmF2+ 0.39+ 0.04("

AmCI2+ 0.39+ 0.04(0

AmNZ* 0.39+0.040)

AmNOZ* 0.39+ 0.04(

AmNOZ* 039+ 0.04(

AmH PO 039+ 0.04(

AMSCNZ* 0.39+ 0.04("

Mg?2+ 0.1940.02 | 0.33+0.03 0.1740.01
cat 0144001 | 0.27+0.03 0.0240.01
2 a 0074001 | 0.15+0.02 ~0.28+0.03
Al 0.3340.02

Fet 0.56+ 0.03 0.4240.08
cr3t 0.30+0.03 0.2740.02
La3t 0.2240.02 0.47+0.03

Ladt — Ludt 0.47 — 0.52b)

us+ 0.48+ 0.080)

UOH3+ 0.48+ 0.080)

UF3+ 0.48+ 0.08(d)

ucK3+ 0.59+ 0.100)

UBra+ 0.52+ 0.10(d)

uIst 0.55+0.10(9)

UNOZ* 0.62+ 0.080)

Grentheet al. useds

() Evaluated in the uranium revie®2GRE/FUG usinge

Uost.x)

(Continued on next page)

= (046 0.03 kg - mol~1, for X = CI~, ClO, and NG .

PR
(U4t .Cloy)

= (0.76 + 0.06) kg - mol 1.
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Table C.3: (continued)

523

| k— cl- clo, NO;
1

Am3+ 0.49+ 0.03"

Be,OH3* 0.50+ 0.05K

Bes(OH)3* 0.30+0.05(K) | 0,514 0.05(K) 0.29+0.05(K)
Al3COs(OH)Z | 0.41(M

Fe(OH)3 0.82(b)

Y,CObt 0.80-+ 0.04)

Pt 1.03+ 0.05(€)

Np** 0.82+ 0.05(8)

Ut 0.76+ 0.06()

Tht+ 0.25+ 0.03 0.1140.02
Al3(OH)S* 0.66(N) 1.30(h)

(®Taken from Bruno 86BRU], where the following assumptions were made:(8e2+,c:|o;)

0.30 kg- mol~1 as for other £@e2+ ci-) = 017 kg: mol~1 as for others 2+ -, and

(M2+.ClOy)’

= 0.17 kg- mol~1 as for others

£(Be2+,NO3) (M2+,NOz)’
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Table C.4: Ion interaction coefficients x for anionsj with k = Li™, Natand K",

taken from Ciavattag0CIA, 88CIA] unless indicated otherwise. The uncertainties
represent the 95% confidence level. The ion interaction coefficients marked with
can be described more accurately with an ionic strength dependent function, listed in
TableC.5.

j k— Li* Na+ K+

l

OH~ —0.02+0.03" | 0.04+0.01 0.09+ 0.01
F 0.0240.02® | 0.03+0.02
HF, —0.11+0.06@

cl- 0.10£0.01 | 0.03+0.01 0.00+0.01
clo; —0.01£0.02

clo, 0.15+0.01 | 0.01+0.01

Br- 0.13£0.02 | 0.05+0.01 0.0140.02
Bro; —0.06+0.02

- 0.16+0.01 | 0.08+0.02 0.02+0.01
103 —0.06+0.02P

HSO, —0.01+0.02

\y 0.0+£0.1®

NO, 0.06+0.04" | 0.00+£0.02 | —0.04+0.02
NO; 0.08+£0.01 | —0.04+0.03" | —0.11+0.04"
HoPO, —0.08+£0.04" | —0.14+0.04
HCO; 0.00+ 0.02@

SCN- 0.05+£001 | —0.01+£0.01
HCOO~ 0.03+ 0.01

CH3COO~ 0.05+0.01 | 0.08+0.01 0.09+ 0.01
SIO(OH)3 —0.08+ 0.03®

SiO2(0OH); —0.08+ 0.04®

B(OH), —0.07+0.05"

UO2(OH); —0.09+ 0.05®

UO.F; 0.00+ 0.05®

UO2(N3)3 0.0+ 0.1®

(UO2)2CO3(0H)3 0.00+ 0.05®

AM(SOy), —0.05+ 0.05©

AmM(COg), —0.05+ 0.05©

So’n —0.08+0.05'

SO, —0.03+£0.04" | —0.124+0.06" | —0.06=+0.02

(Continued on next page)
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Table C.4: (continued)

j k— Lit Na* K+

1

$,05~ —0.08+ 0.05'

HPQO;~ ~0.15+0.06" | —0.10+ 0.06"
CO5~ —0.084+0.03% | 0.02+0.01
SiO2(0OH);™ —0.10+0.07®

Si,03(0H);~ ~0.15+ 0.06®

Crog~ —0.06+0.04" | —0.0840.04"
UO,F5~ —0.08+ 0.06®

UO2(SQn)5 ™ —0.12+ 0.06®

UO2(N3);~ —01+01®

UO2(CO3)5~ —0.02+ 0.09@

PO~ —0.25+0.03" | —0.094 0.02
Siz0g(OH)3~ —0.25+0.03®

Sig05(OH)2~ —0.25+0.03®

SisO7(OH)z~ —0.25+ 0.03®)

Am(COz)3~ —0.154 0.05©

P04~ —0.26+0.05 | —0.15+0.05
Fe(CN)g ™ —0.17+0.03
U(CO3)y~ —0.09+0.10D@

UO2(COs)5~ —0.014+0.11@

UO2(CO3)3~ —0.624+ 0.15@

U(COs)e~ —0.30+ 0.15@

(UO2)3(CO3)¢™ 0.374+0.11@

525

(@Evyaluated in the NEA-TDB uranium revie®@2GRE/FUG.
(b Estimated in the NEA-TDB uranium revie@2GRE/FUG.
(©Estimated in the NEA-TDB americium revie@5SIL/BID].

@ From [BOCIA]. These values differ from those reported in the NEA-TDB uranium review
[92GRE/FUQG. See the discussion i®$SIL/BID].



Table C.5: loninteraction coefficientg, j k) ande (2, j k) for cationsj with k = CI~, CIO, and NG (first part), and for aniong with k
=Li*, Na" and K* (second part), according to the relationshig ¢1+ &2 l0og;o Im. The data are taken from CiavatB0[CIA, 88CIA].

9¢s

The uncertainties represent the 95% confidence level.

i k— - clo, NO;
y e1 €2 €1 €2 1 £2

NHI —0.0884+0.002 | 0.095+0.012 —0.075+ 0.001 0.057+ 0.004
Agt —0.1432+ 0.0002 | 0.0971+ 0.0009
TIt —0.18+£0.02 0.09+0.02

Hg3" —0.2300+ 0.0004 | 0.1944+ 0.002
ng"' —0.145+ 0.001 0.194+ 0.002
PR+ —0.329+ 0.007 0.288+ 0.018
i k— Lit Nat K+

y e1 €2 €1 €2 1 £2

OH™ —0.039+0.002 | 0.072+ 0.006

NOE 0.02+0.01 0.11+0.01

NOE —0.049+ 0.001 | 0.044+40.002 —0.131+ 0.002 0.082+ 0.006
B(OH), —0.0924+0.002 | 0.103+ 0.005

H2PO, —0.1094+0.001 | 0.095+0.003 | —0.14734+ 0.0008 0.121+ 0.004
S§7 —0.1254+0.008 | 0.106+ 0.009

S 4_ —0.0684+ 0.003 | 0.0934+0.007 | —0.1844+0.002 | 0.139+4 0.006

52ng —0.1254+0.008 | 0.1064 0.009

HPOi_ —0.19+£0.01 0.11+0.03 —0.152+ 0.007 0.123+ 0.016
CrOi_ —0.090+ 0.005 0.07+£0.01 —0.123+ 0.003 0.106+ 0.007
P§4_ —0.29+£ 0.02 0.10£0.01

SU011991109 Y1buans JIuo| *D



Appendix D

Assigned uncertaintie$

One of the objectives of the NEA Thermochemical Data Base (TDB) project is to
provide an idea of the uncertainties associated with the data selected in this review.
As a rule, the uncertainties define the range within which the corresponding data can
be reproduced with a probability of 95% at any place and by any appropriate method.
In many cases, statistical treatment is limited or impossible due to the availability of
only one or few data points. A particular problem has to be solved when significant
discrepancies occur between different source data. This appendix outlines the statist-
ical procedures which were used for fundamentally different problems and explains
the philosophy used in this review when statistics were inapplicable. These rules are
followed consistently throughout the series of reviews within the TDB Project. Four
fundamentally different cases are considered:

1. One source datum available

2. Two or more independent source data available
3. Several data available at different ionic strengths
4

. Data at non-standard conditions: Procedures for data correction and recalcula-
tion.

D.1 One source datum

The assignment of an uncertainty to a selected value that is based on only one exper-
imental source is a highly subjective procedure. In some cases, the number of data
points the selected value is based on allows the use of the “root mean sBR2TAY]
deviation of the data pointX; to describe the standard deviatisgp associated with

the averageX:

1 X _
_ . 2
S i§:1:(x. X)2 . (D.1)

The standard deviatias is thus calculated from the dispersion of the equally weighted
data pointsX; around the averag¥, and the probability is 95% that axy is within

TThis Appendix contains essentially the text of the TDB-3 guideline, also printed in the uranium NEA-
TDB review as Appendix C92GRE/FUQG. Because of its importance in the selection of data and to
guide the users of the values in Chaptéiis andlV, the text is reproduced here with minor revisions.
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X +1.96s, see Taylor$2TAY, pp.244-245]. The standard deviatieg is a measure
of the precision of the experiment and does not include any systematic errors.

Many authors report standard deviatisys calculated with Eq.[D.1) (but often
not multiplied by 1.96), but these do not represent the quality of the reported values
in absolute terms. It is thus important not to confuse the standard devéatith the
uncertaintyo. The latter reflects the reliability and reproducibility of an experimental
value and also includes all kinds of systematic ersyréhat may be involved. The
uncertaintyo can be calculated with EqD(2), assuming that the systematic errors are

independent.
ox = Sx+ XD (D.2)

The estimation of the systematic erres(which, of course, have to relate ¥ and
be expressed in the same unit) can only be made by a person who is familiar with the
experimental method. The uncertaintyras to correspond to the 95% confidence level
preferred in this review. It should be noted that for all the corrections and recalculations
made €.g, temperature or ionic strength corrections) the rules of the propagation of
errors have to be followed, as outlined in Sectind.2

More often, the determination @k is not possible because either only one or
two data points are available, or the authors did not report the individual values. The
uncertainty in the resulting value can still be estimated using [BEg2) assuming that
s% is much smaller tha_; (sjz), which is usually the case anyway.

D.2 Two or more independent source data

Frequently, two or more experimental data sources are available, reporting experi-
mental determinations of the desired thermodynamic data. In general, the quality of
these determinations varies widely, and the data have to be weighted accordingly for
the calculation of the mean. Instead of assigning weight factors, the individual source
dataX; are provided with an uncertainty that also includes all systematic errors and
represents the 95% confidence level, as described in SdatioiThe weighted mean

X and its uncertainty % are then calculated according to Ed3.3) and ©.4).

£ (2)

1

RN

Egs. 0©.3) and ©.4) may only be used if all th&; belong to the same parent distribu-
tion. If there are serious discrepancies among{heone proceeds as described below

(D.4)
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under SectiorD.2.1 It can be seen from EqD(4) thato  is directly dependent on
the absolute magnitude of the values, and not on the dispersion of the data points
around the mean. This is reasonable because there are no discrepancies arkpng the
and because thg values already represent the 95% confidence level. The selected
uncertaintyr % will therefore also represent the 95% confidence level.

In cases where all the uncertainties are eguat o, Eqs. 0.3) and 0.4) reduce

to Egs. D.5) and 0.6).

_ 1 N
X = N;X‘ (D.5)
o

Example D.1:

Five data sources report values for the thermodynamic quaxtityhe reviewer has
assigned uncertainties that represent the 95% confidence level as described in Sec-
tion D.1.

i Xi oi
1253 |05
21261 |04
3126.0 | 05
4| 24.85| 0.25
5(250 | 0.6

According to Egs.[D.3) and (©.4), the following result is obtained:
X = 25340.2

The calculated uncertaingig = 0.2 appears relatively small but is statistically correct,

for the values are assumed to follow a Gaussian distribution. As a consequence of
Eq. O.4), ox will always come out smaller than the smallest Assumingos = 0.10
instead of 0.25 would yiel = (25.0 + 0.1), andos = 0.60 would result inX =
(25.6+£0.2). In fact, the valuegX; £-0;) in this example are at the limit of consistency,
that is, the rangéX4 4 04) does not overlap with the rang€s, + o2) and(X3 £ 03).

There might be a better way to solve this problem. Three possible alternatives seem
more reasonable:

i. The uncertainties; are reassigned because they appear too optimistic after fur-
ther consideration. Some assessments may have to be reconsidered and the un-
certainties reassigned. For example, multiplying all ¢héby 2 would yield
X = (2534 0.3).
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ii. If reconsideration of the previous assessments gives no evidence for reassigning
the Xj ando;j (95% confidence level) values listed above, the statistical conclu-
sion will be that all theX; do not belong to the same parent distribution and can-
not therefore be treated in the same graefpifem iii below for a non-statistical
explanation). The values for= 1, 4 and 5 might be considered as belonging to
Group A and the values for= 2 and 3 to Group B. The weighted average of the
values in Group AisXa(i = 1,4,5) = (24.95+ 0.21) and of those in Group B
Xg(i = 2,3) = (26.06 + 0.31), the second digit after the decimal point being
carried over to avoid loss of information. The selected value is now determined
as described below under “Discrepancies” (Secio?.1), Case I.Xa and Xp
are averaged (straight average, there is no reason for gi/jing larger weight
thanXg), ando « is chosen in such a way that it covers the complete ranges of
expectancy oKX o and Xg. The selected value is théfi= (25.5 + 0.9).

iii. Another explanation could be that unidentified systematic errors are associated
with some values. If this seems likely to be the case, there is no reason for split-
ting the values up into two groups. The correct way of proceeding would be
to calculate the unweighted average of all the five points and assign an uncer-
tainty that covers the whole range of expectancy of the five values. The resulting
value is thenX = (25.45 =+ 1.05), which is rounded according to the rules in
SectionD.4.3to X = (25.4+ 1.1).

D.2.1 Discrepancies

Two data are called discrepant if they differ significanitly, their uncertainty ranges

do not overlap. In this context, two cases of discrepancies are considered. Case I: Two
significantly different source data are available. Case II: Several, mostly consistent
source data are available, one of them being significantly differentan “outlier”.

Case |. Two discrepant data:This is a particularly difficult case because the num-
ber of data points is obviously insufficient to allow the preference of one of the two
values. If there is absolutely no way of discarding one of the two values and selecting
the other, the only solution is to average the two source data in order to obtain the se-
lected value, because the underlying reason for the discrepancy must be unrecognized
systematic errors. There is no point in calculating a weighted average, even if the two
source data have been given different uncertainties, because there is obviously too little
information to give even only limited preference to one of the values. The uncertainty
ox assigned to the selected medhas to cover the range of expectation of both source
dataXj, X2, as shown in Eq..7),

wherei = 1, 2, andomax is the larger of the two uncertainties, see Exampl®. Lii
and Examplé.2.
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Example D.2:

The following credible source data are given:
X1 = 45+03
X2 = 5940.5.

The uncertainties have been assigned by the reviewer. Both experimental methods are
satisfactory, and there is no justification to discard one of the data. The selected value
is then:

X = 52+12

Case II. Outliers: This problem can often be solved by either discarding the outlying

Figure D.1: lllustration for ExamplB.2

e x|

X1 X2

e L

e e
4 4.5 5 5.5 6 65 X

data point, or by providing it with a large uncertainty to lower its weight. If, however,

the outlying value is considered to be of high quality and there is no reason to discard

all the other data, this case is treated in a way similar to Case |. Exdpikustrates

the procedure.

Example D.3:

The following data points are available. The reviewer has assigned the uncertainties
and sees no justification for any change.

i Xj Oj
1|445|0.35
2159 |05
3|57 |04
4160 |06
5152 |04

There are two sets of data that, statistically, belong to different parent distributions
A and B. According to Egs.¥.3) and ©.4), the following average values are found
for the two groups:Xa(i = 1) = (4.454+ 0.35) andXg(i = 2,3,4,5) = (5.62+
0.23). The selected value will be the straight average<af and Xg, analogous to
ExampleD.1:

X = 50+£00.
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D.3 Several data at different ionic strengths

The extrapolation procedure used in this review is the specific ion interaction model
outlined in AppendixC. The objective of this review is to provide selected data sets at
standard conditiongge.,among others, at infinite dilution for aqueous species. Equilib-
rium constants determined at different ionic strengths can, according to the specific ion
interaction equations, be extrapolated te- 0 with a linear regression model, yielding

as the intercept the desired equilibrium constant at 0, and as the slope the stoi-
chiometric sum of the ion interaction coefficientss. The ion interaction coefficient

of the target species can usually be extracted fianand is listed in the corresponding
table of AppendixC.

The available source data may sometimes be sparse or may not cover a sufficient
range of ionic strengths to allow a proper linear regression. In this case, the correction
to | = 0 should be carried out according to the procedure described in S€cdah

If sufficient data are available at different ionic strengths and in the same inert salt
medium, a weighted linear regression will be the appropriate way to obtain both the
constant al = 0, X*, andA¢. The first step is the conversion of the ionic strength
from the frequently used molar (motim=2, M) to the molal (mol kg~%, m) scale,
as described in Sectidh2. The second step is the assignment of an uncertajnty
to each data poink; at the molalitymy i, according to the rules described in Sec-
tion D.1. A large number of commercial and public domain computer programs and
routines exist for weighted linear regressions. The subroutine published by Beving-
ton [69BEV, pp.104-105] has been used for the calculations in the examples of this
appendix. Eqs.¥.8) through D.12) present the equations that are used for the calcu-
lation of the intercepX’ and the slope-As:

N .2 N N N
<o 1 My i Xi K,i M i Xi
X = z<2723‘272 = ) ©8
i=1 =1 "1 i=1 I ji=1 i
N N N N
1 1 M. i Xj K,i Xi
—he = z(Z;Z 2 —2720—> (D.9)
i=1"1 i=1 | i=1 i j=1 "
N 2
1 My i
ox = =Y. — (D.10)
A= o
N
1 1
ope = ZZ?’ (D.11)
N 7 =1
2
N N 2 N
1 Mici Mg
where A = — — = — . (D.12)
;"iz .; of (.Z "i2>
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In this way, the uncertainties; are not only used for the weighting of the data in
Egs. £.8) and 0.9), but also for the calculation of the uncertaintieg- andoa. in

Egs. 0.10 and ©.11). If the oj represent the 95% confidence levek- andoa.

will also do so. In other words, the uncertainties of the intercept and the slope do not
depend on the dispersion of the data points around the straight line but rather directly
on their absolute uncertainties.

Example D.4:

Ten independent determinations of the equilibrium constangtbtpr the reaction
UOS" + HF(ag) = UOF" +HT (D.13)

are available in HCIQNaCIO4 media at different ionic strengths. Uncertainties that
represent the 95% confidence level have been assigned by the reviewer. A weighted
linear regressior(Jog, 38 +2D) vs. nk, according to the formulalqgs (D.13 +2D =
log,58°(D.13) — Ae my, will yield the correct values for the intercept Igg°(D.13)

and the slopeAe. In this casemg corresponds to the molality of CJO D is the
Debye-Hickel termcf. AppendixC.

i |'m cio,.i log,38i +2D | o

1 0.05 1.88 0.10
2 0.25 1.86 0.10
3 0.51 1.73 0.10
4 1.05 1.84 0.10
5 2.21 1.88 0.10
6 0.52 1.89 0.11
7 1.09 1.93 0.11
8 2.32 1.78 0.11
9 2.21 2.03 0.10
10 4.95 2.00 0.32

The results of the linear regression are:

intercept = 1.83% 0.054
slope = 0.029: 0.036

logyB°(D.13
—Ae.

Calculation of the ion interaction CoeﬁiCiea&JozF+,C|o;) = Ae + EU0+.Cloy)
: -1
Em+.cioy) FrOM eyezt ciop) = (0.46 + 0.03 kg-mol™, &+ cio;)

(0.14+0.02) kg - mol~1 (see Appendix) and the slope of the linear regressiov, =
—(0.03+ 0.04) kg - mol™, it follows thate yo,e+ cio; ), = (0.29+ 0.05) kg - mol ™.

Note that the uncertainty+0.05) kg - mol~! is obtained based on the rules of error
propagation as described in Sectdr.2

o = /(0.042+ (0.03)2+ (0.022.
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The resulting selected values are thus
log;38°(D.13) = 1.84+0.05
uort.cio;) = (029+0.05kg- mol~2.

D.3.1 Discrepancies or insufficient number of data points

Discrepancies are principally treated as described in Se&tian Again, two cases
can be defined. Case I: Only two data are available. Case II: An “outlier” cannot be
discarded. If only one data point is available, the procedure for correction to zero ionic
strength outlined in Sectidn.4 should be followed.

Case |. Too few molalities: If only two source data are available, there will be
no straightforward way to decide whether or not these two data points belong to the
same parent distribution unless either the slope of the straight line is known or the two
data refer to the same ionic strength. Drawing a straight line right through the two
data points is an inappropriate procedure because all the errors associated with the two
source data would accumulate and may lead to highly erroneous values;@Kldg
and Ae. In this case, an ion interaction coefficient for the key species in the reaction
in question may be selected by analogy (charge is the most important parameter), and
a straight line with the slopae¢ as calculated may then be drawn through each data
point. If there is no reason to discard one of the two data points based on the quality
of the underlying experiment, the selected value will be the unweighted average of the
two standard state data obtained by this procedure, and its uncertainty must cover the
entire range of expectancy of the two values, analogous to Case | in SEcHortt
should be mentioned that the ranges of expectancy of the corrected valuesaare
given by their uncertainties which are based on the uncertainties of the source data at
I £ 0 and the uncertainty in the slope of the straight line. The latter uncertainty is not
an estimate but is calculated from the uncertainties in the ion interaction coefficients
involved, according to the rules of error propagation outlined in Sed@id@n2 The
ion interaction coefficients estimated by analogy are listed in the table of selected ion
interaction coefficients (AppendRR), but they are flagged as estimates.

Case Il. Outliers and inconsistent data setsThis case includes situations where
itis difficult to decide whether or not a large number of points belong to the same parent
distribution. There is no general rule on how to solve this problem, and decisions are
left to the judgement of the reviewer. For example, if eight data points follow a straight
line reasonably well and two lie way out, it may be justified to discard the “outliers”. If,
however, the eight points are scattered considerably and two points are just a bit further
out, one can probably not consider them as “outliers”. It depends on the particular
case and on the judgement of the reviewer whether it is reasonable to increase the
uncertainties of the data to reach consistency, or whether the alopé the straight
line should be estimated by analogy.

Example D.5:
Six reliable determinations of the equilibrium constant; g of the reaction
UO3" +SCN™ = UO,SCN" (D.14)
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are available in different electrolyte media:

lc=0.1 M (KNGg): l0g;08(D.14) = 1.194+ 0.03
lc =0.33M (KNGs):  log;oB(D.14) =0.90+ 0.10
lc=1.0 M (NaClQ): log;qB(D.14) =0.75+0.03
lc=1.0 M (NaClQ): log;qB(D.14) =0.76+ 0.03
lc=1.0 M (NaClQ): log;qB(D.14) =0.93+0.03
lc=2.5M (NaNG): log;qB(D.14) =0.72+ 0.03

The uncertainties are assumed to represent the 95% confidence level. From the values
atlc = 1 M, it can be seen that there is a lack of consistency in the data, and that a
linear regression like in Exampl@.4 would not be appropriate. Instead, the use of
Ae values from reactions of the same charge type is encouraged. Analogiesavith
are more reliable than analogies with singlealues due to cancelling effects. For the
same reason, the dependency\afon the type of electrolyte is often smaller than for
singlee values.

A reaction of the same charge type as Reacboi¥, and for whichAe¢ is well
known, is

Uo2t +CI- = UO.CI* (D.15)
2

The value ofA¢(D.15 = —(0.254 0.02) was obtained from a linear regression using
16 experimental data betweén= 0.1 M andl. = 3 M Na(Cl,CIQy) [92GRE/FUQG.
It is thus assumed that

Ae(D.14 = Ae(D.15 = —0.25+0.02

The correction of logy 8(D.14) to I = 0 is done using the specific ion interaction
equationgcf. TDB-2, which uses molal units:

log;pB +4D = log;oB° — Aelm (D.16)

D is the Debye-Hickel term in molal units ahd the ionic strength converted to molal
units by using the conversion factors listed 6 BAE/MES p.439]. The following list
gives the details of this calculation. The resulting uncertainties ifyl6@re obtained
based on the rules of error propagation as described in Sdat#bRa

Im | electrolyte| logygp 4D Aelm l0g19B°
0.101 | KNO3 1.194+0.03 | 0.438| —0.025 | 1.68+0.03@
0.335| KNO3 0.90+0.10 | 0.617| —0.084 | 1.65+0.10@

1.050 | NaClOy 0.75+0.03 | 0.822| —0.263 | 1.31+0.04
1.050 | NaClOy 0.76+0.03 | 0.822| —0.263 | 1.32+0.04
1.050 | NaClOy 0.93+0.03 | 0.822| —0.263 | 1.49+0.04
2.714 | NaNGQs 0.72+0.03 | 0.968| —0.679 | 1.82+0.13®@

@ These values were corrected for the formation of the nitrate com-
plex UOQ;NOJ by using logyK(UO,NOJ) = (0.30 + 0.15)
[92GRE/FUG.
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As was expected, the resulting valuespg8° are inconsistent and have therefore to
be treated as described in Case | of SecfibR That is, the selected value will be
the unweighted average of lggs°, and its uncertainty will cover the entire range of
expectancy of the six values. A weighted average would only be justified if the six
values of logg 8° were consistent. The result is

|Ogloﬁo = 156:|: 039

D.4 Procedures for data handling

D.4.1 Correction to zero ionic strength

The correction of experimental data to zero ionic strength is necessary in all cases
where a linear regression is impossible or appears inappropriate. The method used
throughout the review is the specific ion interaction equations described in detalil in
AppendixC. Two variables are needed for this correction, and both have to be provided
with an uncertainty at the 95% confidence level: the experimental source valyglog

or log;o B, and the stoichiometric sum of the ion interaction coefficiets, The

ion interaction coefficients (see Tabl€s3, C.4 andC.5 of AppendixC) required to
calculateAe may not all be known. Missing values therefore need to be estimated. It
is recalled that the electric charge has the most significant influence on the magnitude
of the ion interaction coefficients, and that it is in general more reliable to estitwate
from known reactions of the same charge type, rather than to estimate siveylees.

The uncertainty of the corrected valuelat 0 is calculated by taking into account the
propagation of errors, as described below. It should be noted that the ionic strength is
frequently given in moles per dfrof solution (molar, M) and has to be converted to
moles per kg HO (molal, m), as the model requires. Conversion factors for the most
common inert salts are given in Tablebs.

Example D.6:

For the equilibrium constant of the reaction
M3 +2H,0() = M(OH)J +2H" (D.17)

only one credible determination in 3 M NaCj®olution is known, logy8(D.17) =
—6.31, to which an uncertainty a£0.12 has been assigned. The ion interaction coef-
ficients are as follows:

Emecio;) = (0.56+0.039kgmol
emony.coy) = (0.26:+0.11kgmol?
Emrcio;) = (0.14+0.02kgmol .
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The values ofA¢ andoa. can be obtained readilgf Eq.D.19):

—1
Ae = S(M(OH)zr,C|O;) + 28(H+,C|OZ) — 8(M3+,C|O;) = _002 kgm0|
V(0.11)2 + (2 x 0.02)2 + (0.03)2 = 0.12kgmol ™1,

OAe
The two variables are thus:

log,48(D.17) —6.314+0.12
Ae = —(0.024 0.13)kg-mol!

According to the specific ion interaction model the following equation is used to correct
for ionic strength for the reaction considered here:

log;p8(D.17+6D = log,pB°(D.17) — Ae Mcio;

D is the Debye-HiickelternD = 0.509,/1rn/(141.5./1mm). The ionic strengtliy, and
the moIaIitymClo; (Im ~ Mcio;) have to be expressed in molal units, 3 M NaglO

corresponding to 3.5 m NaCldsee Sectiofl.2), giving D = 0.25. This results in
log,38°(D.17) = —4.88.

The uncertainty in logf 8° is calculated from the uncertainties in igg andAe (cf.
Eq.D.19):

2 2 2 2
Ologygpe = /g zs + (mdo; aAg) — /(0122 + (35 x 0.12)2 = 0.44.
The selected, rounded value is

log;i8°(D.17) = —4.9+04.

D.4.2 Propagation of errors

Whenever data are converted or recalculated, or other algebraic manipulations are per-
formed that involve uncertainties, the propagation of these uncertainties has to be taken
into account in a correct way. A clear outline of the propagation of errors is given by
Bevington B9BEV]. A simplified form of the general formula for error propagation is

given by Eq. D.18), supposing thaX is a function ofYy, Yo, ..., YN.
N 2
aX
2
= —ov. D.1
3 = () (0.18)
Eq. (0.18) can be used only if the variabl&s, Yo, ..., Yy are independentor if their

uncertainties are small, that is the covariances can be disregarded. One of these two
assumptions can almost always be made in chemical thermodynamics, afd ). (
can thus almost universally be used in this review. EQsL9 through D.23) present
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explicit formulas for a number of frequently encountered algebraic expressions, where
C, C1, Cp are constants.

X=cYi+6Y2: 03 = (cov,)?+ (Cooy,)? (D.19)

X = £ciY and X =50 . (%)2 = AN A (D.20)
T2 R 2 A 2 Ys '

X=cYe: o = CzaVY (D.21)

X=cret® . X =coy (D.22)

X =c In(#cY):  ox = ClaVY (D.23)

Example D.7:

A few simple calculations illustrate how these formulas are used. The values have not
been rounded.

Eq (D.19) : AGm=2[—(277.4+4.9)1kJ-mol~! — [—(467.3+ 6.2)] kJ- mol~1
= —(87.5+11.6)kJ- mol~?1

. 0.038+0.00
Eq (D.20 : K = poserog005 = (8.09+ 0.92)

Eq (D.2)): K = 43.75+0.12)3 = (2109 + 20.3)

—ArGpy

Eq (D.22): K°=e ®RT ; AGS, = —(27+0.3) kImol™t
R = 83145 JK 1mol-?1
T = 29815K

K°®=297+0.36

Note that powers of 10 have to be reduced to powels o€., the variable has to be
multiplied by In(10), e.qg,

logyoK = (2.45+ 0.10); K = 10°%0K = gIn1010810K) _ (282 65),

Eq (D.23: AGS = —RTInK°®; K° = (82+1.2) x 10°
R = 831453K!.mol?
T = 29815K
ArGS, = —(39.46+0.36)kJ- mol~!
InK° = 1592+0.15
log;pK® = InK°/In(10) = 6.91+ 0.06

Again, it can be seen that the uncertainty in(gl ° cannot be the same as inHrf.

The constant conversion factor of(l)) = 2.303 is also to be applied to the uncer-
tainty.
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D.4.3 Rounding

The standard rules to be used for rounding are:

1. When the digit following the last digit to be retained is less than 5, the last digit
retained is kept unchanged.

2. When the digit following the last digit to be retained is greater than 5, the last
digit retained is increased by 1.

3. When the digit following the last digit to be retained is 5 and

(a) there are no digits (or only zeroes) beyond the 5, an odd digit in the last
place to be retained is increased by 1 while an even digit is kept unchanged.

(b) other non-zero digits follow, the last digit to be retained is increased by 1,
whether odd or even.

This procedure avoids introducing a systematic error from always dropping or not drop-
ping a 5 after the last digit retained.

When adding or subtracting, the result is rounded to the number of decimal places
(not significant digits) in the term with the least number of places. In multiplication
and division, the results are rounded to the number of significant digits in the term with
the least number of significant digits.

In general, all operations are carried out in full, and only the final results are roun-
ded, in order to avoid the loss of information from repeated rounding. For this reason,
several additional digits are carried in all calculations until the final selected set of data
is developed, and only then are data rounded.

D.4.4 Significant digits

The uncertainty of a value basically defines the number of significant digits a value
should be given.

Example: 3.478:0.008
3.48 +£0.01
28 +04

In the case of auxiliary data or values that are used for later calculations, it is often not
convenientto round to the last significant digit. In the valu8%4-0.26), for example,

the “5” is close to being significant and should be carried along a recalculation path in
order to avoid loss of information. In particular cases, where the rounding to significant
digits could lead to slight internal inconsistencies, digits with no significant meaning

in absolute terms are nevertheless retained. The uncertainty of a selected value always
contains the same number of digits after the decimal point as the value itself.
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